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Get the most from this book

Welcome to the AQA A-level Chemistry 2 Student’s Book. This book
covers Year 2 of the AQA A-level Chemistry specification and all content
for the AQA A2 Chemistry specification.

The following features have been included to help you get the most from

this book.
Prior knowledge Therrmodynamics:

i . . ! : Feasthle 1 g
This is a short list of topics that ibbs free energy ;_&.:i.;_f:;}iiﬁ.:. emssiroas
you should be familiar with before E' enge, ﬂhﬁ.snd AS L

- ! ﬂ ‘D C a E. Lo * .f‘
starting a chapter. The questions i p}{ g_ | roiehiid s
will help to test your understanding. free N ——— e s ot g . e

| g s oy s i g | L s e M T e VEATs £ s ERehct
|3} e wataevimeie s | e B
P S b b g | | e b i e e 8 4
; w irmra ey piem By Fa ek W‘lhww 1
[ v
7 E”:ﬂ!"!:‘:m"'-“m””H"““"”"“=E b LR . Mﬂ“ﬂw$dnmnn-h~rullnn#
Jwin Evarap 1 masid (o[ ¥ ol
- soraresein o] RO
1 fEnaworipau fe g b da ey i e Cuicre m a8 Abmsk o I eoopey wen W fielaad G ons mols s
mr:;-‘“w i cuEalie FAEALIRSE B 0 R T R DR B I W
a0y oo Cathl « gt :muﬁmmnwmdﬂ-MIﬂ‘
—tI:T e s R FTpR LI arkl e e e U
! % = !"!h P! et l.l_:h i e’ Ilu'-_ll ?‘Jﬂ‘lﬁ"
u::.- s : ey B i s Gt Do g i L . A R
B e S A g S — e —
=l il aaal : = == 1
'Iﬁwuu.-;:.: e i g Joes [ i T EED
E— T — PSS —,
% = ootk i
- = " 1430 4 e age B i e
E Bl B i iy o s i e o ‘ A

i
Key terms and formulae

These are highlighted in the text and
definitions are given in the margin
to help you pick out and learn these
important concepts.

Tips

These highlight important facts,
common misconceptions and
signpost you towards other relevant
topics.

Examples

Examples of questions or
calculations are included to
illustrate topics and feature full |
workings and sample answers. | st o2
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Test yourself questions

These short questions, found
throughout each chapter, are useful
for checking your understanding as
you progress through a topic.




= Activities

These practical-based activities will help consolidate your learning and test
your practical skills.

In this edition the authors describe many important experimental procedures

as “Activities” to conform to recent changes in the A-level curriculum. Teachers
should be aware that, although there is enough information to inform students
of techniques and many observations for exam-question purposes, there is not
enough information for teachers to replicate the experiments themselves or
with students without recourse to CLEAPSS Hazcards or Laboratory worksheets
which have undergone a thorough risk assessment procedure.
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Practice questions

You will find practice questions, including multiple-choice questions,

at the end of every chapter. These follow the style of the different types
of questions with short and longer answers that you might see in your
examination, and they are colour coded to highlight the level of difficulty.

® Green — Basic questions that everyone should be able to answer without
difficulty

® Orange — Questions that are a regular feature of exams and that all
competent candidates should be able to handle.

® Purple — More demanding questions which the best candidates should be
able to do.

A dedicated chapter for developing your Maths can be found at the back of
this book.
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Thermodynamics:
~Born-Haber cycles
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PRIOR KNOWLEDGE

It is expected thatyou are familiar with all of the content of the
Energetics unit in Year 1 of the A-level Chemistry course. The following
are some key points of Prior Knowledge:
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@® The enthalpy change in a chemical reaction is represented by AH.

® AH is the heat energy change measured under conditions of constant
pressure.

® For exothermic reactions, AH has a negative value.

@ For endothermic reactions, AH has a positive value.

@ The standard enthalpy change of combustion is the enthalpy change
when 1 mole of a substance is burned completely in excess oxygen
with all substances in standard states under standard conditions.

@ The standard enthalpy change of formation is the enthalpy change
when 1 mole of a compound is formed from its constituent elements
in their standard states under standard conditions.

: ® Hess's Law states that the enthalpy change for a chemical reaction

is independent of the route taken and depends only on the initial and

final states.

: ® Hess's Law can be used to calculate enthalpy changes for chemical

i reactions from the enthalpy changes of other reactions.

® Temperature changes may be used to calculate enthalpy changes
using g = mcAT.

® The mean bond enthalpy is a measure of the energy required to break
one mole of a covalent bond measured in kJmol~! averaged across
compounds containing that bond.

® Mean bond enthalpy values may be used to calculate the enthalpy
change for a chemical reaction by considering the covalent bonds
broken (endothermic] and the covalent bonds made during the reaction.
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: TEST YOURSELF ON PRIOR KNOWLEDGE 1
: 1 Write equations, including state symbols, to represent the standard
enthalpies of formation given below:

a) Formation of magnesium oxide, MgO(s).

i b) Formation of hydrogen chloride, HCl(g].

: 2 Write equations, including state symbols to represent the standard
enthalpies of combustion given below:
a) Combustion of propane, C;Hglg).

b) Combustion of methanol, CH;0HIL).

RS PP FI R INN P F F FEN IR S FF PRI R R P FFFEN I RS FF PRI RS FFFFENY

44++sA0n0

ESSFFFIRERESFFEFARRAR S SFADE

ESS4SS4aianESSSSRRAN

EEE&FEFARDE
annm

EFFFFEFIERRS

EEFEEEFEEN
44¢FA100RSSSS AN SFSFSFEANNER

FFEFeFARERAESESAARN

"
-
"
L]
L]
L]
L]
&
.
0
"
»
]
&
&
-
L]
L]
"
"
L
L ]
E
L
L
L
L4
L
L]
L ]
1 ]
=
-
L4
L]
L]
L]
L]
L]
=
=
]
"
L
&
L ]
L]
L]
&
"
]
»
"
L
L]
&
L]
L]
L]
w
-
=
»
"]
L]
L]
&
L]
L]
"
L
=
n
-
L]
1]
L]
&
L]
=
=
"
"
»
L
|l




LA R L L R L R Rt L e R Rt e R L R R L L R R L R R L L P R L L Y]

3 The standard enthalpies of formation of ethane, carbon dioxide and
water are -85, -394 and -286 kJ mol™!, respectively.
a) State Hess's Law.
b) Write an equation, including state symbols, to represent the
standard enthalpy of combustion of ethane.
c) Calculate a value for the standard enthalpy of combustion of
ethane.
4 In an experiment the temperature of 200 g of water rose by 22.4°C
when 0.015 mole of ethanol were burned in air and the heat used
to warm the water. Calculate a value for the enthalpy change when
one mole of ethanol is burned. The specific heat capacity of water is
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Calculate a value for the following reaction using these values:
CEHS[Q] + 502[9} — SCOQ[Q] + lﬁ»HQO(gl :
lniaiittilinlnlnli-iIlttiiiiiitttiiitliiittltiilﬂiittiil-lllll--lftiOttlll-i‘.Qiitiiiidiiitiii.dittii—

418K g7, :
5 The mean bond energy values for certain covalent bonds are given
below:
Bond Mean bond enthalpy [kJ mol™}
C-H 412 :
c-C 348 :
0-H 463 :
0=0 496 :
C=0 803 :
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O Enthalpy changes in ionic compounds

The changes that occur during the formation of an ionic compound are
considered in this unit. The dissociation or formation of an ionic compound
may be calculated from other values using Hess’s Law in the form of a
Born-Haber cycle.

Notations

® AH represents an enthalpy change.

® AH is measured under stated conditions, i.e. AH,yg is the enthalpy
change at 298 K and the pressure is 100kPa.

® The enthalpy change is the heat energy change at constant pressure.

® Standard Enthalpy Values are the AH value for enthalpy changes of
specific reactions measured under standard conditions.

® Standard conditions are represented by the symbol © which is used
after AH to indicate that an enthalpy changes occurs under standard
conditions.

® Standard conditions are 298K, 100kPa pressure, all solutions of
concentration 1 moldm= and all substances are present in their standard
states.
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TIP

This is an enthalpy profile for

an endothermic reaction. The
enthalpy change is positive. Make
sureyou can draw and recognise
the enthalpy profile diagram for
an exothermic reaction as well
from the Energetics topic in AS
Year 1.

The definitions of the enthalpy changes associated with ionic compounds

must be understood to be able to link the enthalpy changes together, m
particularly in terms of what the ‘per mol’ in kJ mol™ means. =
L

=l

<

A positive value of AH The enthalpy of the products is g,
(change in enthalpy) greater than the enthalpy of the D

—~ | |indicates an endothermic | | reactants so energy has been gg
Z | | reaction absorbed from the surroundings. ®
Y 1 : s
g =
£ o
£ 3,
- i N
Products 8

AH = +ve 3

Reactants -§

Progress of reaction p

Q.

The value of the enthalpy change (AH) in this endothermic
reaction is positive. This is because there has been an increase
in enthalpy from reactants to products. This is a standard
feature of endothermic reactions and it must be remembered
that AH is positive.

Figure 1.1 Enthalpy profile for an endothermic reaction.

The word enthalpy is based on the Greek noun enthalpos, which means
heating. It comes from the classical Greek prefix ¢v-, meaning ‘to put into’,
and the verb BgAneLv, thalpein, meaning ‘to heat'. The word enthalpy first
appeared in scientific literature in 1909. Many different symbols were
used to denote enthalpy and it was not until 1922 that the symbol ‘H’ was
accepted as standard.

Lattice enthalpy

Lattice enthalpy can be represented as A{H® or A, H®.

The enthalpy of lattice dissociation is the enthalpy change when one
mole of an ionic compound is separated into its component gaseous ions.
The phrase ‘at infinite separation’ is often used in the definition because all
bonding between the ions must be broken so the ions must be infinitely
separated.

The enthalpy of lattice dissociation is also called the lattice dissociation
enthalpy It is an endothermic process and has a positive value measured
in kJmol-!. Energy is required to overcome the strong attraction between
the positive and negative ions. The ‘per mol’ refers to one mole of the ionic
compound.

The enthalpy of lattice formation is the enthalpy change when one mole
of an ionic compound is formed from its constituent ions in the gaseous
state. It is an exothermic process and has a negative value measured in
kJmol™. Again, the ‘per mol’ refers to one mole of the ionic compound.
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TIP

You will have written equations

for enthalpies of formation in AS.
T ———— e

Equations for lattice dissociation and formation

Equations, including state symbols, are often asked for the process which
occurs when the lattice of an ionic compound dissociates or forms.

EXAMPLE 1

Write an equation, including state symbols, for the reaction that has an
enthalpy change equal to the lattice dissociation enthalpy of sodium
chloride.

Answer

This question is asking for an equation for the dissociation of one mole of
sodium chloride into its constituent gaseous ions as that is the definition
of the enthalpy of lattice dissociation.

NaCl(s) o

‘r:sla+(g]l + le{gg

B
Constituent
gaseous ions

One mole of
sodium chloride

TIP

Make sure you include the state symbols. The notes below the equation
are used for clarity and are not expected in the answer.

EXAMPLE 2

Write an equation, including state symbols, for the reaction that has an
enthalpy change equal to the enthalpy change of lattice formation of
calcium chloride.

Answer
This question is asking for an Cat(g) + 2CHg) —  CaClys)
equation for the formation of one T
mole of calcium chloride from its
Constituent One mole of

constituent gaseous ions as that

gaseous ions calcium chloride

Is the definition of the enthalpy of
lattice formation.

Enthalpy of formation

Enthalpy of formation can be represented as AH®. The enthalpy (change)
of formation is the enthalpy change when one mole of a compound is
formed from its elements when all reactants and products are in their
standard states under standard conditions.

Again equations for the process of formation are asked with state symbols.
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TIP

Do not confuse the enthalpy of
lattice formation with enthalpy

of formation of a compound as
these can also be asked. For
calcium chloride, as shown in the
examples above, these equations
are different. Do not forget the
diatomic elements in enthalpy

change of formation equations.
—

EXAMPLE 3

Write an equation, including state symbols, for the process that has an

enthalpy change equal to the standard enthalpy of formation of silverl(i]
fluoride.

Answer Agls) + 1Filg) — AgF(s)
This question asks for an N A ‘
equation for the formation of one | B

mole of silver fluoride from its Elements in their
constituent elements when all | standard states
reactants and products are in

their standard states under standard conditions.

| One mole of
silver fluoride

g
S
S
S
Q.

EXAMPLE 4

Write an equation, including state  Cals) + Clyl(g) — CaCly(s)

symbols, for the process that has “|'“

an enthalpy change equal to the

standard enthalpy of formation of E;}Efj"*iﬁsr;" ' C’f;‘{ mole of
. : nelr stancar CalZium

calcium chloride. St i

Answer

This question asks for an equation for the formation of one mole of
calcium chloride from its constituent elements when all reactants and
products are in their standard states under standard conditions.

EXAMPLE 5
Write an equation, including state ~ Ma(s) + -%—Dz(glj . MgOls)
symbols, for the process that has T ‘

an enthalpy change equal to the S -
standard enthalpy of formation of | Elementsin their

One mole of
magnesium oxide

magnesium oxide. _stand:ard states

Enthalpy of atomisation

Enthalpy of atomisation can be represented as A, H® or A_H®. The enthalpy
ol atomisation of an element is the enthalpy change for the formation of
one mole of gaseous atoms from the element in its standard state.

Again equations for the process of formation may be asked with state
symbols but it is more likely you have to understand the process in a
Born-Haber cycle. For diatomic elements, the equation must produce one
mole of gaseous atoms so 3 X, is used where ; X, represents half a mole of
the diatomic element.
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EXAMPLE 6

Write an equation, including state symbols, for the process that has an
enthalpy change equal to the enthalpy of atomisation of sodium.

Nals] — Nalg]

(@

TIP EXAMPLE 7
A common mistake here is 1o Write an equation, including state symbols, for the process that has an
list Br; as a gas but the element enthalpy change equal to the enthalpy of atomisation of bromine.
must be in its standard state. The :
atomisation of iodine would be EBFE (L] — Brlg)
2155 — Ilg).
e
EXAMPLE 8

Write an equation, including state symbols, for the process that has an
enthalpy change equal to the enthalpy of atomisation of oxygen.

%Og!g]—:r olg)

Bond dissociation enthalpy (bond enthalpy])

Bond dissociation enthalpy can be represented as AgpH® or Ay H® or

A jissocH®. The bond dissociation enthalpy is a value for the enthalpy change
when one mole of a covalent bond is broken under standard conditions in
the gaseous state. It takes a positive value as one mole of the covalent bond
is broken (endothermic).

For example, the bond dissociation enthalpy for chlorine is +242 k] mol~!. This
means that 242 k] of energy is required to convert 1 mol of chlorine molecules
(containing 1 mol of the covalent bond) into 2 mol of gaseous chlorine atoms.

The equation for this process is: Cl,(g) — 2Cl(g)
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_ @ It is important to note that mean bond enthalpy values were met in AS
YTIP and are a measure of the energy required to break one mole of a covalent
The dafiritionof hian distsciation bond measured in mol~! (the ‘per mole’ is per mole of the covalent
enthalpy is usually asked for with bond) averaged across many compounds containing the bond.
reference to a specific bond or ® For diatomic molecules, the bond enthalpy is not averaged across many
diatomic molecule. Itis used in compounds containing the bond as the bond only occurs in the diatomic
Born-Haber cycles with diatomic molecules.
elements. ® Also for mean bond enthalpy calculations the enthalpy of bond breaking
— is endothermic and the enthalpy of bond making is exothermic as will

be considered again later in this unit, but bond dissociation enthalpy is
always endothermic as it is for the dissociation of the bond.
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TIP EXAMPLE 9 )
The value for the bond Write an equation, including state symbols, for the process that has an i
dissociation enthalpy for the enthalpy change equal to the bond dissociation enthalpy of fluorine. =2
diatomic molecules is twice o
the value for the enthalpy of Falgl — 2F(g) _n:’,'
atomisation of these elements. This equation shows the dissociation of one mole of diatomic fluorine, F, S
This is important in deciding what into two moles of gaseous fluorine atoms. f?'.
value to use in a Born-Haber =
cycle later in this unit. o
e A

Sometimes the definition of bond dissociation enthalpy is asked as applied o

to a particular diatomic element and the answer must be in terms of this .é

element. The initial element should be in the gaseous state even if it is o

bromine or iodine. g_

EXAMPLE 10
Define bond dissociation enthalpy as applied to fluorine.

Answer

The enthalpy change to break the bond in one mole of fluorine to form
two moles of gaseous fluorine atoms.

lonisation enthalpies

[onisation enthalpies can be represented as AjyH®. A number after 1E can
be used to indicate if it is a first or second, etc., ionisation enthalpy, for
example A H® represents the first ionisation enthalpy At AS, ionisation
enthalpies (or they were called ionisation energies in Atomic Structure)
were examined as evidence for the existence of energy levels.

The first ionisation enthalpy is the enthalpy change when one mole of
electrons is removed from one mole of gaseous atoms to form one mole of
gaseous ions with a single positive charge.

The second ionisation enthalpy is the enthalpy change when one mole of
electrons is removed from one mole of gaseous lons with a single positive
charge to form one mole of gaseous ions with a 2+ charge.

The third ionisation enthalpy is the enthalpy change when one mole of
electrons is removed from one mole of gaseous ions with a 2+ charge to
form one mole of gaseous ions with a 3+ charge.

For the purposes of Born-Haber cycles, you would be expected to be able
to define and carry out calculations using first, second and sometimes third
ionisation enthalpies.
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TIP

To go from Calg) to Ca®*(g]
requires a total of the first and
second ionisation enthalpies.
The first ionisation enthalpy of
calcium is +590kJ mol™.

The second ionisation enthalpy of
calcium is +1150kJ mol=",

The change in enthalpy required
for Calg) — Ca®*(g) + 2e is + 590
+ 1150 = +1740 kJ.

EXAMPLE 11
Write an equation, including state symbols, for the process that has an
enthalpy change equal to the first ionisation enthalpy of magnesium.
Answer

Mglgl — Mg*lg) + e

Remember that both the atoms and ions have to be gaseous. The value
for the above first ionisation enthalpy is +736 kJ mol-!. Remember also
that first ionisation enthalpies decrease down a group. The first ionisation
enthalpy of calcium is +590kJ molT.

: TIP

When the definition of electron
affinity is asked give the definition
of first electron affinity.

EXAMPLE 12

Write an equation, including state symbols, for the process that has an
enthalpy change equal to the second ionisation enthalpy of calcium.

Ca*lgl = Ca%(g) + e

Electron affinity

Electron affinity can be represented as A;,H®. Again a number after EA can
be used to represent the first or second electron affinities.

The first electron affinity is the enthalpy change when one mole of gaseous

atoms forms one mole of negative ions with a single negative charge. An
equation, including state symbols, representing the first electron affinity of
fluorine would be:

F(g) +e- — F(g)

The second electron affinity is the enthalpy change when one mole of
gaseous ions with a single negative charge forms one mole of gaseous ions
with a double negative charge.

EXAMPLE 13

Write an equation, including state symbols, for the process that has an
enthalpy change equal to the second electron affinity of oxygen.

0-lg] + e~ — 0%(g)

Values for second electron affinities are positive as the process is
endothermic. This is due to the repulsion of the negative ion for the
negative electron being added.
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TEST YOURSELF 2
1 Write equations, including state symbols, for the process that has an
enthalpy change equal to the following processes:
a) Enthalpy of lattice formation of calcium chloride.
b) Bond dissociation enthalpy of fluorine.
c) First electron affinity of oxygen.
d) Enthalpy of formation of silver fluoride.
e) Firstionisation enthalpy of potassium.
2 Name the enthalpy changes represented by the following equations:
a) Ca*lg) — CaZ(g) +e"
b) Nals) — Nalg)
c) Cllg]+ e — Cllg]
d) Nals) +%:F2[g] — NaFl(s)
e) Mg#*(g) + 2Cl-[g) — MgCl, [s)
3 Define the following:
a) Standard enthalpy of formation.
b) Enthalpy of lattice formation.
c) Lattice dissociation enthalpy.
d) Enthalpy of atomisation of chlorine.
e) Firstionisation enthalpy of lithium. :
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Born-Haber cycles

The Born-Haber cycle is a technique for applying Hess’s Law to the standard
enthalpy changes that occur when an ionic compound is formed.

The Born-Haber cycle for NaCl can be drawn simply as shown in the
diagram below. It should be noted that this cycle is simply being used to
explain the processes but would not be accepted as a Born-Haber cycle in
an examination question.

Na(s}-r-fCI;{g —-— Na*(g) + Clg)

Enthalpy of
formation

nthalpy of lattice
| dissociation

NaCl(s)

AKH is the sum of all the changes required to convert Na(s) to Na*(g) and
—Clz(g) to Cl~(g).

These can be summarised in the table below.

Process Name of enthalpy change AH®* kI mol™!
Nals] — Nalg) Enthalpy of atomisation of sodium | +109

Nalg] — Na*(g] + e~ First ionisation enthalpy of sodium | +4%94

lel,lg) — clig) Enthalpy of atomisation of +121

# chlorine

Cllg) + e~ — Cl-lg] First electron affinity of chlorine | -364

ﬂng = f:laHe G ﬁlElHe + ﬂ.aHg + J.’}.EAIHE

AH® =+ 109 + 494 + 121 - 364 = +360Kk]

o
S)
3
>
o
:
B
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Hesss Law states that the enthalpy change for a chemical reaction is
independent of the route taken and depends only on the initial and final
states.

This means that A_H = Enthalpy of formation + Enthalpy of lattice
dissociation

This can be written as: A,H = AH + A{H

The standard symbols are often left out when writing these expressions.

The value for the enthalpy of formation of sodium chloride is =411 k] mol-".

The enthalpy of lattice dissociation (A H) can be calculated.
AH=AH +AH
+360 = —411 + A H

AH=+360+411=+771kJmol"!

The enthalpy of lattice dissociation for sodium chloride is +771 k] mol-1.
The enthalpy of lattice formation is =77 1 k] mol~1.

Drawing a Born-Haber cycle

The diagram below shows a Born-Haber cycle for a Group 1 halide, in this
case for sodium chloride, NaCl.

For all Born-Haber cycles, the arrows for the enthalpy changes are not to scale.

metal single
positive ic?n.s Na*(g) + Cl(g) + e~

and non-metal 4 e
gaseous atoms Aca

Na™(g) + Cl™(g)
)

AHP

gaseous ions

1 "
metal single |Na*(g) +7Cl(g) + e
positive ion 4
AgH?

metal Nalg) + $Cly(g)
gaseous -
atoms

AHP

elements in Nals) + %C l2(g)
standard states

' NaCl(s) solid
compound

Features of the cycle

® The arrows that are going up represent endothermic processes.

® The arrows that are going down represent exothermic processes.

® A H® is the enthalpy of lattice dissociation in this Born-Haber cycle.

® The labels at the left and right of the different enthalpy levels show the
species which should be present on these levels. These labels are there



only to help you understand the cycle but are not essential if you are

asked to draw one. ®
® You may be expected to complete some of the levels in a cycle with the 3
species present or even to complete part of the cycle as shown in the :'E
examples which follow. o
5
EXAMPLE 14 %__
Complete the Born-Haber cycle shown on the right for The correct direction of the arrows representing -
potassium fluoride by drawing the missing energy levels, the changes should be given.
symbols and arrows. The completed cycle with annotations is shown below.
Answer K*(g) + FFal) + &
In this type of question you would be expected to complete
the levels in the diagram as shown in the previous +470 :
example, with endothermic changes having levels above Kig) + 7F:(0)
the previous one and exothermic changes having levels !
below. +90 -
; : K(s) + =Falg)
The symbols for the species [atoms, ions and electrons)
on each enthalpy level with appropriate state symbols _560
would also be expected. y  KHs)
Hg) formed fmm% Fola);
the arrow represents the K*g) + Flg) + e
enthalpy of atomisation or } F(g) formed from Fg);
half the bond dissociation 3 T the arrow represents the
enthalpy of fluorine t KHgI+F {?)__ first electron affinity of
fluori
The K* ion is formed with —K*(g) + %Fz{g} + e Ll
e™; the arrow represents '
the first ionisation sl
enthalpy of potassium | K(g) + +F2la) This arrow represents
9'+3r29g the enthalpy of lattice
' dissociation of potassium
fluoride
+90
Ks) + 1F(a)
~-569
KF(s)

Calculations from a Born-Haber cycle

In calculations, the enthalpy of atomisation of chlorine may be given or,
alternatively, the bond dissociation enthalpy. It is vital that you understand
that for gaseous diatomic elements like the first two halogens, the bond
dissociation enthalpy is twice the enthalpy of atomisation. For Group |
halides and other halides where the oxidation number of the metal is +1,
like the one shown in the cycle below, the change required is

7Cly(g) — Cl(g). This is the value of the enthalpy of atomisation of chlorine
or half the value for the bond dissociation enthalpy of chlorine.

Calculations may be of other values in the Born-Haber cycle, if the lattice

enthalpy is known.



"EXAMPLE 15 seskiepiiee

Using the Born-Haber cycle shown on the right, calculate the 4
enthalpy of formation of silver(l) fluoride using the enthalpy t Ag*g) + F(g)
changes given. The diagram is not to scale. e 1
Ag*(g) +%F§{g) + &”
Name of enthalpy change AH®/ kI mot™!
Enthalpy of lattice dissociation of silver Aglg) + +F5(g)
; +967
fluoride e i
Bond dissociation enthalpy of fluorine +158
Electron affinity of fluorine -348
First ionisation enthalpy of silver +732 Ag(s) + 1F3(g)
Enthalpy of atomisation of silver +289 l
AgF(s)
Answer
The most important point in this Born-Haber cycle is If you go through an arrow in the wrong direction

the type of value given for the conversion of fluorine to change the sign of the enthalpy value.

ARTAnR SR For example, the enthalpy of lattice dissociation of AgF

The value given is the bond dissociation enthalpy
which is +158kJmol™" and this is the enthalpy value =-AH®+AH® + A H® + ;—&BDEH"’ + App H®
for the change F;(g) — 2F(g).

However in this cycle the change required is:

%Fﬂ[g] = F[g] Half of the bond Ang) u F{g“:‘;e First electron
: ; alt ot the bon - s .
The enthalpy value for this change is half of dissociation enthalpy - l Ag*(@) + FQ) affinity of fluorine
the value for the bond dissociation enthalpy. of fluorine §

b )
It is good practice to add the values for the Ag"0) + zFalgh+ ¢ Enthalpy of lattice
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enthalpy changes to the Born-Haber cycle First ionisation dissociation of
as this makes the calculations simpler. The {*'?32( o YEila) enthalpy of silver silver fluoride
diagram below shown the Born-Haber cycle ‘Ag 9+329 /
for silver fluoride with the known enthalpy Enthalpy of +967
changes added. +289— | #tomisation
of silver

From the cycle, the enthalpy of formation of Agls) + %F;{g)
silver fluoride is calculated by going round the T '
cycle in the other direction. el
Start at the start of the arrow for the enthalpy Silver fuoride L AgFe)
change you want to find and go around the
cycle in the other direction.

Calculating A(H®

AH® = + 289 + 732 + 79 - 348 - 967
AH® = - 215k]mol-!

The calculations are sometimes carried out without a cycle. The values may
be given and you would be expected to remember the sequence of enthalpy
changes as shown in the next example.




EXAMPLE 16

The table below gives some values for standard Answer
enthalpy changes. Use these values to calculate the
standard enthalpy of lattice dissociation of potassium

bromide.

The enthalpy of lattice dissociation (A H*®] can be
calculated from the other values:

sa]2f> 1aqeH-uiog

Name of enthalpy change AH¥KJmol™" A H® =~ AH® [KBr] + AH® (K) + AgH® (K)

f : e e =
Enthalpy of formation of potassium -392 + 8, HO(Br) + Agaq HEIBr)
bromide (A;H®) ,
Enthalpy of atomisation of bromine +112 A H =+392 +90 +420 + 112 + [-342]
A,H2Br)) , = | AH = +672 kJ mol-!
Electron affinity of bromine [Ag,,H®) -342
First ionisation enthalpy of potassium +420
(A5, H)
Enthalpy of atomisation of potassium +90
(A,HE(K]]

Born-Haber cycles for metals with oxidation state +2

Born-Haber cycles for compounds of metals where the metal has an
oxidation state of +2 are slightly more complex. The cycle below represents
the Born-Haber cycle for magnesium chloride.

metal double
positive ions Mg2*(g) + 2Cl(g) + 2e-
and non-metal § 20 H°
gaseous atoms 5 I
2&:,‘-’0 or ﬁlE]:JEH Mgz-l- (g) +2CI (g) T
metal double _|Mg**(g) + Cly (g) + 2e- L
positive ion #
A H®
metal single Mg*(g) + Cl;(g) + e~
positive ion §
metal gaseous Agh™ Mg (g) + Cl; (g)
atoms &
AH® AH®
elements in Mg (s) + Cl; (g)
standard states
aHe
L MgCl, &8 solid
compound

13

For all these diagrams the enthalpy changes are not to scale. The labels at
the left and right of the different enthalpy levels show the species which
should be present on these levels. These labels are there only to help you
understand the cycle but are not essential if you are asked to draw one.

Metals such as Group 2 metals and many transition metals will have the
metal in the oxidation state of +2. This means that an additional enthalpy

change is required, the second ionisation enthalpy of the metal (A, H®).

As the compounds require two moles of halide ions per mole of the metal
ion, the enthalpy of atomisation for the halogen is multiplied by 2 (2A,H®)
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or the bond dissociation enthalpy is used (Aypp H®) and the first electron
affinity is multiplied by 2 (2A,,H®) as seen on the cycle.

Calculations using this type of cycle

The calculations using this Born-Haber cycle are similar to the calculations
with the previous one.

Name of enthalpy change AH®kJImol?

Ent?ta?py oﬁormation of magnesium chtnride_[AfH_el -6_&2
Bond dissociation enthalpy of chlorine [AgpeH®) +242
Electron affinity of chlorine [Aga H®) -364
First ionisation enthalpy of magnesium [(A,c,H®] +736
Second ionisation enthalpy of magnesium (4,,H®) +1450
Enthalpy of atomisation of magnesium (A H®(K)) +150

ﬁLHGE -AEHG'I‘ &aHa'!‘ aﬁIEng'l‘ &IEZHQ.I- ﬁBD'EI'fe'I' Z.QEA]_I'IQ'
(MgCl) (Mg)  (Mg) (Mg) (Cly) (ch
=+642 + 150 + 736 + 1450 + 242 - 2(364) = +2492K] mol-!

Enthalpy ol lattice formation

The Born-Haber cycle for magnesium chloride where enthalpy of lattice
formation is used is exactly the same, except the arrow for lattice enthalpy
goes down as it is an exothermic process.

Mgz‘* (@) + 2Cl(g) + 2&”

)
2Ap,H®
2A,H® or AgpeH® Mg?* (g) + 2CI-(g)
Mgl"' (a) + C[_z (g) + 2e”
i
AgH®
Mg* (g) + Clz (g) + &
AgH® Mg (g) + Cl; (@)
i
AH® el
Mg (s) + Cl, (g)
AH®
| MgCls (s) Y




The calculation of the lattice enthalpy can be carried out as before and the
sign changed to — at the end to show the exothermic enthalpy of lattice
formation.

Alternatively the following expression may be used:

o
o
3
5
o
:
:

(MgCly) (Mg)  (Mg) (Mg) (Cly) (CD (MgCly)
-642 = +150 + 736 + 1450 + 242 + 2(-364) + AHY

A H®= -642 - 150 - 736 — 1450 - 242 + 728

_ A H®= -2492 k] mol™!

TIP This is using the cycle in a slightly different way. The expression may use

The use of enthalpy of lattice 2A H*® in place of AgpH® for chlorine but Ay H® = 2A_ H® for diatomic
formation means that the molecules.

enthalpy of formation is simply

a total of all the other changes Any unknown in the expression may be calculation from given data,

in the cycle. This can be done

for previous examples as well Born-Haber cycle [or magnesium oxide

but beware if enthalpy of lattice When drawing a Born-Haber cycle for the oxide of a metal with oxidation
dissociation i5 to'gescalcuiated, state +2, there is an additional enthalpy change. The second electron aftinity

of oxygen is required.

@ The first electron affinity (AgyH®) of oxygen is represented by the
equation:

O(g) +e~— O(g)

® This is an exothermic process due to the net attraction between the
nucleus of the oxygen atom and the incoming electron.

® The second electron affinity (Ag,,H®) of oxygen is represented by the
equation:

O0-(g) + e~ — O%(g)

® The second electron affinity of oxygen is endothermic because of the
repulsion between the negatively charged O7(g) ion and the incoming
negative electron.

The values required to calculate the enthalpy of lattice dissociation for

magnesium oxide are given below.

Name of enthalpy change AH® kJmol!

Enthalpy of formation of magnesium oxide (AH®) -602
Enthalpy of atomisation of oxygen (A,H®] +248
First electron affinity of oxygen (AgaiH®) ~142
Second electron affinity of oxygen (Ag,,H®) +844
First ionisation enthalpy of magnesium [A;5,H®) +736
Second ionisation enthalpy of magnesium [A,5,H®) | +1450
Enthalpy of atomisation of magnesium (A H®(K]) +150




n
L
-
O
-
o
[
i
m
<1
:|l:
=
o
o
m
ﬁ
=
;
>
o
o
=
o=
L
o =
b=
-

Figure 1.2 A refractory material is one
that is physically and chemically stable
at high temperatures and is used to

line furnaces. Magnesium oxide is a
commonly used refractory material due
to its high lattice enthalpy.

(@

TIP

Remember that the enthalpy of
lattice formation is simply the
negative value of the enthalpy of
lattice dissociation. The enthalpy
of lattice formation of magnesium
axide is -3888 kJmol-1.

When drawing the Born-Haber cycle for magnesium oxide, it is important
to realise that the second electron affinity of oxygen is endothermic.

The Born-Haber cycle below is for magnesium oxide. The values for the

enthalpy changes have been added to the cycle.

Mg?* (g) + 0%~ (g)

A [
Mg?* (g) + O(g) + 2e-
AH® 4248 Mg?* (g) + O~ (g) + &
Ma?* (g) + 10, (g) + 2e”
A
Ag,H +1450

Mg* (g) + %OZ (g) + e~

AgH +736
Mg @) + 30, (@)

A4 +150 Mg+ 10,00

AH® 602

L MgO (s)

The cycle is different from previous ones as it includes the endothermic second
electron affinity of oxygen so there is a level above Mg?*(g) + O~(g) + e~ Also
as the second electron affinity is +844 and the first electron affinity is —-142, the

level with Mg**(g) + O*<(g) must be above the level for Mg**(g) + O(g) + 2¢".

The calculation of the enthalpy of lattice dissociation of magnesium oxide is:

MH® =~-AMH® + AH® + AgH® + Ay H® + A H® + ApaH® + AgpH®
(MgO) (Mg (Mg) (Mg) (O) (0) (O)

=+602 + 150 + 736 + 1450+ 248 - 142 + 844

= +3888 k] mol-!

Understanding enthalpy changes in a Born-Haber cycle

Exothermic Endothermic
Enthalpy change (AH negative) _[AH positive)
Enthalpy of lattice dissociation v

Enthalpy of formation v [mostly)

Enthalpy of atomisation

Bond dissociation enthalpy

Firstionisation energy

Sl S %S

Second ionisation energy

First electron affinit_y v

%

Second electron affinity




The enthalpy of lattice dissociation is endothermic whereas the enthalpy of

lattice formation would be exothermic and have the same numerical value ®
but be a negative enthalpy change. 3
1
. . =
1 Comparison of lattice enthalpy values o>
- 3 ®
= 1222 ] The value of the lattice enthalpy gives a measure of the strength of the ionic 2
= bond and this depends on the charge on the ions and the size of the ions. %
= P 8
£ 600 L X 2l
£ 400- The greater the value of the lattice enthalpy, the stronger the ionic bond. &
& 2004 Smaller ions and higher charge ions give stronger ionic bonding.
Q
g . ‘ ;
£ 0T NaF "NaClTNagr" Nal ® Smaller ions are more closely packed in the lattice and so are more

Figure 1.3 The bar chart shows the attracted to each other.

effect of ion size on lattice enthalpy of @ lons with a high charge are more attracted to each other as well.
sodium halides as Group 7 is descended. ~ ® For example, the lattice enthalpy for NaCl is +77 1 kj mol~! but that for
The negative ions get bigger and so NaF is +915k] molL.
;Ee ds;gnielbett‘wﬂigzgencem;s ::EI" ® The ions have the same + and - charges but the F~ ion is smaller than the
e oppositely charged ions is grea g e N , : . ,
and the attraction less, resulting in a Cl ionso the ions in NaF can pack clgser together in the lastlce and so
decrease in lattice enthalpy. lattice enthalpy is greater as the attraction between the ions is greater in
NaF compared to NaCl.
® The lattice enthalpy for MgCl, is +2492 k] mol™! but that for MgO is
4000 - +3888k] mol-!.

3500 -+
3000 -

® The lattice enthalpy for MgCl, is greater than that for MgO due to the
2~ charge on the O% ion compared to the — charge on the Cl- ion. The
O%" ion is also smaller than the Cl~ ion so there is a stronger attraction
between Mg?* and O?- ions than between the Mg?* and Cl- ions.

® Note the lattice enthalpy for MgO is very high (and hence it is very stable
and has a very high melting point) due to the 2+ and 2- charge on the
small ions.

lattice enthalpy/k) mot™!
Pl
o
o
[
L

MaCl MgQ
Figure 1.4 The taiger kiR The balance of enthalpy values in a Born-Haber cycle may be examined.

jan: tha stronger the-elactrostatic force You may be asked to comment on the difference in latrtic:f: enthalpy values

b abbraction bubiaanthe iane witch based on other enthalpy values in the cycle. For the difference between

results in high lattice enthalpy. NaCl and NaF, it is the halogen bond enthalpy values that are different as
well as the enthalpy of formation. The enthalpy of atomisation of sodium
and first ionisation energy of sodium are the same in both cycles.

”0!##0'0‘**iili‘?iiOi!‘Qtiilii!0?iil.#’iill*.i!'0#ill‘lOOil#id0i0l‘ﬁliii!i'l‘iiiiilid!#‘ﬁiiliii#iti#!‘iClidititiliitiillidiitliii#tth.iliiti.ﬁliii!#.lli
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} TEST YOURSELF 3
: 1 The enthalpy changes below can be used to a) Explain the difference between the enthalpy
i calculate the enthalpy of lattice dissociation of of lattice dissociation of rubidium chloride
i  rubidium chloride. compared to the enthalpy of lattice dissociation
: of potassium chloride. :
Step  Process AH®kJImol™! b) The enthalpy of formation of potassium chloride

AR+S+S+S+ERER

is —437kJmol™ and the enthalpy of atomisation

: 1 lcl.lal = Rb -43! il & - :
: Rbls) +7Clalg) — RbCUs] . _ of potassium is +90kJmol-'. Calculate the first i
E 2 Rbls] — Rblg] +81 ionisation enthalpy of potassium from this data i
3 Rblg) — Rb*(g) + e~ +403 and the data given in the table in question 1.
i 1 B 3 The bond dissociation enthalpy of fluorine is
4 5Clylg) — Clig) +121 AERL B :
i[5 Cllg] + e~ — Cl-lg) ~364 a) Write an equation, including state symbols,

a) Name the enthalpy change represented by representing the bond dissociation of fluorine.

| step 1. b) What is meant by the enthalpy of atomisation of

i b) Calculate the enthalpy of lattice dissociation of fluorine. . o :
: rubidium chloride. c) The first electron affinity of fluorine is g
: 2 The enthalpy of lattice dissaciation of potassium -348kJ mot‘ Calculate the enthalpy change for

{ chloride is +715kJmol! the process 2F,g) + &~ — F(g)



O Perfect ionic model

The distinction between ionic and covalent compounds is not black and white.

100% covalent
(non-polar) ® Some covalent compounds or molecules are 100% covalent as they are
non-polar.
&+ &= polar covalent P =k
Govalest itk lonie ® Covalent compounds can have some ionic character for example polar
character) covalent compounds have some ionic character, i.e. the molecules are polar.

® lonic compounds can be perfectly ionic with no covalent character.
@ A small, large charge cation can distort a large anion so that there is covalent
character to the ‘ionic compound’. This means that ions are distorted and

lonic with covalent character
(ions are not spherical)

Q
o0

= 100%ionic. not spherical as would be assumed in the perfect ionic model.
(perfectly spherical ‘
ions) It is a sliding scale from covalent to ionic. The diagram on the left shows the

scale between 100% covalent and 100% ionic.

The value of lattice enthalpy calculated using a Born-Haber cycle is the real
value (i.e. that found by experiment).

i

TIP The perfect ionic model of ionic compounds allows the calculation of the
Make sure that you fully lattice enthalpy based on two assumptions:

understand the perfect ionic model.
Itis the last two categories which
are of interest in this section as 2 the ions are regarded as point charges or pertect spheres and are not distorted.
100% ionic compounds will have
an experimental lattice enthalpy
(calculated from a Born-Haber
cycle] roughly equal to the lattice

enthalpy calculated from the
pe rfecﬁ anic modal. covalent character to the ionic compound. The greater the difference in the

——) Values, the greater the covalent character in the compound.

1 the bonding in the compound is 100% ionic.

If the values of the experimental lattice enthalpy and the lattice enthalpy
calculated from the perfect ionic model are different then the compound
has some covalent character. The forces of attraction in the compound are
found to be greater than predicted by the perfect ionic model so there is
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i3 EXAMPLE 17

g The following lattice dissociation enthalpy values were from calculations using the perfect ionic model] are

m determined. almost the same, the bonding in the compound is

o 100% ionic.

= o . NaBr(s] AgBrls] If the experimental value is greater than the

é A H® (experimental]/kJ mol-! | +732 +891 experimental value, there is additional covalent

g A H® [theoretical)/kJmol-! | +731 +760 bonding in the lattice which means that the ionic

s compound has some covalent character.

5o 1 State what you would deduce about the bonding in

= NaBr using the data in the table. Answers

= 2 State what you would deduce about the bonding in 1 NaBr is ionic as the values are almost identical.

AgBr using that data in the table. 2 AgBr is ionic with some covalent character due to

If the values for the experimental [determined from the additional strength of the covalent bonding.

a Born-Haber cycle] and the theoretical [determined

O

EXAMPLE 18

The experimental lattice enthalpy of Answer
magnesium iodide is -2327 kJmol™'. The
theoretical value calculated using the perfect ionic
model is —1944 kJ mol™".

Explain the difference in the values.

The experimental value is greater than the theoretical
value,

Magnesium iodide has covalent character.
There is additional covalent bonding in magnesium
iodide,




O Enthalpy of solution

lonic compounds dissolve in water when the ionic lattice breaks up
(enthalpy of lattice dissociation) and the polar water molecules form bonds

with the ions (enthalpy of hydration).

Enthalpy of solution = Enthalpy of lattice dissociation + Enthalpy of
hydration

)
P~
2
2
S
~h
8
S
g‘,
=

For sodium chloride:

ﬁsang = .&LHQ += ﬁh?dHG -+ ﬁh},dHB
(NaCl) (NaCl) (Nat) T g

The balance of the break-up of the ionic lattice and the bonds forming with
water determines the enthalpy of solution.

The enthalpy of solution is defined as the enthalpy change when one mole
of a solute dissolves in water. It can be determined from other enthalpy
values. For example:

NaCl(s) — Na*(aq) + Cl-(aq)

The enthalpy of lattice dissociation for sodium chloride is represented by
the equation

NaCl(s) — Na*(g) + Cl-(g) A H®=+776k]mol-!
The enthalpy of hydration is defined as the enthalpy change when one mole
of gaseous ions is converted into one mole of aqueous ions.

Na*(g) — Na* (aq) Apyatt ® = —407 k] mol-?

CHg) — Cl(aQ)  ApgH® = -364kJmol-!

TIP
Some texts may use '+(ag) when writing the equation for solution of a
substance to represent the addition of water on the left-hand side of the
equation. This is acceptable but do not write '+ H,0". This also applies to

equations for hydration of ions. It is best to keep the equations as shown
in the example for NaCL

These enthalpy changes fit together in the following cycle.

Na*{g) + Cl(g)
¥
AH® BpygH®
y Na*(ag) + Claq)
NaCl(s) TAwH“

A H® = (+776) + (-407) + (-364) = +5kJ mol-!
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TIP

Remember to show the polarity
of the water molecules and

the charge on the ions if you

are asked for this type of
diagram. The diagram shows the
interaction of 4 water molecules
with the ions. There would
normally be 6 for each ion. The
ones above and below the plane
of the paper are not shown so

thatwe can see the ions.
. 4

5 k] of energy are released when 1 mole of NaCl dissolves in water to form
a solution. The enthalpy of solution may be exothermic depending on the
balance between the lattice enthalpy and the enthalpies of hydraton.

It is not suggested that when NaCl dissolves in water, the ionic lattice
breaks up into scattered gaseous ions which then dissolve. However, it
allows an alternative route for calculation enthalpy of solution values which
according to Hess’s Law should give the same overall enthalpy change as the
process the ions really undergo.

A simpler diagrarn for calculation of solution may be like the diagram below.

NaCl(s) = Na*lag) + Claqg)

\Na*‘{g )+ Clg)

Be careful with enthalpy of solution for Group 2 halides, as 2x enthalpy of
hydration for the halide ion is required as there are two moles of halide ion
in one mole of the ionic compound.

When ionic compounds dissolve in water the polar water molecules are
attracted to the charged ions. The 8- O atoms in H,O molecules are attracted
to the positive ions and the 6+ H atoms in H,O molecules are attracted to the
negative 1ons.

L e
H H H H H
H KO'K /H b+ \
a...
0+
0 8- Na* 8- 0 H cF H/
0 O 5+
i \
H H Y HN"D/’H

Values for enthalpy of hydration

Enthalpy of hydration values are exothermic as energy is released when the
ions are attracted to the polar water molecules.

The enthalpy of hydration for flueride ions is =506 k] mol-! which is more
negative than the enthalpy of hydration for chloride ions (-364 k] mol-1).

This is because a smaller ion with the same charge has a higher charge
density so the negative charge on the ion attracts the 8+ H of the water
more strongly.

The same applies to cations: The enthalpy of hydration of the Mg**
ion is ~1920k] mol~! whereas the enthalpy of hydration of Ca** ions is

~1650k]mol-!. The Mg?* ion is smaller and has a higher charge density
than the Ca?* ion so the ions attracts the 8— O of the water more strongly:



(@

TIP

The dissolution of calcium
chloride also depends on

entropy considerations so

this information may be used

to predict how the amount of
calcium chloride which dissolves
changes as temperature changes
butit is not the whole picture.

Halides of metals with oxidation state +2

For halides of Group 2 and other metals with an oxidation state of +2, 2x s
the enthalpy of hydration of the halide ion is required. i
For calcium chloride: %
~
3
‘Enthalpy of solution of calcium chloride -141 >
Enthalpy of lattice dissociation of calcium chloride | +2237 S
Enthalpy of hydration of calcium ions -1650

A H® = A H® + A H®(Ca?*) + 24, JHE(CIY)
~141 = +2237 +(~1650) + 24,,4H®(CI")
~141 - 2237 + 1650 = 2A, 4H®(CI")

20y gH®(CIY) = -728

BpyaH®(C1) = =228 = 36419 mol-!

The enthalpy of hydration of the chloride ions is =364 k] mol-*,
The enthalpy of solution of calcium chloride is —~141 k] mol.

The process CaCl,(s) = Ca**(aq) + 2Cl-(aq) is exothermic. When treating this
process as a reversible reaction, increasing the temperature would move the
position of equilibrium in the direction of the reverse endothermic process.
This would theoretically decrease the amount of calcium chloride which would
dissolve as the position of equilibrium would be moved to the left.

t ACTIVITY

. Experimental determination of the enthalpy of solution of
. sodium hydroxide and ammonium nitrate

100 cm? of deionised water was measured into a polystyrene cup and the !
temperature recorded. A mass of solid was quickly dissolved in the :
i water, stirred with the thermometer and the final temperature recorded.

: The results are shown in the table below.

Initial Final Temperature
Substance Mass/g temperature/°C temperature/°C change/°C
Sodium 3.99 249 30.0
i | hydroxide _ |
i |Ammonium | 2.02 25.0 23.6 i
i |nitrate :

’ 1 Describe how approximately 2g of ammonium nitrate was weighed
i outaccurately in this experiment.
2 Explain any safety precautions which should be taken when using
solid sodium hydroxide pellets.
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3 Both of the substances used in this experiment consist of ions. Give

the chemical formulae of the two ions that make up each of the
compounds.

4 For each of the solutes, calculate the change in temperature of

the water.

5 Calculate the mass of water in the polystyrene cup. The density of

water at 25°C is 0.998g/cm?.

6 Calculate the enthalpy change that occurred in each solution. The

7 Calculate the number of moles of each solute and use this to calculate

specific heat capacity of water is 4.18J K''g™".

the molar enthalpy of solution for each solute.

8 Data books give the enthalpy of solution of NaOH as -44.20kJ mol™

and for NH,;NO,, it is +25.40kJmol-!. Calculate the percentage error,
in this experiment for each solute.

: 9 State one source of error in this

i

10 If excess solute was used in this

experiment and describe how this
source of error can be minimised.

a

experiment, a saturated solution would
be formed, with the excess solute in
equilibrium with the solution.

NH;NO4(s) + ag = NH,*lag) + NO,; [aqg)
By applying Le Chatelier’s principle

to this equilibrium determine if

the solubility of ammonium nitrate

Figure 1.8 A temperature
probe may be used to

will increase or decrease when the measure temperature
temperature is raised. changes accurately. :
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TEST YOURSELF 4

1 The experimental enthalpy of lattice dissociation of silver chloride
is +905kJmol-1. The theoretical value of the enthalpy of lattice
dissociation of silver chloride is +770kJmol™'. Explain the difference
in these values.

2 The table below gives some enthalpy changes. Calculate the enthalpy
of solution of potassium chloride.

Name of enthalpy change AH® kImol™
Enthalpy of lattice dissociation of +715
potassium chloride

Enthalpy of hydration of potassium -320

ions

Enthalpy of hydration of chloride ions | -364

3 The enthalpy of hydration of fluoride ions is -506 kJmol™. Explain why
the enthalpy of hydration of fluoride ions is more negative than the
enthalpy of hydration of chloride ions given in question 2.
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Practice qu estions a) Write equations, including state symbols, to

represent the following enthalpy changes. E

1 Which one of the following enthalpy changes i) The first ionisation energy of lithium %
is exothermic? ™

m | 8
A enthalpy of atomisation of magnesium ii) The enthalpy of formation of lithium g
B enthalpy of bond dissociation of chlorine fluoride (1) :Q;
. _ &
C first electron affinity of chlorine iii) The first electron affinity of fluorine (1)
D enthalpy of lattice dissociation of iv) The enthalpy of lattice formation of
magnesium chloride. (1) lithium fluoride. (1)

B 2 Which one of the following equations b) Calculate the enthalpy of lattice formation
represents the second ionisation energy of of lithium fluoride. )
strontium? B 5 The Born-Haber cycle below is for sodium
A Sr(s) = S**(g) + 2e” chloride.

B Sr(g) — Sr¥*(g) + 2e- Na*(g) + Clig) + e

C Sr*(s) = Sr¥*(g) + e £ lF Na*(g) + CI(g)
i - \ " : Na*(g) + L5 (g) + e~ '

D Srt(g) — Sr¥*(g) + e (1) 22

™ 3 Nitrogen triiodide decomposes on contact WD :
according to the equation. The reaction is Nalg) + 3Chlg) A
exothermic. ‘C

2NIL(g) — N,(g) + 31,(g) Nafs) + +Cly(g)

Calculate the enthalpy change for the reaction Bl NaCl(s)

using the mean bond enthalpy values given in

he table below. 3

thie table below G a) The table below shows the enthalpy

Mean bond enthalpy changes A to E Complete the table by

Bond (kJmol™) giving the names of the missing enthalpy
N-1 159 changes. (4)
N =N 944
-1 151 Step | Name of enthalpy change | AH®/kJ mol™"
_— o _ A Enthalpy of lattice to be calculated

4 Lithium fluoride is formed from lithium and discaciation of sodivim
fluorine. The following data may be used to chloride
calculate the enthalpy of lattice formation of B _411
lithium fluoride.

i L +109

AH®/KkJmol 3 o

First ionisation enthalpy of lithium +520 E Enthalpy of atomisation of | +121
Enthalpy of atomisation of lithium +159 Sharine

F -364

Enthalpy of formation of lithium fluoride -612

b) Calculate a value for enthalpy change A

Enthal f atomisati f fluor 79
R S O PR using the data in the table. 2)

Electron affinity of fluorine atoms —-348
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¢) The enthalpy of lattice dissociation for
potassium chloride is +7 10 k] mol™".
Explain why the value for sodium chloride
calculated in (b) is greater than the value
for potassium chloride. 2)

6 The Born-Haber cycle shown below is for
magnesium chloride. The table gives the values
for the enthalpy changes involved in the cycle
below.

Mg?*(g) + 2e” + 2Cl(g)
[

Mg?* (g) + 2~ + Cl, (g)

Mg2* (g) + 2CI" (g)

Mg*(g) + e~ + CI} (g)

Mg (g) + Clz (g) {

[ Mg (s) + Cl; (g)
j MgClz (s) '

Name of enthalpy
change AH®/kJmol™!
Bond dissociation +242
enthalpy of chlorine
Electron affinity of -364
chlorine

Firstionisation enthalpy | +734
of magnesium

Second ionisation +1450
enthalpy of magnesium

Enthalpy of atomisation | +150
of magnesium

Enthalpy of lattice 2492
formation of magnesium
chloride

a) Copy out the cycle and put the correct

values on the arrows to show the enthalpy
change represented by the arrows in the
Born-Haber cycle. @)

b) Use the information in the table and the
Born-Haber cycle to calculate the enthalpy
of formation of magnesium chloride.  (3)

7 The following data gives the enthalpy of

hydration of some ions.

Enthalpy of hydration
lon (kJ mol-)
Chloride to be calculated
Bromide =335
lodide -293
Lithium -b19
Sodium -406
Potassium -320
lron(i) -1950

a) Explain why the enthalpy of hydration of
the bromide ion is more exothermic than
the enthalpy of hydration of an iodide ion.

2)

b) The enthalpy of solution for potassium
iodide is +20.5 kJ mol™!. Calculate the
enthalpy of lattice formation for potassium

iodide. (3)

¢) The enthalpy of lattice dissociation of
iron(11) chloride calculated from a Born-
Haber cycle is +2631 k] mol~! and the
enthalpy of solution of iron(un) chloride
is =47 k] mol-! Calculate the enthalpy of
hydration of a chloride ion. 3)

d) The theoretical value for the enthalpy of
lattice dissociation for iron(11) chloride
calculated from the perfect ionic model is
+2525 k] mol-1.

i) Explain the meaning of perfect ionic

model. (1)

ii) Explain why the enthalpy of lattice
formation of iron(it) chloride calculated
from the Born-Haber cycle, given
in (¢), is greater than the theoretical

value calculated from the perfect ionic
model. (2)



Stretch and challenge

. 2AP* (g) + B¢~ + 30 (g) A
8 The diagram below gives part of the Born-Haber i ﬁ
cycle for aluminium oxide. Examine the data 241+ (g) + 6e™ +130,(g) o
given in the table and complete the cycle. i _g
Calculate the second electron affinity of oxygen 20 e 1700 §
based on the data given below. ! 5
2A1* (g) + 2¢” +130, (9) o
Compare the value you obtain for the second i
electron affinity for the given value for the first 2Al(g) +130, (g)
electron affinity. (If you have not been able to I
obtain a value for the second electron attinity, 2Al(s) +130; (9)
use +701 kJ mol-!. This is not the correct
value). (10) l Al;05 (s)

Name of enthalpy change AH®/kJ mol™

Enthalpy of atomisation of +249.2
oxygen
First electron affinity of -141.0
oxygen

First ionisation enthalpy of +580
aluminium

Second jonisation enthalpy of | +1800

aluminium
Third ionisation enthalpy of +2700
aluminium
Enthalpy of atomisation of +324.3
aluminium

Enthalpy of lattice formation | -15178.9
of aluminium oxide

Enthalpy of formation of -1675.7
aluminium oxide




Thermodynamics:
Gibbs free energy

4 change, AG, anad

= entropy change, AS
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PRIOR KNOWLEDGE

It is expected that you are familiar with all of the content of Chapter 4
Energetics in the Year 1 book of the A-level Chemistry course. The
following are some key points of Prior Knowledge:
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@ A positive value for AH indicates an endothermic reaction.

® A negative value for AH indicates an exothermic reaction.

® Enthalpy change for a reaction may be calculated using standard
enthalpy changes of combustion or formation.

® Hess's Law states that the enthalpy change for a chemical reaction
is independent of the route taken and depends only on the initial and
final states.

@ Enthalpy changes may be calculated from other enthalpy changes
using Hess's Law.
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TEST YOURSELF ON PRIOR KNOWLEDGE 1

1 Calcium carbonate decomposes on heating to form calcium oxide and
carbon dioxide. Using the standard enthalpies of formation, calculate
the enthalpy change for this reaction.

CaCO0, [s] — Ca0ls] + CO,lg]

A H®*/kJ mol™!

(P TR s s bl

A FhaLE

CaCO,s] -1207 §
CaO0ls) -636 i
CO,(g] -394

2 Calculate the standard enthalpy of formation of ammonia, where the
enthalpy change for the reaction N,(g) + 3H,(g) — 2NH;lg) is -92kJmol™.
3 Ammonia reacts with oxygen to form nitrogen monoxide and steam
according to the equation.
4NHslg) + 50,(g) — 4NO(g) + 6H,0(g)

a) Using the standard enthalpies of formation, calculate the enthalpy
change for this reaction.

deddFaihkE

A H®/kJmol™!

¢St Aakid#FdadaidtbiaabaaldssGaanEE

b} Explain why oxygen has a value of zero.
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NH,(g) 4% :
0,lgl 0
NO(g) +90
H,0lg) 242
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O Feasible reactions

A reaction that can occur at a particular temperature is called a feasible
reaction. The enthalpy change on its own is not enough to determine
whether or not a reaction will be feasible as some feasible reactions are
endothermic. These include:

)
3
2

KCl(s) +(aq) — K* (aq) + Cl~ (aq) AH® = +19 k] mol-!
H,0(s) — H,O() AH® = +6kJmol™!
H,O(l) — H,0(g) AH® = +44 k] mol™!

(NH,),CO; (s) — 2NH,(g) + CO,(g) + H,0(g)  AH® = +68 k] mol-!

All four of these reactions above have one thing in common — an increase in
disorder. This is the disorder of the particles in the system (reaction). Gases
are more disordered than liquids and solution which are more disordered
than solids.

All of them show a change from an ordered system to a more random
system. The degree of disorder or randomness in a system is called its
entropy.

------------------------------------------------------------------------------------

system.

Figure 2.1 Tossing a soft drink into the
air is more likely to give a disorganised
pile when it falls, than a neatly ordered

stack. Disorder is more probable than
order.

Entropy

Entropy is given the symbol S and standard or absolute entropy S°.
Entropy is measured in ] K- mol-1,

Absolute entropy values (standard entropy values)

Absolute or standard entropy values are calculated for one mole of a
substance based on a scale where the substance has an entropy value of

0 (zero) at OK. This assumes that the crystalline form of the substance at 0K
is a perfect crystal.

Some absolute entropy (5°) values are given in the table:

S®*/ JK-'mol-' Liquids S*JK 'mol?' Gases S®*/JK 'mol”

Cls] 2.4 Br,l) 75.8 O,lg) | 205
[diamond]

Silg) 19.0 Hgll) 76.1 Cllg) | 165
Mgls] 32.7 C,HOHI) [ 161 Nolg) |192
Alls) 28.3 H, 05l 110 Hilgl |131
NaClls) |72.4 CS,lU) 151 NH4lg) | 193
CaOls) |39.7 | NHzNOslag) [190 COlgl |214
Ll [s84  |NaClaq) [116 colgl | 198
H,0(s] 48.0 H,0(L) 70.0 H,Olg] | 189

The higher the absolute entropy value, the higher the degree of disorder of a
substance.

From the table it is clear to see that solids are more ordered than liquids and
solutions, which are more ordered than gases. This can be used as a general
rule to explain changes in entropy later.
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Entropy linked to changes in state

A crystalline solid with a highly ordered arrangement has low entropy.
When it melts, the system becomes less ordered (it is impossible to tell
exactly where each ion or atom or molecule is relative to each other) so the
entropy has increased.

In Year 1 of the course (AS) the four types of crystalline solids studied are:
1 metallic

2 ionic

3 molecular

4 macromolecular

From the previous table, examples of these were given.

Type of crystalline solid Solids S®*JK  mol™’
Macromolecular Cls] [diamond] 2.4
Macromolecular Sils) 19.0

Metallic Mgls) 32.7

Metallic Alls] 28.3

lonic NaCl(s) 72.4

lonic Ca0ls]) 40

Molecular l, [s) 58.4
Molecular H,0(s] 41

From the table it is clear that macromolecular substances have a very
low entropy value and this property results from their very regular

macromolecular structure.

Metallic substances also have low entropy values based on them having

a very ordered metallic lattice, and similarly with ionic compounds and
their ionic lattice. Even molecular crystals such as iodine and ice have low
entropy values as they are regular ordered crystalline substances.

There is an increase in entropy from solid to liquid, but the increase in
entropy from liquid to gas is much larger as gases are very disordered. This
is shown most clearly by the 5° values of water as a solid, liquid and gas
below.

Solid 5%/ JK "mol!

S®/JK ' mol™!

S®/) K "mol™!

H,Olg) | 189

Gas

Figure 2.2 The changes in the arrangement of water molecules when ice melts, to
form a liquid and then evaporates, show an increase in disorder.




A graph of the entropy values of water against temperature is shown below.

250+ | )
Solid i i Gas a
200 - Liquid! 2
: »
9 150 ‘
E | Boiling
.= 10‘0 ) :
v |
Melting
50
0- : ;
Temperature/K

@ At OK the entropy of a perfect crystalline substance is 0 (zero).
® The graph shows a general increase in entropy as temperature increases.

® Within a solid the entropy increases as temperature increases as the
particles gain energy and vibrate more.

® As the solid melts and forms a liquid there is a large increase in disorder
at a particular temperature. This temperature is called the melting point.

® Again within a liquid there is an increase in entropy (disorder) increases
as temperature increases.

® There is a very large increase in entropy at the boiling point when a
liquid changes into a gas as gases are very disordered.

Entropy related to M,

Some absolute entropy values of gases are given below with their M, values.

H,lg) N.lg] COlgl 0,lg] CO.lgl
M, 2 28 28 32 44
Se/JK-"mol-! | 131 192 198 205 214

In general the higher the M, value of substances in the same state, the
higher the entropy value.

This is a general rule but can be used to predict the entropy values of
substances in the same state.

Entropy change (AS®)
The entropy change in a reaction can be calculated from absolute entropy values.

Absolute entropy values are quoted with units ] K-'mol~! (joules per Kelvin £}
per mole).

The entropy change in a reaction can be calculated from the absolute
entropy values.

AS® = Sum of entropy values of products - Sum of entropy values of reactants
This can be summarised mathematically as:

e _ - _vce
AS® = products zsm:ams

where Z represents the ‘sum of".



The ‘per mole’ must be considered here as absolute entropy values are per
mole of the substance.

If two moles of substance appear in the reaction, the absolute entropy value
must be multiplied by two before being used in the expression.

EXAMPLE 1
Calcium carbonate decomposes on heating according to the equation:

CaCO,(s) — Ca0ls) + CO,lg)

Some entropy values are given below.

03003[5] CaU[S] COzlg]

S®/IK-Tmol-? 73 40 214

Calculate a value for the standard entropy change for this reaction.
Answer

-4 e -
AST=1X5 products ~ IS5 Teactants

O AS® = (214 + 40) - 93 = +161 JK- mol-"

TIP It would be expected that this reaction would have a positive entropy
In the next section you will be change.

expected to judge whether

a reaction has a positive or
negative entropy change based
on the reactants and products
and their states. 1 mol of solid produces 1 mol of solid and 1 mol of gas.

o

EXAMPLE 2
The equation for the thermal decomposition of NaHCO, is:

2NaHCO,[s] — Na,CO,(s) + CO,lg) + H,Ol

Absolute entropy values are given in the table below.

The decomposition of a solid to produce a solid and a gas would show an
increase in entropy [disorder) as the gas would have a greater level of
disorder than any solid.

NaHCO,[s] Na,CO,[s] CO,lg) H,0(l)
S®/ K- mol 102 135 214 70
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Calculate a value of AS® for this reaction.
Answer
AS® = 35° - x5°

products reactants

AS®=(135+ 214+ 70) - (2 x 102) = +215J K-"mol"!

This reaction shows an increase in entropy as system becomes more
disordered. There are 2 mol of solid producing 1 mol of solid and 1 mol of
liquid and 1 mol of gas. The liquid and gas are more disordered and so

have a higher entropy value. Entropy increases in this reaction.
— T —




EXAMPLE 3 )
Nitrogen reacts with hydrogen to form ammonia according to the é
equation: <

Nslgl + 3Hslg) — 2NH;(g)

N_z[g] H_glgl NH;lg)
S®/JK-Tmol-! 192 131 193

Calculate a value of the entropy change for this reaction.

Answer
‘ — AS® - zsﬁmdUEE B ES?E'En:tants
TIP AS® = (2% 193) - (192 + 3 x 131) = =199 J K~' mol™"!
The units of S© (absolute entropy) This reaction shows a decrease in entropy as it becomes more ordered,
and AS® [entropy change] are i.e. 4mol of gas becomes 2 mol of gas. Fewer moles of gas are more
JK mol™'. ordered so the reaction shows a decrease in entropy.
< ——

Entropy change predicted from an equation

From the equation of a reaction, it is often possible to tell if AS ®is positive
or negative.

A reaction is often called a system, so often we say that the entropy of the
system has decreased or increased meaning that AS® is negative or positive,
respectively.

o,

EXAMPLE 4

Fredict whether the entropy change of the reaction is positive or negative
and explain your answer.

_ NH,NO;[s) — N,Olgl] + 2H,0l(g]

TIP Answer
Under standard conditions the 1mol of solid ammonium nitrate forms 1 mol of dinitrogen oxide gas and
water formed in the equation 2 mol of water vapour [gas).

above would be a liquid which is
more ordered than a gas, so the This will have a positive AS® value as the gases are much more

AS® would be less positive. disordered than the crystalline solid [ammonium nitrate].

TIP EXAMPLE 5

Only AS® values need to have
5 pgsitive or negative sign. $° Predict whether the entropy change of the reaction is positive or negative
values are always positive in and explain your answer.

the same way as H® values Ca0l(s] + H,0[l) — CalOHI, [s]

are always positive. Values for

S® may be quoted to different Answer

numbers of decimal places or as AS*® is negative as 1 mol of solid and 1 mol of liquid produce 1 mol of solid
whole number values. so the reaction becomes more ordered. Entropy decreases.




_ EXAMPLE 6
TIP Predict whether the entropy change of the reaction is positive or negative
When all the reactants and and explain your answer.
pmcilucts are in the same state, 4NHslg) + 50,(g] — 4NO0I[g] + 6H,0lg]
the increase in entropy can be
caused by an increase in the Answer
number of moles in the same AS*® is positive as 9 mol of gas produces 10mol of gas so the reaction
state. becomes more disordered. Entropy would be expected to increase.
_—— SEEEEE——
TEST YOURSELF 2
1 Predict whether the entropy of the following reactions will increase or
decrease?

a) 2H,lgl + 0,(g) — 2H,0(l]
b) CaCO;(s) + 2HCllag) — CaCl, [agl + CO,lgl + H,0(U
c) 2Nals) + Cl,lg) — 2NaCl|s]
d) CaOls] + 2NH,Cl[s] — CaCl,[s] + 2NH,lg] + H,0(U
2 Calculate the entropy change of the following reaction using the
standard entropy data given below.

Figure 2.3 Hydrated crystals of copper
sulfate are shown above, with a copper
sulfate solution made from the same
mass of crystals. Which has the highest

anéopyd

KNO,[s) 133
KNO,(s) 152
0,lg) 205
Fels) 27
Fe,0,(s] 146
(NH,),50,ls] 220
CalOH],(s) 83

Cas0,(s) 107
NHg) 190
H,0IU) 70

a) 2KNO, (s — 2KNO, (s] + 0,(g]
b) 3Fels) + 20,(g) — Fe30,(s]
c) [NH,),S0,(s) + CalOH],[s] — CaS0y, (s) + 2NH;lg) + 2H,0(l)
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Feasibility of a reaction

The feasibility of a chemical reaction depends on the enthalpy change of the
reaction, the entropy change of the reaction and the temperature at which
the reaction is occurring.

Gibbs free energy or the free energy change is written as AG® and this links
these three properties.

AG® is calculated using the expression:

AG® = AH® - TAS®



® AG® is used to predict the feasibility of a chemical reaction.
® For a reaction to be feasible, AG must be equal to or less than 0 (zero).
® You can determine if a reaction is feasible at a certain temperature by

_ calculating AG®.
TIP @ Also you can calculate the temperature at which a reaction becomes
feasible using AG® and AH® assuming that AG® = 0 for a feasible

A reaction for which AG® =0

is in equilibrium so both the BERCLER, |
fama-?d ol e e iz [l @ AG® and AH® have units of kJmol™'. AS® has units of JK~'mol™!,

feasible. AG < 0 is normally used ® The value given or calculated for AS® in JK- mol-! must be divided by

g
2
&
g
S
L
:
(=

fora:roaction te bafeasibla. 1000 to change into kJ K- mol-! before it is used to calculate AG® or
—_— used in the AG® EXPI'E‘SSiDn.
(@ Feasible and spontaneous
TIP : There is a difference between a reaction being feasible and a reaction being
This is the most often forgotten spontaneous. A feasible reaction may not occur at a particular temperature

step in these calculations. AS®
must be converted to kJK T mol™
by dividing the given value by
1000 before using it in the AG®
expression.

as the activation energy may be too high for it to proceed. A spontaneous
reaction is one that is feasible and occurs under standard conditions. For a
reaction to be spontaneous, AG® must be less than zero and the activation
energy for the reaction must be low enough for the reaction to proceed
—— Under standard conditions.

o EXAMPLE 7

TIP
The terms feasible and The reaction below shows the possible decomposition of sodium
spontaneous are often used carbonate into sodium oxide and carbon dioxide.
fnterchangeabty put itis Na,CO,4ls) — Na,0ls] + CO,lg]
important to realise that the
activation energy has a part to For this reaction, AH® = +323.0kJmol™ and AS® = +153.7 JK Tmol ™"
play in the spontaneous nature al Show that the thermal decomposition of sodium carbonate is not
qf a 're.act-lon. If a reaction is faasible at 1200 K.
feasuble but does not occur bl Calculate the temperature at which the value of AG = 0 for this
spontaneously, the activation reaction. Give your answer to 1 decimal place.
energy is high.

—_— AI”ISWEI"

al AG® has units of kJmol™! exactly like AH®, so the units of AS must be
changed to kJ K- 'mol~'. This is achieved by dividing the AS® value by
1000 to convert to kJK-Tmol1.
So AS®= +0.1537kJ K mol™!
AG® = AH® - TAS*®
AG® =323.0- (1200 x 0.1537) = +138.6 kJ mol’
Because AG® is positive at this temperature the reaction is not feasible.
blAG® = AH® - TAS®
When AG® =0
_ Then AH® - TAS® = 0

MATHS +323.0 - T(0.1537) = 0

2101.5K is the same as 1828.5°C; T(0.1537) = 323

to convert between the Kelvin and
Celsius temperature scale, simply
subtract 273. To convert between
Celsius and Kelvin, add 273.

_ 3230 _ o |
T T 2101.4964 K.

T=2101.5K [to 1 decimal place]
I must be equal to or greater than 2101.5K for the reaction to be feasible.




To determine the temperature at which a reaction changes from not feasible to
feasible divide AH® by AS® but remember to make sure AS is in k] K-'mol-!.

EXAMPLE 8

The table below gives some enthalpy and entropy data for some elements
and compounds.

| Nlg) H;lgl ’ Dzlgl NU[QI NH;lg] H,0lg) |
AHkImol! |0 0 0 90 | -46 | -242
S®HK "mol! | 192 131 205 211 193 189

1 Explain why the entropy value of oxygen is greater than that of
hydrogen.

2 Explain why the standard enthalpy of formation of oxygen is 0 [zero).

3 The equation for the catalytic oxidation of ammonia is:

4NHalg) + 50,(g) — 4N0I(g) + 6H,0lg]

alCalculate the enthalpy change for the reaction using the data in the
table.

blCalculate the entropy change for the reaction. State the units.

c| Explain why this reaction is feasible at any temperature.

Answer _

1 0, has a higher M, than H,. TIP
Higher entropy value as the This type of Hess's Law
particles are heavier. calculation should be
2 Oxygen is an element. revised from Year 1 of the
3 al AH® = 4(+90) + 6(-242) - 4(-46) course (AS].
= -908 kJ mol™
bJAS® = ESQPFDdLIEtB == ESlai'knezmctants
=[4x 211+ 6x 189) - [4x 193+ 5x 205) = +181 JK T mol™.

| Exothermic reaction and entropy increases so reaction is feasible at
all temperatures.

Factors alfecting [easibility of a reaction

The feasibility of a reaction depends on whether a reaction is endothermic
or exothermic and also whether there is an increase in entropy or a decrease
in entropy. The table below shows how these factors affect AG and the
feasibility of a reaction.
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AH® AS*® AG*® Feasibility
Negative | Negative May be positive or | Feasible below certain

negative temperatures
Negative | Positive Always negative Feasible at any temperature
Positive MNegative | Always positive Not feasible at any temperature
Positive Boiitie May bg positive or | Feasible above certain

negative femperatures
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EXAMPLE 9

The equation for the combustion of ethanol is given below:
C,HsOH(l) + 305(g] — 2C0,(g) + 3H,0(g]

Write an expression for AG®.

Use this expression to explain why this reaction is feasible at all

_ temperatures.

TIP Answer

This kind of qualitative AG® = AH® - TAS®
understanding of the relationship
between AH®, AS®, T and AG® is
important as well as being able It is a combustion reaction which is exothermic.
to carry out the calculations. A
reaction which is exothermic and
shows an increase in entropy will
be feasible at all temperatures. So the reaction is feasible at all temperatures.

A
<]
S
g
S
L
-
2

1 mol of liquid and 3 mol of gas become 5 mol of gas so entropy increases.

As AH® is negative and AS® is positive, AG® is negative at all
temperatures.

Physical changes using AG ©

@ During a change of state AG® = 0 (zero) k] mol-1.

® AG® is positive for temperatures below the melting point as it is not
feasible.

® AG® is negative for temperatures above the melting point as it is feasible.

® The same is true of AG® for boiling around the boiling point.

® When AG® = 0, the system is at equilibrium and this is what is
happening when a change of state occurs.

Figure 2.4 The value for AG® is positive B e ;
for photosynthesis. The reaction is not @ If AG® is given, then other quantities can be calculated by rearranging

feasible until sunlight is present. the expression.

T EXAMPLE 10

AG® = 0kJmol-! for the melting of ice to water. This physical reaction is
endothermic and occurs at 273 K.

H;0(s] — H,0(l)
The absolute entropy values for ice and water are given below.

S®K-Tmol! 48 70

I Explain why the melting of water is feasible at 273K even though this
change is endothermic.

2 Calculate the entropy change for the reaction.

3 Calculate the enthalpy change for the reaction.

4 Show that the conversion of ice to water is feasible at 298 K (25°C) but
not feasible at 268 K [-5°C).

Figure 2.5 Melting ice is an
endothermic reaction. It is feasible
only at certain temperatures.




Answer
1 Water molecules become more disordered when the _
solid changes to a liquid so AS® is positive/entropy

: TIP
Increases. — _ .
AG® is = 0 50 TAS = AH TAS® being equal to or a greater numerical

value than AH® is important in ensuring that

2 AS® =255 r0ducts — 25 Yeactants AG® is equal to or less than zero so the reaction
= 70 - 48 = +22 JK-Tmol-! is feasible. In a change of state AG® = 0.
3 AG® =0kJmol™! —
=273 K

AS® = +22 JK T mol™!

AG® = AH® - TAS®

AH® = AG® + TAS®

AH® = 0+273(0.022)

AH® = +6 kJmol™

This value was given on the first page of this topic.

4 At 298K
AG® = AH® - TAS®
AG® = +6 - 298(0.022) = -0.556 kJmol™!
AG® is less than zero so the conversion of ice to _
water at 298K is feasible. TIP
At 268K The same theory can be applied to any change
AG® = AH® - TAS® in state as AG® = 0 for a change in state as
AG® = +6 - 268(0.022) = +0.104 kJ mol™ the change of state is viewed as a reaction at
AG*® is greater than zero so the conversion of ice to equilibrium.
water at 268 K is not feasible —

EXAMPLE 11
The following data is given for the condensation of AS® = %= -0.09729kJK " mol ! = -97.29 JK ' mol™!
ammonia.

AS® = IgmductE o ?aactants B SB[NHB () - 193
=-97.29 JK Tmol’
S®(NH4(l)) = =97.29 + 193 = 95.71 JK™ mol™"

NHslg) — NHq(l)  AH®=-23.35kJmol™’
The absolute entropy value for NHslg) = 193 JK™Tmol™!
The boiling point of ammonia is 240 K.

Calculate the absolute entropy value of NH5(L]. _
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Answer Tip | |

| AG® - 0kJmol! You would expect this change to have a negative
FRREENRngR oris Al - ARLne entropy change as the liquid is more ordered
AG® = AH® - TAS® than the gas.

0 =-23.35 - 240(AS®]

(@

TIP

Being able to rearrange an expression to calculate another quantity is
important. You can check your answers are correct on the way through
a calculation by substituting them back into the expression you used to
ensure it gives you the expected answer.




EXAMPLE 12

The change of state from liquid to gas for water has an entropy change
of +119 JK-'mol™'. The enthalpy change for the physical change is:
+44.39 kJmolT,

H,0(l — H,0lg)

Calculate the boiling point of water. Assume that AG® = 0kJ mol™! for the
change of liquid water to a gas.

g
2
=
g
S,
W
:
o=

Answer

AG® = AH® - TAS®
AG® =0

AH® - TAS® =0

+44.39-T(0.119]=0
44.39 = T(0.119)
44.39
T=_0.119 = 373K
The boiling point of water is 100°C which equals 373 K.

m .....................................................................................................................................................

: TEST YOURSELF 3
: 1 Two reactions which are involved in the extraction 3 For the reaction CoHylg) + Halg) — CoHglg)
§ of iron in the blast furnace are: a) Calculate the enthalpy change for the reaction i
i A Fe,05(s) +3CO0Ig) — 2Fels] +3C0,(g] given the following standard enthalpies of
i AH® = -25.0kJmol! combustion [in kJmol™') C,H,(g) = -1411; Holg) i
: AS® = +15.2 JK T mol™! = - 286; CoH,lg) = -1560
i B Fe,04(s] + 3C[s] — 2Fels] + 3CO0lg) b) Calculate AS® given the following standard
; AH® = +491.0kJmol™ entropies.
AS® = +542.9 JK™ mol! TR
Which reactions are feasible at
i a) 800K CaHlg) 220 :
i b) 1800K Halg) 131 :
§ 2 For the reaction Cul(s] + 2H,0(l) — Cu(0Hl, [s) + H,(g] C,H,(g) 230 ’
a) Calculate the enthalpy change for the reaction

c) Calculate the temperature at which the

given the following enthalpies of formation.

reaction becomes feasible.
4 The change of state of bromine from liquid to gas
H, 0l 284 Is represented by the equation:
, ‘ o -
CU[OHIZ (g) 450 Brg {L] - Bf‘g[g] AH® = +30kJmol

The standard entropy values of bromine are given

FEIZTTY I

tdSaREEd
T4+ EERER

i b) Calculate AS® given the following absolute below:

; entropy values, B Bl ‘

seukcimor [758 [ 1664

i | Culsl 33 a) Calculate the entropy change for this reaction. |

i | H0W) 70 b] Assuming AG® = 0 for a change of state,

: CulOH], (s 75 calculate the boiling point, in K, of bromine. :
H,lg | 131

c) Calculate the temperature atwhich AG® = 0.
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o — Graphical calculations

MATHS ® The equation AG® = AH® - TAS® can be plotted as a straight line graph.
¥=mx + c is the equation of a : .
straight line on a graph. Any ® This follows the pattern y = mx + c.
straight line is in this form where AG® = AH® - TAS®
m is the gradient of the line ® For the straight line graph y = mx + ¢, m is the gradient and ¢ is in the
and c is the intercept with the y intercept on the y axis.
axis. For more detail on this see @ If a graph of AG® against T is plotted, the gradient is -AS® and the
chapter 16, Maths for chemistry. intercept with the AG® axis is AH®.
g3}
0
- The gradient of this
g line is —AS®. A positive
- : ; dient like this one
= The intercept The gradient of this SRS e
g of the line on —— line is —AS®. A negative meariws a;feg;;ve
o the AG® axis gradient like this one The intercept e
>= gives the means a positive ha li
g value of aH®  AC value of AS® Do: ;Ehh: grga i
E 0 axis gives the 0
- T/K value of AH®
L
Z
q This is the temperature at which This is the temperature at which
o AG® = zero. This is the minimum AG® = zero. This is the maximum
<] temperature for the reaction to be temperature for the reaction to be
™ feasible. At all temperatures feasible. At all temperatures below
% above this the reaction is feasible. this the reaction is feasible.
B
: ® AG® and AH® have the same units of k] mol-'.
o ® When T = 0, AG® = AH® from the expression AG® = AH® - TAS®,
o ) : ‘ =3 =1 . |
- @ The gradient of the line has units of k] K™ mol™. The gradient can be
< : ) X
i calculated from the graph and the negative of this value gives AS®.
L ® AS® can be calculated in JK~! mol~! by multiplying the negative gradient
™ by 1000.
7))
m
i
m L
i EXAMPLE 13 e o
S | When lead 1] nitrate is heated it decomposes R Re et aR iR ERRRR RN RN RERRY AR ’
- according to the equation O T e e |
E 2Pb(NO,), () — 2PbOls) + 4NO(g) + O,lg) e
= | The graph shows how the free energy change (AG®] 400 - e
E for this reaction varies with temperature. 3004 l R AR maEE A EERREmasRERERREEAEEE
% Use the graph to find AH® and AS®. _ 2p0 - N e e
What is the minimum temperature required for the J"E 100 A
decomposition of lead(n] nitrate? = |
" 0
Answer f,g |
Extrapolating back to T = 0 the line intercepts the AG® Bl ifiis s caianataiaatani REEEd |
axis at +600kJmol™". <200 R
Frgmtheexpressignﬂ{;a:ﬁHB_ TﬁSB,WhE‘ﬂ =20, _ggg_'
AG™ =AH", EmaaSmmmadsmaes samEs mu
AH® = +600 kJ mol-1. EEEAEENEAR EmEaE
| 600 =304 T
The gradient is found by dividing rise by run . a |
-0.875kJmol K. =




The gradient is negative as the line falls from left to 0 e T R R
right. 600 ' "

The gradient is -AS® so AS® = 0.875kJmol™! K1,

which equals +875 JK-1mol".

4004

The temperature at which the line crosses the T axis
is the temperature at which AG® = 0. This value is 300 416
690 K. The minimum temperature required for the

200 -]

9]
g
N
P,
S
()
=
=
Bi
-
L

decomposition of lead(n) nitrate is 690-K. T |
JE 100 4
%l
-100
I
~200 HH HHH
| Reail 1

TIP

If you are unsure about how to calculate the gradient of a graph, refer to
page 314 in the mathematics chapter of this book.

R,

: ACTIVITY E
' The production of ammonia The graph shows how the free energy change [AG®)

. Ammonia has a major use in making fertilisers and LIS et USDASTER I IRIRBEr Slite:
¢ is used to produce many other chemicals as shown in
. Figure 2.6.

; 1 Write a balanced symfaat equation for the Polyamides 5% ,
prcduct;an of ammonium sulfate fertiliser from Nitric acid 5% -
ammonia. i ‘

. =l — Other uses 5%

- 2 Nitric acid is manufactured by the oxidation of

:  ammonia, which initially produces nitrogen monoxide
and water. The nitrogen monoxide is further oxidised
to nitrogen dioxide, which is then reacted with more

. airand water to produce nitric acid. Write balanced

. symbol equations for each of the three steps in this Figure 2.6 The major uses of ammonia. ;

. manufacture. i

In the Haber process, nitrogen reacts with hydrogen
. to form ammonia according to the equation:

N;lgl + 3H;lg) = 2NH;l(g)

R R L R L R R R L T T LT



100 -

3 al Use the graph to determine AS®,
:  b) Use the graph to determine AH® . 80 -
c] Calculate the temperature above which the =l
reaction is no longer feasible.
d} The line is not drawn below a temperature of _ 404
240 K because its gradient changes at this point. 5 20 -
: Suggest what happens to the ammonia at 240 K ; :
: that causes the slope of the line to change. % 0 1 1 :
. e) Interms of the reactants and products and I e Bty i e SO
w0 their physical states, account for the sign of the Bl
j. entropy change that you calculated in part (a). 40 -
z 60 -
-
S —80
E ~100-
E Figure 2.7 Graph of AG® against T for the ;
E production of ammaonia.
(=
z
<
G}
d
lu ; LI AR LI AR LR L LEL Y e AL LY *hddd L L LR L LLE A -rtllill'\lllllﬁlrllitiflﬁlﬂiilllliilfltillllli1-1-?lllllllllt#i!ii'iii##ifiilﬂilﬂ#iil‘l-l“l-il-#il'l-l"llilliiliiiii!.i;
% U TEST YOURSELF 4 i | ——
z ¢ 1 What is the gradient of a AG® against temperature 8g:H
> i graph?
& i 2 Explain how thevalue of AH® is determined from a 60 - :
2 i AG® against temperature graph.
i i 3 Consider the following graph of AG® against T for a - A2 ‘
- B 8 gofEHH NG 1 i
«n : a) Give an estimate of the value of AH® for this 2 | sEmEn } pmER |
o reaction using the graph. f; 0 EEarnatEsy 400 | Eﬁ?\ dhn
< 2 b) Explain using the graph whether the reaction shows < Lap. e | |
al i an increase or decrease in entropy. | |
s | c¢) Atwhattemperature does AG® = 07? 40 -
a i TS
B :
= i -80 - :
6| :
- :
i ' 100 ‘
N :iliiliiiiliiiiii‘- LR L L ] LA LR il Tk ok -t*i‘.iiiititiiillitttilillittiilliliiiiililiiiiiiiiiiiiiiiiilliii—
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Pra Ctl ce q uest i ons a) Calculate the free energy change, AG®, for

this reaction at: E
© 1 Which one of the reactions shown below would ) 400K (1) %
show a decrease in entropy? ®
: ii) 600K and comment on the 0
A Cals) +3 Ox@) — CaO(s) feasibility of this reaction at this §
B Ca(s) + 2HCl(aq) — CaCly(aq) + Hy(g) temperature. (2) §'
C CaCOy(s) — CaO(s) + COxg) b) Calculate the temperature at which i
D CaCOys) + ZHNO,{aq) — Ca(NO), (aq) + €O, + H,00 (1) AG® has a value of O for the
| decomposition of silver(1) oxide. 2
“! 2 Carbon can reduce carbon dioxide to carbon '
monoxide according to the equation: W 5 For the reaction:
C(s) + CO,(g) — 2CO(g) AH® = +173 kJmol-! CaO(s) + H,O(l) — Ca(OH)j(s)
| AH® = -65 k] mol-!
If AS® = +175.9] K-'mol-!, at which of the o ‘
following temperatures is the reaction feasible? a) Calculate AS® given the following ‘
absolute entropy values (in ] K-'mol-1):
A 750K B 850K C 950K D l1050K (I) CBO(S) = 39.?‘, HEO(D = 70.,
3 The reaction of copper with steam is represented Ca(OH), (s) = 83.4. @
by the equation: b) Calculate the temperature at which
Cu(s) + H,0(g) — CuO(s) + H,y(g) AG® =0. @
The table gives the standard entropy values and W 6 Magnesium carbonate anfd barium {::arbonate
the standard enthalpies of formation. both decompose on heating according to the
equation:
Culs) | H,0lg) | CuOls) | H,lg) XCO4(s) — XO(g) + CO,(g)
Standard 0 -242 |-155 |0 _
Eniﬂjp; of The table below details the values of
formation A{H® and absolute entropy.
il [s) (s] |CO,(g) (s) (s)
T | | MgCO,ls) |MgOls) |CO,lg)| BaCO,ls] [BaOls
fsfS;ard entropy | 33 189 43.5 131 AHY  |-109 202 1-394 1-1218 KT
(JK-"mol-) kJmoH 7 7
SOIIK |46 27 214 12 70
Which one of the following correctly describes mol”
the reaction of copper with steam? a) Calculate AH® and AS® for both
A Feasible at any temperature. reactions, and use these values to

calculate AG® at 900K for both reactions.

Which (if either) of the carbonates will
decompose on heating to 900K? (4

B Not feasible at any temperature.

C Feasible at low temperature but not feasible
at high temperature.

b) Calculate the minimum temperature
needed to decompose each carbonate
based on when AG® = 0. (4)

D Not feasible at low temperature but
feasible at high temperature. 1)

" 4 On heating, silver(1) oxide decomposes into
silver and oxygen

2Ag,0(s) — 4Ag(s) + O,(g)
AH® = +62 k] mol-!

B 7 When heated strongly, copper(n) sulfate

decomposes according to the equation:
CuSOy4(s) — CuO(s) + SO5(g)

The graph below shows how the free energy
AS® = +132.8]K-'mol! change (AG®) for this reaction varies with
temperature.



a) Use the graph to find AH® and AS®. (2) a) Calculate the enthalpy change of the
| B as : reaction shown above using the
b) At what temperature does AG® = 07 (1) snthaliies of formition )
¢) What is the minimum temperature
required for the decomposition of

b) Explain why the enthalpy of formation of

coppertil) sullate? 0 aluminium is 0 (zero). (1)
20— e c) Calculate the entropy change for this
AR T e B reaction. (2)
200 1 | |
| d) Calculate the value of AG*® for this
o Bl reaction at 298 K. State the units. (2)
2 | |
g 1004 SmmenpEmus ' | e) Explain whether the reaction is feasible
g gL r at 298 K. Explain your answer. (1)
- A P FHHHHHHA [) Calculate the temperature at which this
ERERTOSAES 3{2}0 1200 1600 | reaction becomes feasible. 2)
- | I Stretch and challenge

10 The following reaction becomes feasible at
temperatures above 5440 K.

H,0(g) — Hy(g) +10,(
The absolute entropy value of Na(s) is b 2(8) 272 g
51.0JK ' mol .. The entropies of the species involved are

shown in the following table.

B 8 Sodium melts at 371 K.

For the change:
Na(s) — Na(l) AH® = +2.6k]mol-!.

Calculate the absolute entropy value of Na(l). (3)
S®/JK-'mol! | 189 131 205

B 9 Aluminium oxide can be reduced using carbon
as shown in the equation below.

a) Calculate the entropy change AS® for

Al,O4(s) + 3C(s) — 2Al(s) + 3CO(g) this reaction. (1)
The table below gives values for standard b) Calculate a value,.with units, for the
enthalpy of formation and absolute entropy for enthalpy change for ;his reaction at |
the reactants and products. 5440K. State the units, (4)

AlLO4s) |Cls) |Als) |colg) ¢) The standard enthalpy of formation of

e kSR T % T as
— — - water is —286 k] mol~*. Using Hess’s Law,
ﬂ; H/ k*: mol 1 1669 0 . L calculate the enthalpy change for the
S%/JK-'mol! | 51 b 28 | 198 change H,0(1) — H,0(g). (3)
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Rate equations

’ : PRIOR KNOWLEDGE
a ! ltis expected thatyou are familiar with all of the content of the Kinetics

: unitin Year 1 (AS) of the A-level Chemistry course. The following are
some key points of Prior Knowledge:

EEFerEN

: ® The rate of reaction is the change in concentration of a reactant or

product in a given period of time.

: ® The rate of a reaction is dependent on the frequency of successful
collisions.

: ® Asuccessful collision is a collision that has the minimum amount of

. energy for the reacting particles to react.

® The activation energy is the minimum amount of energy that the

: reacting particles require for a successful collision.

® A catalyst increases the rate of reaction without being used up.

® A catalyst works by providing an alternative reaction pathway (or
route) of lower activation energy.

® A Maxwell-Boltzmann distribution is a plot of the number of gaseous
molecules against the energy they have at a fixed temperature.

® The energy value of the peak on a Maxwell-Boltzmann distribution is
the most probable energy [Emp] of the molecules.

® E., is only affected by changes in temperature.

: ® Increasing temperature increases £, and increases the number of

molecules above the activation energy.

™
s -
S
o,
---------------------------- T
e

TEST YOURSELF ON PRIOR KNOWLEDGE 1

1 State three factors that can affect the rate of a chemical reaction.
2 State the effect, if any, on the most probable energy of decreasing the
temperature.

3 State the effect, if any, on the most probable energy of changing the
concentration.

4 From the reactions below:
Reaction A: C,H,lg] + Br,lag) — C,H,Br,ll]
Reaction B: C3H,lg] + H,lgl — C,Hld]
Reaction C: C,H50HIL] + 30,4(g) — 2C0,4(g) + 3H,0(l)
a) Which reaction is homogeneous?
b) Explainyour answer to part [al.

: 5 What is meant by the term activation energy?
:toogn¢1-uwnu:uuuuutnuunnuuonnnttu-uuaum-uuunnuunuuuﬂc—
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— Conventions
_ ® Kinetics is the study of the rate of a chemical reaction.
TIP @ The rate of a reaction can be measured based on how fast the
The concentrations of gases concentration of a reactant is decreasing or how fast the concentration of
and solutions are frequently a product is increasing, i.e. the change in concentration per unit time.
measiired in moldm=2 as it ® The units of rate are concentration per unit time, for example
expresses the number of moles moldm=?s~! (mol per dm?® per second).
of a substance in a volume ® Square brackets around a substance, for example [A] or [H*] or [CH;0OH]
[solution or space] of 1dm?, This or [O,] all indicate concentration of the substance which is inside the
convention is used in equilibrium brackets.
calculation as well as kinetics. @ Concentration is always measured in moldm™ (mol per dm?).
— ]

For example [H*] = concentration of hydrogen ions measured in mol dm=?.
@ Initial rates of reaction are often used as the initial rate of reaction at t =
05 (time = zero seconds, i.e. when the reaction has just started) is directly
related to the concentrations of the reactants which were used in setting
up the experiment. As the experiment progresses the reactants are being
used up so it is more difficult to relate the concentrations of reactants to
the rate as the reaction proceeds.

O The rate equation

The rate equation is an expression showing how the rate of reaction is linked
to the concentrations of the reactants.

® Rate is equal to the rate constant (k) multiplied by the concentration of
each reactant raised to certain whole number powers (called orders).
® Some reactants may be zero order which means they do not appear in the
rate equation as [X]" = 1.
® The rate equation for general reactionn A+ B— C+ D
is: rate = k[A]|™[B]”
where m is the order of reaction with respect to reactant A
and nis the order of reaction with respect to reactant B
and ks the rate constant
® The order of reaction with respect to a particular reactant is the power
to which the concentration of this reactant is raised in the rate equation.
® The overall order of the reaction is the sum of all the orders in the rate

equation. In this general example it would be m + n.
TIP ® The rate constant is the proportionality constant which links the rate of

reaction to the concentrations in the rate equation.

Make sure that the rate constant
IS included in a rate equation Wilhelm Ostwald was a German physical chemist and was the first person
asitis easj.[y ,fo rgotten. Also to introduce the term ‘reaction order’. He identified the action of catalysts
A 2 e in lowering activation energy. As a result, Ostwald was awarded the 1909
SEE Copial A IS At eg nlianGn Nobel Prize in Chemistry. Ostwald is usually credited with inventing the

constant. , : i i
Ostwald process used in the manufacture of nitric acid.
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(@ Effect of changes in concentration on rate

MATHS For the reaction: B + C + D — E + F, the rate equation is: rate = k [B]*[D]. ;’;
Any value raised to the power This means that the order of reaction with respect to B is 2, the order of 3
zero is equal toq‘-i. 57=1; [A]" = reaction with respect to C is zero (as it does not appear in the rate equation) ™
:‘;rﬁtziw?;ro;;; qztr::alf[ﬁ.] and the order of reaction with respect to D is 1. The overall order of -éb
mea nsithat the G-Eder of reaction e :’ﬂ’:
with respect to Ais 1. ® Doubling the concentration of B would increase the rate by a factor of 4 3
® Doubling the concentration of C would have no effect on the rate as
_ (x2)° = x1.
TIP ® Doubling the concentration of D would double the rate as (x2)! = x2.

Orders with respect to reactants @ Doubling the concentration of B, C and D would increase the rate by a
are 0 [zero), 1 or 2. In terms of factor of 8 as (x2)%(x2)°(x2)! = x8 or using the overall order (x2)* = x8.

rate of reaction, the concentration

of a zero order reactant has no Units of the rate constant

effect on the rate of the reaction. @ Rate has units of moldm=>s"! and concentration has units of moldm=>.

Third order reactions are not ® The units of the rate constant, k, depend on overall order of reaction and

common but examples are used the units can be calculated as shown:

to illustrate the principles. ® For a general rate equation = k[A]?[B] the overall order is 3 (2 + 1).
— [B] = [B]! so the order with respect to B is 1.

® rate = k x (concentration)?
@ Putting in the units: moldm—s! = k (moldm—)°

Overall order Units of rate I, | = e
of Reaction constant, k ® Rearranging to find k: k = moldm™s"_ _ moldm™s
. et (mol dm—?) mol® dm=°
-
2 mol-' dm?3s-"’ @ Treat each term separately: OL_ = mol-2 and qu = dm=3-(9) = dm®,
3 mol-2dmts-" mol® dm™
4 mot3dm?s-! @ Units of the rate constant k = mol-2 dm®s-!
S T _
5 mol™dm™”s The table shows the units of the rate constant for common overall orders.

: TEST YOURSELF 2
1 The reaction C + 2D — E + 2F is zero order with respect to C and

second order with respect to D, Write a rate equation for the
reaction.

2 In the rate equation: rate = k[A]?[B]
a) What is represented by k?
bl What is the order of reaction with respect to A?
c) What is the order of reaction with respect to B?
d) What is the overall order of reaction?
3 Forthe reaction P+ Q — S + T the rate equation is rate = k[P]?
a) What is the order of reaction with respect to P?
b) What is the order of reaction with respect to Q?
c) What are the units of the rate constant (k]?
4 For the following general rate equation: rate = k[XJ*[Y]Y
a) What is meant by [A]?
b) What are the units of rate?
c) What is the overall order of reaction in terms of x and y?
d) What are the units of the rate constantifx=0andy=1?
e)] What are the units of the rate constantifx =1 andy =2?

$EFERFRRRAGFPRBRR R AP RRR RN E PP R R R R R R I PR R RN IR I PR RN R P RER RN MR I PR RN N R d P RREES

FEEFERNSSFEADNESETEN

ESEFFEEN

ERstFagETEEFR

ERFFFIEERSEAR

EwE+EE

ERSSFEE

Figure 3.1 The photochemical reaction
of hydrogen and chlorine is a zero order
reaction.
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Deducing and using orders of reaction and the rate
constant and its units

Often questions are set with experimental data at a constant temperature and
you are asked to deduce the order of reaction with respect to one or several
reactants or write a rate equation and calculate the value and units of the
rate constant.

The key to these types of questions is understanding that if you change the
concentration of one reactant, the effect it has on the rate is determined by
the order with respect to this reactant.

O

TIP

‘At a constant temperature’ is very important as temperature affects the
rate of reaction so the data are only able to be used to deduce orders
of reaction if the series of experiments are carried out at constant
temperature.

Using the orders of reaction [rom a given rate equation

With a given rate equation the orders can be used to work out the effect of
the changing concentrations of reactants on the rate.

Also you may be given a table of data with values missing which have to be
completed using the orders of reaction from the rate equation.

EXAMPLE 1
For the general reaction A+ B + C — D + E, the rate equation is:
rate = k[BJ?[C]

State the effect on the rate of reaction of trebling the concentration of
each reactant individually.

State the effect on the rate of reaction of trebling the concentrations of all
three reactants.

Answer

The order is zero with respect to A, second with respect to B and first with
respect to C.

If you treble the concentration of A, this will not change the rate as
(x3)" = [x1)

Remember anything to the power of zero is equal to 1 so that the
concentration of a reactant with order zero has no effect on the rate of the
reaction,

)
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If you treble the concentration of B, this will multiply the rate by a factor
of nine as (x3)% = (x9)

Figure 3.2 Many important biological If you treble the concentration of C, this will triple the rate as (3] = (x3]
reactions, such as the formation _ : : :

of double-stranded DNA fromitwe If you treble all the reactants, A, B_ and C, this will multiply the rate by a
complementary strands, can be factor of 27 as [x3)(x3)%[x3)! = [x1][x9)[x3] = [x27]

described using second order kinetics. —




EXAMPLE 2

In the reaction A + B — C + D, at constant
temperature, doubling the concentration of A doubles
the rate of reaction, whereas when the concentration
of B is doubled, this has no effect on the rate.

Determine the orders of reaction with respect to A and
B and write a rate equation for the reaction.

Answer

Doubling the concentration of A doubles the rate so
order with respectto Ais 1.

Doubling the concentration of B has no effect on the
rate so the order with respect to B is 0 [zero).

Rate equation is: rate = k[A].

You can write rate = k[AlIB]?, but the zero order
reactants are usually left out.

O

TIP

The concentration of a catalyst may be included
in the rate equation and the order with respect
to a catalyst can be determined in the same
way as for any reactant. Often reactions that are
acid catalysed are given and concentrations of
[H*] are given with rate values to allow you to

determine the order with respect to H* ions,
TESSSSs——

EXAMPLE 3

The kinetics of the reaction of nitrogen(u) oxide with
hydrogen were investigated.

2NO(g) + 2H,(g) — 2H,0(g) + N,(g)

The following data were obtained in a series of
experiments about the rate of reaction between NO
and H, at a constant temperature.

Initial
concentration

Initial
concentration

Initial rate/
Experiment of NO/moldm™ of H,/moldm™ moldm™3s!

1 2.0 1.0 2.0 % 10-5
2 6.0 1.0 18.0 x 10-5
3 6.0 2.0 36.0 x10-5

Deduce the order of reaction with respect to NO.
Deduce the order of reaction with respect to H,.

Write a rate equation for this reaction.

Answer
Each row in the table above corresponds to a different
experiment. Write the general rate equation as:

rate = kINOJ*[H,]Y

If you look at the differences between experiments
1 and 2. [NO] is tripled [x3) but [H,] does not change
(x1] and the rate increased by a factor of 9.

x = 2 here as [x3)? = [x9) so the order with respect to
NO is 2.

Looking at the differences between the experiments
2 and 3: It is best to choose these as between these
rows only the concentration of H, is changing.

[H,] is doubled (x2] but [NO] does not change (x1) and
the rate is doubled [x2].

It follows that y = 1 here as [x2)! = [x2] so the order
with respect to Hy is 1.

Rate equation is: rate = kINO]?[H,]

: - Factor by which
(x3%} = (8) — Lte has increased
Factor by which Order (x) with respect
concentration of to NO which we are
NO has increased trying to determine
| Factor by which
(x2) = (x2) — rate has increased

Order (y) with respect
to Hz which we are
trying to determine

Factor by which ‘
concentration of
HE has increased _
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EXAMPLE 4

The data in the table below were obtained in a series of experiments
about the rate of reaction between substances P and 0 at a constant
temperature.

Deduce the orders of reaction with respect to P and Q and write a rate
equation for this reaction.

Initial
Initial concentration concentration
Experiment of P/moldm™® of @/moldm™ Initial rate/moldm™s™!
1 0.12 0.22 0.17 = 10-%
. 0.36 0.22 0.57 = 10-%
3 0.48 0.44 2.72 = 10-4
Answer

Write the general rate equation as:
rate = k[PF[Q)

If you look at the differences (%3)% = (x3) —

Factor by which
rate has increased

between experiments 1
and 2. [P] is tripled (x3) but | Factor by which Order (x) with respect
[Q] does not change (x1] concentration of to P which we are

: P has increased trying to determine
and the rate increased by a bk
factor of 3.

It follows that x = 1 here as (x3]' = [x3] so the order with respect
toPis 1.

Looking at the differences between experiments 1 and 3 (1 and 3 were
chosen as there is a whole number factor increase in the concentrations
of both P and Q).

[P] is x4 and [Q] is doubled [x2). The rate increases by a factor of 16 [x14).
We already know the order of reaction with respectto Pis 1.

This simplifies to:

g xh [x2)Y = x16 I
= . Order (y) with respect to
§ x2)¥ = %"E— = x4 Q which we are trying to determine
=)
L [x2)Y = x4 .
| . | Factor by which
E y =2 [as 22= 4) (), {x2) = (x16) rate has increased
o=
r Factor by which Factor by which
2 TF'!E BrERS ol pas Ct,mn concentration of P concentration of Q
with rESPECt toQis 2. has increased has increased
Rate equation is: Order with
‘ respectto P = 1
rate = k[PJ[Q)2
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EXAMPLE 5

The initial rate of reaction between two gases G and H
was measured in a series of experiments at a constant
temperature.

The rate equation was determined to be:
rate = k[GI*[H]

Complete the table of data for the reactions between
G and H.

Initial [G)/ Initial [H]/ Initial rate/

Experiment moldm™® moldm=3 moldm s’
1 0.20 0.15 0.32 x 1073
2 0.40 0.30

3 0.60 192 % 10-3
4 0.45 8.64 x 10-3
Answer

Missing data in experiment 2
Between experiments 1 and 2:
[G] x2
[H] %2
rate x xlunknown]
Using rate equation:
rate = k[G]2[H] rate = k [x2)2(x2)

k is a constant and can be ignored at constant
temperature.

rate = x4x2 = x8

Missing rate in experiment 2= 0.32 x 1073 x 8 = 2.56 x
10 moldm=2s"

Missing data in experiment 3

Between experiments 1 and 3 [chosen as the factor by
which [G] increases is a whole number]:

[G] %3

[H] xa ([unknown)

, 1.92x10°2 e b
0.32x10°2

[G] changes by a factor of x3; rate changes by a factor
of x6

rate changes by a factor of =

So using rate equation:
rate = k[GI2[H] x4 = k [x3)2(xa)

k is a constant can be ignored at constant
temperature.

xb =x9 %3

Missing concentration in experiment 3 =0.15 x L.
0.1 moldm, 3

Missing data in experiment 4

Between experiments 1 and 4 [chosen as the factor by
which [H] increases is a whole number]:

[G] xb [unknown]

[H] %3

-3
rate changes by a factor of = §ax 0. 57
0.32x 1073

[H] changes by a factor of x3; rate changes by a factor
of x27

So using rate equation:
rate = k[GI2[H] x27= k[xb)2(x3)

k is a constant can be ignored at constant
temperature.

x27 = xb? x 3

3. %27

b P
bZ=x9 b=x3

Missing concentration in experiment 4 =0.2x b = 0.2 x
3=0.6moldm™

O

TIP Determining the value and units of the rate constant

In these calculations you can
generally ignore that x or < in the
calculations but these are here to
help you to remember to x or + at
the end.

Often having deduced the orders of reaction for all the reactants (including
a catalyst if present) you can be asked to write the rate equation and
calculate a value of the rate constant and deduce its units. This combines
many of the skills from the previous section.
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EXAMPLE 6

The oxidation of nitrogen monoxide is represented by
the equation:

2NO(g] + O,(g) — 2NO,(g)

The kinetics of this reaction were studied at a constant
temperature and the following results recorded.

Initial Initial

concentration concentration

of NO/ of 0,/ Initial rate/
Experiment moldm™3 moldm™3 moldm=3s™!
1 4x 103 1 %103 b x 104
2 8x 1073 %0 24 % 1074
3 12 x 10°? 1% 1073 54 % 10°%
4 8x10-2 2% 10-2 |48 % 1074
5 12 x 10-3 3 x 102 162 x 10-4

Using these results, deduce the order of the reaction
with respect to nitrogen monoxide and oxygen.

Write a rate equation for the reaction.

Calculate avalue for the rate constant at this
temperature and deduce its units.

Calculate the rate when the initial concentrations of
NO and 0, are both 5 x 10moldm™3,

A general rate equation would be:
rate = kINOJH[O,J¥

Answers
Experiments 1 and 2:

[NO] x 2
[0,] x 1
rate x 4
" Factor by which
(x2)f= (x4) rate has increased
Factor by which Order (x) with respect
concentration of to NO which we are

NO has increased

trying to determine

So order with respect to NO is 2 as (x2)? = (x4]

Experiments 2 and 4:
[NO] =1
[02] x2

rate x2

Factor by which
rate has increased

Factor by which J L Order ly) with respect

concentration of to O, which we are
O, has increased trying to determine

{HZ}Y = (Nz) Jo——

So order with respectto 0, is 1 as [x2]! = [x2)
Rate equation: rate = kINOJ?[0,)

To calculate a value of the rate constant at this
temperature, substitute in any values from the table.

If we use experiment 1:
[NO] = 4 x 103 moldm™3
(05 = 1% 10*moldm™™®

rate = 6 x 107*moldm3s
The rate equation determined was: rate = k[NOI?[0,]
So substituting the values from experiment 1 into the
equation:

6 x 1074 = k(4 x 10-3)2(1 x 10-9)

bx 104 =Kk(1.6 x 1078

Units of the rate constant were discussed previously.
The units of an overall order 3 reaction are
mol~2dmés,

k=37500mol2dmés ",
Using the rate equation and the value of k.

rate = k[INOJ[0,] = 37500 x (5 x 1073J2(5 x 1073 =
4.6875 x 10 moldm=3s™

Ol

TIP

In this type of question it may tell you which experiment to use to
calculate the rate constant but if it does not, use the first one as this is
often the simplest one.




EXAMPLE 7

Gases Y and Z react according to the following
equation.

2Ylg) + Zlg) — Slg) + Tlg)

The initial rate of reaction was measured in a series of
experiments at a constant temperature.

Initial [Y)/  Initial [Z)/ [Initial rate/
Experiment moldm™? moldm== moldm3s-!
1 1.7 % 10-2 2.4x 102 |7.40%10-°
2 5.1 % 10-2 2.4%x 102 [2.22x 104
3 8.5 = 10-2 1.2x10-2 |9.25 % 10-5
4 3.4 %102 48x 102 [592x10-%

Deduce the orders of reaction with respect to Y and Z.
Write a rate equation for the reaction at this
temperature.

Calculate a value for the rate constant [k] at this
temperature and deduce its units.

A general rate equation would be:

rate = k[YP[Z]

Answers
Experiments 1and 2:
[Y] x 3
[Z] x 1
rate x3
g 05 Factor by which
(x3)y=(x3) rate has increased
Factor by which Order (x) with respect
concentration of to Y which we are
¥ has increased trying to determine

So order with respect to Yis 1 as (x3)! = (x3]

There are no two experiments in which the
concentration of Y does not change so you can choose
any two experiments now that you know the order of
reaction with respect to .

Experiments 1and 3:
[Y] % 5
[Z] x 0.5
rate x1.25

Order (y) with respect to Z which
we are trying to determine

(x5)! (x0.5) = (x1.25) — f:tecﬁrag{rﬂ:?ed

Factor by which ‘| L Factor by which
concentration of Y concentration of Z
has increased has increased

Order with
respectto Y = 1

This simplifies to:
x5 [x0.5) = x1.25
(x0.5p = 2123 _ 40,25
x5
[x0.5) = x0.25
) 2 lES 0.52= 0251 _
The order of reaction

: _ : TIP
with respectto Z is 2. Remember that orders

of reaction have to be 0

[zero), 1 or 2.
———————————— a4

The rate equation is rate
= k[Y][Z]?

To calculate a value of
the rate constant at this temperature, substitute in any
values from the table.

If we use experiment 1:
[Y]=1.7 x 10-2moldm-2
[Z]= 2.4 x 10-2moldm-3

rate = 7.40 x 10~°moldm=3s-!

The rate equation determined was:

rate = k[Y][Z]2
So substituting the values from experiment 1 into the
equation:

7.40 x 1075 = k[1.7 x 1072)(2.4 x10-9)2
7.40 x 107% = k[9.792 x 1074

Units of the rate constant were discussed previously.
The units of an overall order 3 reaction are
mol2dmés,

k=7.56mol2dmés !,
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Effect of temperature on the rate constant

All of the previous work in calculating a value of the rate constant (k) has
depended on the measurements being taken at a constant temperature.
The rate constant is dependent on temperature. If a constant temperature
had not been maintained, the rate would have varied based on changes in
~ concentrations of reactants as well as temperature.

® As temperature increases, the rate constant increases,

@ The rate constant increases exponentially as temperature increases.

@ A graph of the rate constant (k) against temperature (measured in Kelvin)
T would be as shown on the left.

O

The Arrhenius equation

The Arrhenius equation links the rate constant with activation energy and
temperature. It is written as

I
k=Ae K
where k is the rate constant, A is the Arrhenius constant, e is a mathematical
_ constant (2,71828), E, is the activation energy, R is the gas constant
TIP (8.31 ] K- mol™!) and T is the temperature measured in kelvin (K).
e* can be accessed onyour
calculator as it will be ¥he Shift In this equation E, has units of ] mol. This rnlﬁ:alnil that & does not have any
function of natural log (which is units as ] mol~! is divided by (] K-! mol! x K). e "R will not have any units

written Ln). Check you can use
e*; e' should be 2.71828 with the

1828 recurring. _

EXAMPLE 8

A reaction has an activation energy of 120 kJ mol™! at room temperature
(298 K. The gas constant Ris8.31 J K-Tmol'. A= 2.2 x 10251, Calculate
a value for this rate constant at this temperature. State its units.

either, so the Arrhenius constant will have the same units as the rate constant.

Answer
Initially determine EIT- E,=120000 Jmol"; R=831J K ' molland T=298 K
Ea _ 120000

= 48.46.

RT  8.31x 298
k=AeFr=22x 1012 x e-4846 — 198 x 10-% 5.

The units of the rate constant are the same as the units of the Arrhenius
constant.
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Effect of changes in temperature and presence
of a catalyst

Recalculating the value of k at 308 K using the same value for the Arrhenius
constant used in Example 8 gives

E, 120000
RT 831 x 308 FraCEE

k=Aecmr=22x 1012 xe%8 _96] x 10-° 5!,




This shows an almost five-fold (9.61 x 10-%/1.98 x 10-% = 4.85) increase in
the rate of reaction with a small increase in temperature.

(@

TIP

Remember that doubling the concentration of a first order reactant will
only double the rate of reaction so increasing temperature will have a
greater effect on the rate of the reaction than changing the concentration.
Thiswas discussed at AS.

=
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>
z
S
S
3
3
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However, adding a catalyst has a much more dramatic effect on the rate of
reaction. A catalyst for this reaction lowers the activation energy to
100 kJ mol-! at 298 K. The Arrhenius constant is unchanged.

Recalculating the value of k at 298 K:

E, 100000 _
T RT 8.31x298 .-

k=AeBr =22 x 1012 x e-4038 = 639 x 10-6 s~

A catalyst which lowers the activation energy from 120 kJ mol™! to
100 kJ mol™ increases the rate of reaction by a factor of 3228
(6.39 x 107%/1.98 x 10-° = 3228.1). Catalysts have a very
significant effect on the rate of a chemical reaction.

Graphical analysis
The Arrhenius equation can be converting using natural logs (represented
by In) to:

-
lnl-.--RT-l-lnA.

@ This is in the form of y = mx + ¢ so a graph of In k against 1/T is drawn.

@ The gradient of this graph will be —% and the intercept with the In k axis
will be In A.

@ As the gas constant, R, is given as (8.31 ] K-! mol-1), E, can be calculated
from the gradient of the line.

® The intercept is In A. This can be converted to A using the inverse or
shift function on your calculator.

(O

EXAMPLE 9
The rate constant for a reaction was calculated at The quantities 1/T and In k were calculated and
different temperatures as shown below. presented in the table below.

Temperature/K k/s™! 1T

300 | 1.75x10°? 3.33x10°3 ~6.35
310 6.60 x 10-3 * 3.23 x 101 -5.02
320 2.50 x 102 313 x 10-2 -3.69
330 7.60 x 10-2 3.03 x 10°° -2.58
340 2.40 x 10~ 294 % 10-3 143
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Answer

shown below:

given in the table.

These results are plotted on the graph of Ln k against 1/T as

The intercept on the In k axis is at 37. This would indicate that ln
A=37so0A=e¥ A=1.17x 10" 5! A has the same units as k

The gradient of the line is negative as the line has a negative
slope and is -37/0.00285 = -12982.5. This is equal to -E,/R so

E,= 129825 x R = 12982.5 x 8.31 = 107884.6 J mol™". This is 0 i |
converted to kJ mol™! by dividing by 1000. So E, for the reaction 0 0.001 0.002 0.003
at this temperature is 107.9 kJ mol™". 1T

50 i . [ [

Ink

TIP

In these types of question, the
equations and any constants
required would be given to you with
the required units. Remember
that E, should be in J mol™" in the
Arrhenius equation and A has the
same units as the rate constant.
-
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TEST YOURSELF 3
1 In the rate equation: rate = k[C][DJ?
a) State the order of reaction with respect to C and D.
b) State the units of the rate constant (k).
2 A series of experiments were carried out on the rate of reaction
between A and B at a constant temperature.
The rate equation for the reaction is rate = k[A]?
The data obtained are given in the table below. Complete the table.

EERESF+ SIS ENRRFASS I RRERRR SR EEN

Initial [A]/

Experiment moldm™?

Initial [B1/
moldm™?

Initial rate/
moldm—?s!

1.5% 102 | 2.4 % 102 1.2 x 10-5 :
3.0x10"%2 |2.4x 102 :
3.6x 102 |4.8x10-% §

RS SEANER

3 R reacts with S. The kinetics of the reaction were studied at a
constant temperature. The data obtained are given in the table below.

EFSSSARER

Initial [S]1/ Initial rate/

Initial [R]1/

Experiment moldm™® moldm™= moldm3s! :
1 0.25 0.15 0.0225
2 0.25 0.30 0.0900 :
3 0.50 0.30 0.1800
4 0.75 0.45 0.6075

a) Deduce the order of reaction with respect to R and S.
b] Write a rate equation for the reaction.
c) Calculate avalue of the rate constant (k) at this constant
temperature and deduce its units. .
4 Whatdok, A, R, T and E, stand for in the expression k = Ae™&T ?

FAAFER RSN IR FFRERENFAFFEFFERN I FEEFASEETIFFF ARG N A FFFER RN NEAAFFRE RN F AR F SRR AP R kA FFE RGN A TR R R RN APPSR RN A FEF R R AP
aEs++++EEER

L 2 2 2 2 100

I
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Methods of determining rate of reaction

Measuring the rate of a chemical reaction depends on being able to follow
the progress of the reaction against time. This involves being able to
measure a change in the amount or concentration of a reactant or product
during the reaction.

From the equation of the reaction identify a reactant or a product which can
be measured. Examples will include:

1 a gaseous product which can be monitored using a gas syringe or by loss in
mass



gas syringe

conical flask

TIP

Mass and gas volume in a
specified volume are equivalent
to moldm™3s™1 as the gas volume
would be divided by a constant
(V,,) and the mass lost would be
divided by a constant M. and the
reaction would be carried out in a

constant volume.
————————2}

2 a coloured reactant or product which can be monitored using colorimetry

3 a titratable reactant or product which can be monitored by sampling,
quenching and titrating

4 a directly measurable reactant or product, i.e. H* ions or OH~ ions by
measuring pH using a pH meter.

Measuring gas volume

® A gas syringe is a ground glass syringe which is attached to a sealed
reaction vessel and measures the volume of gas produced.

® This is measured against time and a graph of gas volume against time is
plotted.

® The gradient of the tangent at t = Os gives the initial rate of reaction.

@ This is the rate of reaction.

Example of gas volume graph

As reaction nears completion
gradient of tangent approaches 0

) S
£ -~
l ’ ~ | | | |
. ] - | . il - ——— il
s — - g . —- -
) 1 s >
!'..

|
| | |

Gradient of tangent taken at ‘ ’
t=40is less than att=0

— i
| | | | |

{ |

Gradient of tangent taken att = O is greater than |
gradients at later times-this gives the initial rate

Gas volume/cm?

| | | | |
I T T T T T

0 20 40 &0 &0 100 120 140 160
Time/s

Measuring change in mass

@ A reaction in which a gas is produced may also be monitored by
measuring the mass over a period of time.

® The curve of the graph decreases again and initial tangent at t = 0 s gives
a measure of initial rate of reaction.

Mass/g

Time/s

Example of a graph showing change in mass against time
Gas syringe measurements and change in mass measurements are used for
initial rate monitoring,
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TIP

Graphs of rate against
concentration will be examined in
more detail later in the chapter.

. ______________________

Figure 3.3 A colorimeter

@ This means several experiments changing the concentration of the each
reactant are carried out and initial rate measurement taken.

® A typical table of results for changes in the concentration of reactant A
for the reaction A + B — C would be:

[Al/moldm™ Rate/moldm™?s™!
0.01 0.0025
0.02 0.0050
0.03 0.0075
0.04 0.0100
0.05 0.0125

@ The initial rate can be related to the initial concentration and the order
determined as shown before or a graph of rate against concentration
can be drawn. The shape of this graph gives the order of reaction with
respect to the reactant the concentration of which you were changing.

® It could be worked out that the order of reaction with respect for A is 1
as when the concentration doubles the rate doubles.

® A graph of rate against concentration for a first order reaction such as this
would look like the graph below.

Rate/mol dm3 s-1

Concentration/moldm-3

Measuring a coloured reactant or product

A colorimeter measures colour intensity of a solution. It must be done
with an appropriate coloured filter. For example if you are measuring the
intensity of a blue solution, you should use a red filter as the solution is
absorbing red light. The amount of red light absorbed relates directly to
the concentration. A calibration curve should be set up first with known
concentrations of the reactant or product so that you can directly relate the
colorimeter reading to the concentration.

A calibration curve

This calibration curve allows absorbance values to be directly converted to
concentration. Graphs of concentration against time can then be drawn.

| | | | |

Absorbance

|
|
|
|
|

i l | |
Concentration/mol dm=




Concentration/mol dm™

Example of a graph for colorimeter readings for a coloured product
The gradient of the tangent at t = Os gives the initial rate of reaction.

Absorbance

I
| l L |
e
| | . |
' 1

_\

|

|

|

l

Time/s

Measurement of a coloured product is used for initial rate monitoring.

® This means several experiments are carried out changing the
concentration of each reactant.

® The gradient of the tangents at t = Os for each concentration give the
initial rate of reaction for each of the concentrations used.

® The initial rate can then be related to the initial concentration to
determine the order. The order can be determined from a graph of
rate against concentration. The shape of this graph gives the order of
reaction with respect to the reactant the concentration of which you were

changing,
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Example ol a graph of colorimeter reading for a coloured reactant

Measurement of a coloured reactant can be used for continuous rate
monitoring,

The gradient is of this line is the rate ¢ Thismeans = expenmfmt is carried out
0.04 SR reartneihan thie ConCEr Rt o and the colorimeter readings are converted to
is 0.04 mol dm™3 concentration using the calibration curve.
® A graph of concentration against time is drawn
and the shape of this curve can give the order
The gradient is of this line is the rate with respect to the coloured reactant.
L% of reaction when the concentration ® A gradlenl of a tangent at any concentration
\!;r‘ is 0.02 mol dm™ on the graph is a measure of rate at that
0.02 concentration.
s —s ® The rate can then be related to the concentration
AN ::::rga;a:;nr;:cg:‘h’s I:n: ;;e and the order determined or a graph of rate
b s whe Yy 104 _ ' _
0.01 \ concertabine i B0t vl M) against concentration can be drav,jn. Thre shape of
this graph gives the order of reaction with respect
. to the reactant, the concentration of which you

were changing,

Measuring a reactant or product by titration

Sampling, quenching and titrating allows a titratable reactant or product
to be measured during the course of the reaction.

A sample is taken at various times, and the reaction is quenched — this
means the reaction is stopped. Methods of quenching include rapid cooling,
adding a chemical to remove a reactant which is not being monitored or
adding a large known volume of water to the sample. The sample may then
be titrated to find the concentration of the reactant or product.
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The interconversion between

pH and [H*] will be covered in
detail in the Acids and bases unit
|Chapter é].

From the data, a graph of concentration against time can be drawn.
Measurement of a titratable product is used for initial rate monitoring,

® This means several experiments changing the concentration of each
reactant are carried out and initial rate measurement taken from the
graphs of concentration against time.

@ The initial rate can then be related to the initial concentration and
the order determined as shown before or a graph of rate against
concentration can be drawn. The shape of this graph gives the order of
reaction with respect to the reactant the concentration of which you were
changing.

Measurement of a titratable reactant may be used for continuous rate
mmlimring.

® This means one experiment is carried out and a graph of concentration
against time is drawn and often the shape of this curve can give the order
with respect to the titratable reactant.

® A gradient of a tangent at any concentration on the graph is a measure of
rate at that concentration.

@ The rate can then be related to the concentration and the order
determined as shown before or a graph of rate against concentration
can be drawn. The shape of this graph gives the order of reaction
with respect to the reactant the concentration of which you were

changing.

pH monitoring
pH = -log;o[H"], so [H*] = 10-PH)

® pH values can be taken over time and using the above equation they can
be converted directly to [H*]

® A graph of [H*] against time can be drawn.

@ If the H* ions are a reactant the shape of this curve can give the rate or
again gradients of tangents at various [H*] can be taken which equal rate.

@ The rate can then be related to the concentration and the order
determined as shown before or a graph of rate against concentration
can be drawn. The shape of this graph gives the order of reaction with
respect to the reactant the concentration of which you were changing.

Rate monitoring

The rate of reaction may be measured in various ways but the methods used
depend on either initial rate monitoring or continuous rate monitoring,

Initial rate monitoring
Use a reactant or product which is measurable to enable the initial rate of
reaction to be measured. For example:

@® gas prﬂduc:tinn — measured using a gas syringe

® coloured substance — measured using a colorimeter

® hydrogen ions/hydroxide ions — measured using a pH meter or by
quenching and titrating,



Rate

Method

1 Pick one reactant for which you will determine the order of reaction. g
2 Carry out several experiments at different concentrations for this reactant g

measuring the quantity against time, for example gas volume against time. ﬁ
3 ITlDt graphs of the measurable quantity (for example gas volume) against é

time.
4 Draw a tangent at t = 0s and determine the initial gradient of this tangent.
5 The gradient of the tangent at t = Os is the initial rate of the reaction.
6 Repeat for variety of concentrations of this reactant.

7 Plot a graph of the initial rate of reaction against concentration and the
shape of the graph gives the order of reaction with respect to the reactant
for which the concentration was varied.

8 Repeat for all other reactants to determine order of reaction for each one.

First order Second order
Zero order
e g
= &
Concentration i
Concentration il Canchntiatidn
, For a first order reactant Ea
r a second order reactant
For a zero order reactant the graph of rate will be a the graph of rate will be a
the ar aph 'f’f rate will be straight line where as the o Tia ks ie thia
a straight 1{7’*9 where concentration of the R
conceniration Has g effect reactant doubles the rate reactant doubles the rate
on the rate of reaction. of reaction also doubles. of reaction quadruples (x4).

Continuous rate monitoring

If the concentration of a reactant can be determined directly, for example:

® hydrogen ions determined directly from pH measurements or by
quenching and titrating

® coloured reactant determined from colorimeter readings using calibration
curve.

® a specific reactant may be titrated.

Method

1 Allow the reaction to progress and take readings (colorimeter/pH) or
samples at various times.

2 Any samples taken should be quenched to stop the reaction and titrated —
quenching can be carried out by rapid cooling/adding large quantities of
cold water or by adding a chemical which will remove a reactant and stop
the reaction.

3 Plot a graph of concentration against time for this reactant and the shape
of the graph gives the order with respect to this reactant.

Here are the three types of graphs, for orders of reaction 0, 1 and 2.



OTIP Zero order First order Second order
: :

If you are asked to sketch the % £ -

graphs, ensure the line or curve E E =

starts on the concentration [y $ g g

axis. S 9 S

pa—-
Time Time L

chP A few rate values are determined at different concentrations and then a rate

SR 5 S against concentration graph may be plotted in order to determine a clearer

order, the gradient of the order.

concentration against time graph The shape of the rate against concentration graphs can help to determine

is equal to the rate constant, k. the order of reaction. These graphs will have the same shapes as shown on

-

page 59 depending on the order of reaction.

Using concentration against time graphs

Gradients of tangents may be taken at various concentrations to determine
rate.

For example the graph below shows the concentration of reactant A against
time. A tangent to the curve is drawn at a concentration of 0.200mol dm™.

At a concentration of A of 0.200moldm=2 the gradient of the tangent:

. 28D o |
W eh 6.86 x 10> moldm=s-%.

i
LT Clancentrationof 0200 L0 AU E e o et
' rmol dm3 ' ' '

0‘25_...1....&

|
I
|
1

0.20 - Tangent to the curve at

0.200 moldm=
045 | ' |

[Ester)/moldm3
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Time/s

TIP

Any sensible value will be accepted as long as you draw the tangent
carefully and use the scale to calculate rise over run. This tangent would
have a negative gradient but in terms of rate is taken as the positive
value as it is the disappearance of a reactant. You can learn more about
tangents and gradients in the maths chapter.




EXAMPLE 10
Methanoic acid undergoes an acid-catalysed reaction
with bromine according to the equation:

Br,lag) + HCOOH(ag) ——=25 2Br-(ag) + 2H*lag) + CO,g)

Describe an experimental method that could be used
to determine the order of reaction with respect to
bromine.

The rate equation was found to be:
rate = k[Br,][HCOOH]
Deduce the units for the rate constant.

On the axes below, sketch the expected shape of the
graphs in this reaction.

z "’
(o) b
L o
=
Time [HCOOH]
Answers

Measuring absorbance with a colorimeter
Brylagl is brown so use colorimetry with a blue filter:

@ measure absorbance against time

@ use calibration curve of known concentrations of
bromine

@ plot bromine concentration against time or rate
against bromine concentration and determine order
from shape of graph.

Alternative method: measure gas volume:

@ measure CO; volume using gas syringe against time

@ repeat with different bromine concentrations

@ plot volume against time and measure tangent
att=10

® plot rate against [Br,] and determine order from
shape of graph.

The answer could be either progressive rate
monitoring of the concentration of bromine against
time with a colorimeter. A calibration curve may be
used to convert from absorbance to concentration.
Plotting [Br,] against time and use the shape of the
graph to determine order with respect to Br,, or take
tangents to the [Br,] against time graph at various
concentrations and plot a rate vs [Br,] graph and use

8
&

the shape of this graph to determine the order with
respect to Br,.

The second answer involves using initial rate
monitoring based on the CO, being produced. Several
experiments with different initial concentrations of
Br, were carried out and the volume of carbon dioxide
measured using a gas syringe against time. Graphs
of gas volume against time were plotted and the
gradient of the tangent att = 0 were taken which gave
the initial rate. A graph of initial rate against the initial
concentrations of Br, was plotted and the shape of
this graph is used to determine the order with respect
to Br,.

The reaction is second order overall.

rate = klconcentration)?
moldm=3s! = k x [moldm-2)2

moldm™s™! = k x mol2dm™

b molgm‘3§,‘1 - mol'-2dmr*+8ls-1 = mol-1dm3s-!
mol<dm™

The units of the rate constant are mol™'dm?3s™!

From the rate equation, the reaction is first order with
respect to HCOOH

A concentration against time graph for a first order
reactant should look like this:

_— A common mistake is not starting the curve on
/ the y axis. it must start touching the y axis as

/ the reactant has an initial concentration.

[HCOOH]

Do not make the curve too steep as it needs to
look different from the second order.

Time

A rate against concentration graph for a first order
reactant should look like this:

A common error here is not to make it go through
the origin. When the concentration of a first or
second order reactant is zero, the rate will be
zero so it must go through (0, 0).

[HCOOH]
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Stage 1: 103 + 350% — I” + 350F
Stage 2: |03 + 517 + 6H" — 3H,0 + 31,
Overall: 2103 + 550%‘ +2H" — 1, + SSUE‘ +H,0

: lodine is only liberated when acid is added. It is

. possible to determine the effect of changing the

. concentration of acid on the initial rate of this

. reaction by timing how long it takes for iodine to

. be produced. This is indicated by the formation of a
: blue-black colour with starch.

Colourless Blue-black

&1 o - J

: Figure 3.4When the colourless solutions of acid, iodatelv]

. and sulfate(iv) are mixed in the presence of starch, there

. is no visible reaction. After a short time delay, the colour

: changes suddenly from colourless to blue-black. The colour
: change is sharp and dependable like a clock - the abrupt

. colour change occurs in a reproducible time lapse. This

¢ reaction is therefore known as an ‘iodine clock reaction’.

' Method

: 15cm? of the potassium iodatelv) solution, 85cm? of

. deionised water and 5¢cm? of starch were placed ina

. beaker. 15¢cm? of sodium sulfate(v) solution was mixed
: with 85em? of 0.1 moldm™ sulfuric acid and poured into
i the beaker. The stop-clock was started simultaneously.
. The contents were stirred with a glass rod and the time
. taken [t, seconds) for the blue-black colour to appear

: was recorded. The experiment was repeated, varying

: the concentration of sulfuric acid by changing the

: volume of sulfuric acid and making the total volume of

i the up to 100cm? by the addition of deionised water. The
i results are presented in the table below.

Table 3.1 Data from the iodine clock experiment

N Expt 1 2 8 & 5§ initial

gAcidvolumef{:m3 25 35 45 1 70 85

| |Watervolume/cm® 60 |50 |40 |30 [15 |0
| |Na,SOgvolume/em? |15 |15 |15 |15 |15 |15

i |tls) 42 |28 |20 |15 |11 |9

. Investigation of the reaction of iodate(v)

. ions in acidic solution with sulfate(lV) ions

. to determine the order of the reaction with
. respect to hydrogen ions

The iodatelv) ion is an oxidising agent and reacts with
: sulfate(iv] ions in acidic solution to produce iodine in

: solution, according to the following equations:

All of the concentrations were constant except the :
concentration of acid, hence the rate equation for this
reaction simplifies to: ;

rate = k[ H*]?

where z is the order of reaction with respect to
hydrogen ion concentration.

We could write
log(rate] = zlog[H*] + constant

The event being measured is fixed, i.e. the first
appearance of the blue-black colour, so it is possible
for the rate to be expressed as:

Rate = 1/t

The total volume of solution in each experiment is
constant and so the [H*] can be represented by the :
volume of sulfuric acid. Therefore the rate expression |
becomes: ’

log(1/t] = zloglvolume of sulfuric acid] + constant

1 For all the time results in the table
al Calculate 1/t [to 3 significant figures).

b] Calculate log 1/t [to 3 significant figures).
c) Calculate log [volume of sulfuric acid].

2 Plot a graph of log [1/t] ly axis) against log V
[volume)(x axis). Draw a best-fit straight line
through the points.

3 Use your graph to determine the gradient of the :
straight line that you have drawn. Give your answer |
to 2 decimal places. :

4 The experiment was designed to determine the
order of reaction with respect to hydrogen ions
in the reaction. What changes would you make to
the experiment so that the order of reaction with
respect to iodatelv) ions could be determined?

5 a) The reaction is first order with respect to
hydrogen ions. In an experiment to determine
the order of this reaction a value of 0.963 was
obtained. Calculate the percentage error in this
result.

bl The experimental error resulting from the use
of the apparatus was determined to be 2.1%.
Explain what this means in relation to the
practical technique used.

o

TIP

The graph is of the type y = mx + ¢ and
therefore the gradient m will give a
value for the order, z. See Chapter 16 for

more information about logarithms.
ey
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1 For the reaction:
CaCO0,ls) + 2HCllag] — CaCl,lag) + CO,lg] + H,OlL)
Suggest a method of monitoring the rate of reaction including
practical detail.
2 For the reactions:
Reaction A: 2H,0,lag) — 2H,0(l) + 0,(g)
Reaction B: CH3COCH3(aq) + Ilag) — CH3COCH,llagl + H*lag] + Iaq)
Reaction C: 2Na,S,04laql + Ilagl — Na,S;0,[aq) + 2Nallag)
a) Explain how reaction A is monitored using initial rate monitoring i
using a gas syringe.
b) Explain why reaction B may be monitored in two ways.
c) Explain how reaction C is monitored using initial rate monitoring.
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Order Linked to mechanism of a reaction

The order of a reactant is clear from the rate equation and this may give a
clue as to the details of the mechanism for the reaction.

Mechanisms

The mechanism for a reaction is a series of reactions which shows how the
reaction occurs.

For example, the reaction
A+ 2B — AB,

may occur in two stages:
A+B—AB
AB + B — AB,

Adding equations to determine an overall equation
Taking the steps shown above, if these steps are added together, you will get
the overall equation for the reaction.

A+B— AB
AB+B — AB;

Write down all the species on the left-hand side of both equations and then
cancel out anything which appears on both sides of the overall equation.

A+B+AB+B— AE + AB,

The overall equation is:

A +2B — AB,
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EXAMPLE 11

In the chlorination of methane the Answer
following reactions occur:
Cl, — 2Cle Cly + CH; + Cl* + CH3* + Cly + 2C1* — 2CI* + CH4* + HCL+ CH,CL+ Cl* + Cl,
CHj + Cls — CHa* + HCL This simplifies to:
JZC\y + CHy + 3BL* + CK* — 3€Le + DHy* + HCL + CHLCL+ BG
2Cl* — Cl, Cly + CH; — CH4CL + HCI

Write an overall equation for the reaction. Thjs js the overall equation for this reaction.

EXAMPLE 12
For the following two-step process:

2NO(g) + 0,lg) — 2NO,(g)
3NO,lg) + H,0ll) — 2HNO,laqg) + NO(g)

6ND[Q] + 302{91 — 6N02{g]
6NO,lg] + 2H,0(l) — 4HNO,(ag) + 2NO(g)
Adding the equations gives:

Write an overall equation for this reaction.
' e ' 1 %¥NOIg) + 30,lg) + 68&5Ig) + 2H,0(l) — 6N85(g) + 4HNO,(aq) + 2Melg)

Answer iy e
The key to this is the fact that 2NO; is TR el eI 5t
produced in the first reaction but 3NO, 4NOIg) + 30,(g) + 2H,0(l) — 4HNO,(aq)

is used in the second reaction.

Multiply the first reaction by 3 and the
second reaction by 2 before adding them.

Rate-determining step

Any of the steps in a mechanism for a reaction may be the rate-determining
step. The rate-determining step is the slowest step and it dictates the overall
rate of the reaction.

The species (atoms, molecules, ions or molecules) that react in the rate-
determining step are the species which are present as concentrations with
non-zero orders in the rate equation.

Reactants in the overall equation which have zero order are not involved in
the rate-determining step.

Finding the rate-determining step

The rate-determining step may be determined by examining the rate

equation and the steps in the mechanism for the reaction.

If there is a reactant in the overall equation which is zero order (i.e. it does
not appear in the rate equation), this reactant should not appear in the rate-
determining step.




EXAMPLE 13

In the hydrolysis of C;H¢Br, the following overall
reaction occurs:

CﬁHgBr +0H — CﬁHgDH + Br

The mechanism for the reaction can be described in
two steps:

Step 1 C‘&H?Br - C&Hg* + Br-
Step 2: C,Hy* + OH- — C,H,0H

The rate equation for the reaction is:
rate = k[C,HqBr]

Deduce the rate-determining step in this two-step
process. Explain your answer.

Answer

The rate-determining step is step 1.

Explanation: OH™ ions are zero order so therefore not

part of the rate-determining step. Step 1 does not
involve OH™ ions.

EXAMPLE 14

For the overall reaction:
X+ 2Y — XY,

The mechanism for the reaction occurs in two steps:
Step 1: X+ Y — XY
Step 2: XY + Y — XY,

The rate equation for this reaction is given as:
rate = k[X][Y]

Determine which step in the reaction is the rate-

determining step.

Answer

This rate equation shows that the orders of reaction
with respectto both Xand Y are 1.

The first step in the mechanism shows X and Y
reacting in a 1:1 ratio.

This suggests that step 1 is the rate-determining step
and both X and Y are present in the rate equation in a
1:1 ratio.

TIP

If the rate equation had been rate = k[X][Y]?
then the second step would be the rate-
determining step as it [when combined
with the first step| gives the ratio of X:Y as
1:2. The orders of reaction are equal to the
number of reacting particles.
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E TEST YOURSELF 5

1 For the reaction:
2X+Y =2
The reaction occurs in a two-step process
Step 1: 2X — X,
Step2: X, +Y—=1Z
The overall rate equation for the reaction is:
rate = k[X]2
a) What is order of reaction with respect to X?
b) What is order of reaction with respect to Y?
c) State and explain which step is the rate-
: determining step.
2 In the hydrolysis of an ester A [CH,CO0CH4) with
OH~ ions, the order of reaction with respect to the

ester, A, is first order and first order with respect
to OH- ions.
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a) State the overall order of reaction.
b) Write a rate equation for the hydrolysis of ester
A using A to represent the ester.
c) State the units of the rate constant.
3 For the following two-step process
Step1:A+B— AB
Step 2: AB+A — A,B
a) Write an overall equation for the reaction.
b) The order of reaction with respect to A is 1 and
the order of reaction with respect to B is 1.
i) State the overall order of reaction.
ii) Write a rate equation for the reaction.
ilii) State and explain which step is the rate-
determining step.
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Pra Ctl ce q uestions a) Deduce the order of reaction with respect to A. (1)

b) Deduce the order of reaction with toB. (1)
" 1 For the rate equation: rate = k[A][B]? respect

c) Write a rate equation for the reaction. (1)
Which one of the following are the units of the

git e s b 1 d) Calculate a value for the rate constant (k) at

constant temperature and deduce its units. (2)

A s C mol-2dm®s-! |
WO (B Roa WLy B 5 P reacts with Q. The kinetics of the reaction were
SRl D mol™dm"s (1) studied at a constant temperature.
W 2 X reacts with Y to form Z according to the The i Shitninedinte aloenin i ble iy

overall equation:

Initial [P1/ | Initial [Q)/ | Initial rate/

X+2Y—>Z Experiment | moldm™? |[moldm™ |moldm3s™!
) : y 1 0.10 0.10 0.0020
The mechanism for the reaction is: : 5 = SR
Y — W (slow step) 3 0.30 0.10 0.0060
4 0.40 0.20 0.0160

W+X—=2Z (fast step)
a) Deduce the order of reaction with respect to P
Which one of the following is most likely to be and Q. (2)

the rate equation for the overall reaction?

b) Write a rate equation for the reaction. (1)
A rate = k [Y] C rate = k [X][Y]

c) Calculate a value of the rate constant (k) at

- 2 2
B rate =k [Y] D rate = k [X][Y] (D) this temperature and deduce its units. (2)
B 3The fol!owing expeﬁmer‘ltal data were B 6Two experiments were carried out on the rate
determined for the reaction: of reaction between B and C at a constant
X+eY—7Z temperature.
— The rate equation for the reaction is rate = k[B][C]?
of reaction/ The data obtained are given in the table below:
[X)/moldm™3 |[Y)/moldm ™ |moldm™3s™!
0.1 0.1 0.007 Initial [B]/ | Initial [C)/ | Initial rate/
0.2 0.1 0.028 Experiment | moldm™® | moldm™ |moldm™3s!
0.2 0.2 0.054 1 2.0 x 10"2 4.0 = 10‘2 2.7 = 10_?
téi 2 4.0%x 102 |5.0x10-2 |To be
- a) Deduce the orders with respect to calculated
fos
Y.
§ Xand ) a) Calculate a value for the rate constant (k)
w b) What is the overall order of reaction? (1) at this temperature using the results of
L : . .
= c) Write a rate equation for this reaction. (1) experiment 1 and deduce its units. 2)
& b) Calculate a value for the initial rate in
™ d) Calculate a value of the rate constant (k) : o ' (1)
and deduce its units. (2) e i e
= 4 In the following series of reactions of A and W 7 a) Write the Arrhenius equation. 1)
B at constant temperature the following data b) A graph of In k against 1/T was plotted for
were obtained. a first order reaction and the gradient of the
AP ey ey line found to be ~15024. The intercept on the
nitia nitia nitial rate : . |
Ecpniint [moldam® | moldn® | motdin s In k axis was 21.4. The gas constant,

R, = 8.31 ] K mol.

1 1.4x 102 |2.0x 102 |3.760 x 10-%
2 2.8x10-2 |2.0x10-2 |7.520x 10-4 Using the expression: Ink=-E/RT+InA
3 2.8x 102 [4.0x10-2 |1.504 x 10-3

Calculate the value of A and E, for this reaction.

State the units. (4)



c) Given that e = 2.71828, calculate a value
for k at 300 K using the value of E, and A
calculated in (b). If you did not calculate a
value for E_ or A in (b) use E, = 130 k] mol™!
and A =2.00 x 1010. State the units. (3)

8 The kinetics of the acid-catalysed hydrolysis of
an ester were studied and the concentration of
the ester plotted against time as shown below:

0.600 -

0.300 HiIN

0.200 4 -

[Ester]/mol dm?

0.100 4

0.000 ! J

4000 e000
Time/s

a) Draw a tangent to the curve when the

concentration is 0.300 mol dm=2. Use this

I I
0 2000

tangent to determine the rate of reaction at
this concentration of the ester. (3)

b) Based on the shape of the graph what is
the order of reaction with respect to
the ester? (1)

9 The reaction between propanone and iodine is

catalysed by the presence of hydrogen ions, H*.
CH,COCH, + I, — CH,COCH, I + HI

a) Suggest a method by which the order
of reaction with respect to iodine could
be determined using continuous rate
monitoring. (2)

b) The graph below shows iodine

concentration against time.

0.500 4

[lodine)/mol dm™3
o = =
N oW B
s 8 8
1 1 i

0.000

0 500 1000 1500 2000 2500
Time/s

1
&000

i) What is the order of reaction with
respect to iodine? (1)

ii) Sketch a graph of rate of reaction against
concentration of iodine. (1)

c¢) The rate equation for the reaction is
rate = k[CH,COCH,] [H*]

i) How does this rate equation support
your answer to (b)(i). (1)

ii) The table below gives some initial rate
data for this reaction. Use this data to
calculate a value for the rate constant
and state its units. (2)

Initial [H+]/ | [CH,COCH,l/ | Initial [1,1/ | Initial rate/
moldm=? | moldm™? moldm=? | moldm™3s"

0.50 8.00 0.04 1.20 x 10-4

Stretch and challenge
10 For the reaction D+ E—F+ G

The rate equation is rate = k[D] [E]?

The table below gives details of a series of
experiments for this reaction.

Initial Initial

concentration | concentration | Initial rate/
Experiment | of D/moldm™3 | of E/moldm | moldm3s!
1 0.05 0.10 2.25 x 10-3
2 0.05 0.20
3 0.10 4.50 % 109
& 0.20 2.70 x 10-2
5 0.10 8.82x 10
6 5.76 x 10~%

a) Complete the missing data in the table for
experiments 2 to 5. 4

b) Determine a value for the rate constant
using the results of experiment 1 and state
its units. (2)

c¢) In experiment 6, the initial concentrations
of D and E were in the ratio 1:4. The initial
rate of reaction was determined to be
5.76 x 10~*moldm=3s-!, Using the value
of the rate constant determined in (b) and
the rate of reaction, determine the initial
concentrations of D and E and fill these
values into the table.

If you were unable to calculate a value for
the rate constant in (b) use 10.0. This is
not the correct value. (4)
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| Equilibrium constant
| K, for homogeneous
: systems
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PRIOR KNOWLEDGE

It is expected that you are familiar with all of the content of the Chemical
equilibria, Le Chatelier’'s principle and K, units in Year 1 of the A-level
Chemistry course. The following are some key points of Prior Knowledge:
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@ A ‘dynamic equilibrium’ is an equilibrium where both the forward
and reverse reactions are occurring at the same rate and the
concentrations of the reactants and product remain constant.

® A homogeneous equilibrium is one in which all the reactants and
products are in the same state.

® Le Chatelier’s principle states that if a factor is changed which affects
a system in equilibrium, the position of equilibrium will move in a
direction so as to oppose the change.

® The position of equilibrium is often affected by changes in
temperature, changes in concentrations of reactants or products,
changes in pressure,

@ For an equilibrium reaction where the enthalpy change is positive
l[endothermic), an increase in temperature moves the position of
equilibrium from Lleft to right.

® For an equilibrium reaction where the enthalpy change is negative
[exothermic), an increase in temperature moves the position of
equilibrium from right to left.

® For an equilibrium reaction, an increase in the total pressure moves
the position of equilibrium to the side with the fewer moles of gas.

@ For an equilibrium reaction, an increase in the concentration of a
reactant will move the position of equilibrium from Left to right.

@ For an equilibrium reaction, an increase in the concentration of a
product will move the position of equilibrium from right to left.

® A catalyst allows equilibrium to be achieved more rapidly but it has no
effect on the position of equilibrium.

@ The equilibrium constant, K., for the reaction
Nolgl + 3H,[g) = 2NH;lg) is given by the expression:

[NH,J2

Ke=——""0
< INgIH,P
and the units of this K. would be mol=2dm®,
@ The value of K. is only affected by a change in temperature.
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1 What is meant by dynamic equilibrium?
2 State Le Chatelier's principle.
3 For the equilibrium:
Alg) + 2Blgl = Clg] AH=-52kJ mol™!
a) Explain how the yield of C would change if the temperature were
increased.
b) Explain how the yield of C would change if the total pressure were
increased.
c) Explain why a catalyst does not affect the position of equilibrium.
d) Explain why this equilibrium is described as a homogeneous
equilibrium.
4 For the gaseous homogeneous equilibrium given below:
CH, (gl + 2H,0(g] = CO,lg] + 4H,(g)

a) Write an expression for the equilibrium constant K_ for the reaction

b) 1.00mol of CH, is mixed with 2.00mol of H,0lg] in a container of
volume 5.00dm?3, At equilibrium there are 2.20mol of hydrogen
present in the equilibrium mixture. Calculate a value of the
equilibrium constant, K., and state its units. Give your answer to 3
significant figures.
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Q Mole fractions

The mole [raction of a component, A, in a gaseous mixture is denoted
x4 and is calculated by dividing the amount, in moles, of A by the total
amount of moles of gas in the mixture:

For

Alg) + B(g) = C(g)

e
AT ng + ng + ne

where n,, ny and n are the amounts, in moles, of A, B and C present in the
mixture.

Mole fractions can only have values in the range 0 to 1. The sum of the
mole fractions of all of the components in a mixture will be equal to 1.

EXAMPLE 1
A mixture contains 1.42g of nitrogen and 2.41 g of oxygen. Calculate the
mole fraction of the gases in this mixture.
Answer b
Moles of N, = m= 0.0507 mol
Moles of O, = g;; - 0.0753 mol
oTIP Total moles of gas = 0.0507 + 0.0753 = 0.126 mol

The total of the mole fractions Mole fraction of N, = 0.0507 _ 4 4099

should add up to Tmol. For 0.126

Example 1: 0.402 + 0.598 = 1.00 Mole fraction of 0, = 0.0753 = 0 598




1)
=
i
-
5
0
-
=
L
4
L
G
o
=
o
o
o=
(=
L
a
x
=
wn
=z
Is)
o
=
=
o
m
=
D
=]
L
3

O Partial pressure

The partial pressure of a component, A, in a mixture of gases is the
contribution which that gas makes to the total pressure of the gas mixture.
It is also the pressure if the same amount of A were the only substance
present in a container of the same size. The partial pressure of A is denoted

by ps or p(A) or pA or P,.

The partial pressure of a component can be calculated by multiplying the
total pressure of the mixture by the mole fraction of that component.

For example the partial pressure of A, p(A), in a mixture is given by the
eXpression:

p(A) =x, x P
where x, is the mole fraction of A and P is the total pressure.

Although partial pressures and concentrations are not the same thing, they
are both proportional to the amount of the substance present.

(@

EXAMPLE 2

A mixture contains 1.00g of ammonia and 1.00g of nitrogen. The total
pressure is 5.00 x 10° Pa. Calculate the partial pressure of each gas in the
mixture.

Answer

Moles of NHg = —-20

17.0

Moles of N, = —;—;—g— = 0.0357 mol

Total moles of gas = 0.588 + 0.0357 = 0.0945mol

0.0588
0.0945

0.0357
0.0945 Vgl

Checking the calculation, the sum of the mole fractions is [0.622+0.378] = 1.

= 0.0588 mol

Mole fraction of NH; = = 0.622

Mole fraction of N, =

Partial pressure of NH; = mole fraction = total pressure
=0.622 x 5.00 x 105=3.11 x 10° Pa

Partial pressure of N, = mole fraction x total pressure
=0.378 x 5.00 x 10° = 1.89 x 10° Pa

Again a check that the sum of the partial pressures is equal to the total
pressure (3.11 x 105+ 1.89 x 109) = 5.00 x 10° Pa.

All given values are to 3 significant figures in this calculation so the
answers should also be given to 3 significant figures.
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TEST YOURSELF 2

1 A mixture contains 2.00 g of oxygen and 2.00g of nitrogen. Calculate
the mole fraction of each gas in the mixture.

2 Two gases were mixed and the total pressure was 100kPa. One of
the gases had a partial pressure of 40.0kPa. Calculate the partial
pressure of the other gas.

3 In the equilibrium, N,lg] + 3H,(g] = 2NH;lgl, the equilibrium mixture
of nitrogen, hydrogen and ammonia at 350°C contains 7.00g of
nitrogen, 4.50¢ of hydrogen and 36.5g of ammonia.

a) Calculate the mole fraction of each substance in the equilibrium
mixture.

b) Calculate the partial pressure of each gas in the mixture if the
total pressure is 100 kPa. :
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For the general case of a gaseous homogeneous equilibrium:
aA(g) + bB(g) = cC(g) + dD(g)
the equilibrium law states that
B p(O°p(D)*
" p(Ayp(By
where p(A)? is the partial pressure of A raised to the power of a, ete.
N,(g) + 3H,(g) = 2NH,(g)
p(NH;)*
P p(N,)p(H,)
Partial pressures in Pa
(Pa)? (Pa)? 1
(Pa) (Pay  (P)*  (Pa)?
Calculation of K|,

Calculations to find K are similar to those to find K_. The only difference

is that after finding the number of moles at equilibrium, instead of using
moles
volume

partial pressure = mole fraction x total pressure.

(@ e

MATHS

The unit most commonly used for pressure is Pascal [Pa). kPa (10° Pa)
and MPa (10°Pa) may also be used. If the total pressure is given in
kPa, then the partial pressure will also be in kPa. 100kPa is the most
frequently used value.

units of K, =

concentration = , partial pressures are used where
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EXAMPLE 3

For the equilibrium Initial amounts in moles [given in the example):
2NOlg] + 0,lg] = 2NO,|g] 0.357 mol of NO is mixed with 0.229 mol of O,

10.7g of nitrogen(n) oxide and 7.33 g of oxygen were Amount in moles of one substance at equilibrium

mixed and at equilibrium 13.4 g of nitrogen(iv] oxide (given in the example]:

were formed at a total pressure of 100 kPa and a , T ; —— .
temperature of 400 K. 0.291 mol of NO, is present in the equilibrium mixture
Reacting moles of this substance [calculated from

1 Calculate the partial pressures of the three gases ' :
given information)

present in the equilibrium mixture.

2 Calculate a value for Kj at 400 K. 0.291 mol of NO, has formed (+0.291]
Answers Reacting moles of other substances [calculated from
3 Initislimdlas of NO ;133; - 0.357 mol balancing numbers in the equation):
. 35 0.291 mol of NO reacts with 0.146 mol of O, and
Initial moles of O, = 5 = 0.229 mol formed 0.291 mol of NO;
Equilibrium moles of NO, = 13.4 - 0.291mol Equilibrium moles of other substances (the initial
46.0 moles minus the reacting moles):
(7))
=
E ZNO + 0, = 2NO, 0.357- 0.291 = 0.066 mol of NO remaining;
g Initial 0.357 0.229 0.00 0.229- 0.146 = 0.083 mol of 02 remaining.
" s The total equilibrium moles present is =
g Reacting moles |- 0.29] -0.146 +0.2%M1 0.064 + 0.083 + 0.291 = 0.440 mol
t Equilibrium | 0.066 0.083 0.291
l-él moles -
s
= | 2NO 0. 2NO,
= Initial 0.357 0.229 0.00
E moles
; Reacting moles | -0.29] -0.146 +0.291
E Equilibrium 0.066 0.083 0.291 Total equilibrium moles =
|."5 moles 0.440
7)) Mole 0.06b 0.083 0.291 Check total of mole
F fraction D440 0.150 0440 0.187 0.440 0.661 | fractions = 1
; 0.150 + 0.189 + 0.661 = 1.00
% Partial 0.150x 100 | 0.189 « 100 | 0.661 x 100 | Check total of partial
m pressure = 15.0 kPa = 18.9 kPa = 66.1 kPa pressures = 100 kPa
— 150+189 +66.1=
= 100 kPa
L
~ 2 2
5 K pINO,J (66.12 _ _ 4 g3kpa-!

P~ p(NOJZp[0,] ~ TI5.01%(18.9)

TIP

Check the colour code system used at AS for K_ calculations in the
Equilibrium, Le Chatelier’s Principle and K_ chapters.




EXAMPLE 4 <

Hydrogen reacts with bromine according to the o '

equilibrium: TI,P
P is used for the total
Halgl + Brylgl = 2HBrlg) pressure as the total
1.00 mol of hydrogen was mixed with 1.00 mol of pressure is not given i
bromine and the mixture allowed to attain the question. P will cancel
equilibrium. 0.824 mol of hydrogen bromide were out in the K, expression.
present in the equilibrium mixture. Calculate a D —
value for K.
Answer
H, + Br, =  2HBr
Initial 1.00 1.00 0.00
moles
Reacting moles | -0.412 -0.412 +0.824
Equilibrium moles | 0.588 0.588 0.824 Total equilibrium
moles
=0.588 + 0.588 +
0.824 =2.00
Mole 0.588 0.588 0.824 Check total of mole
fraction 200 0.294 T 0.294 00 0.412 | fractions = 1
0.294+ 0.294 +
0.412 =100
Partial pressures |0.294P 0.294P 0.412P 0.294P + 0.294P +
D.412P=P
K - PHBr? _  [(0.412P) 1.96

P~ pIH,Ip(Bry] ~ 0.294 PI0.294F]

Note that using the equilibrium moles will give the
samevalue, i.e.

[HBr)2 (0.824)?
me PHER DS w8 (@
p | 0.588] (0.588]
plHIplBrg | :
=r T TIP
It is advisable to use the partial pressures as this Kp has no units because
is correct for the K, expression. If a total pressure the pressures cancel out
had been given then use this to calculate the in the expression.
partial pressures. A —
(@ Using K,
TIP Some calculations may give a value of K, and you may be expected to
Practise carrying out the calculate the equilibrium moles of one component or the mole fraction

calculation shown above on your or partial pressure.
calculator as it is easy to make
mistakes with the bottom line

[denominator] of the fraction.
PES————
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EXAMPLE 5
For the following gaseous homogeneous equilibrium:
2HI(s] = Hylg) + 15lg)

2.00 mol of hydrogen iodide was allowed to reach equilibrium at 500 K.
K for this equilibrium at 500K is 0.360. Calculate the partial pressure of

hydrogen in the equilibrium mixture if the total pressure is 100 kPa.

_ Answer

TIP As the number of moles which reacts is not known, 2x moles of HI
Using 2x moles of HI avoids react to form x moles of H, and x moles of ..
X moles of H, and I, but the
2 X 2HI = H + |
calculation would work either way. 2 #
S —— Initial 2.00 0 0
moles
Reacting -2 +X X
moles
Equilibrium | 200 - 2 X X Total equilibrium moles
moles =2 -2X+X+X=2
Mole 200 - 2x %, X Check total
fraction 2 2 2 of mole fractions=1
Partial . -
oressure | 2op—2x100|  |£x100 | |%x 100|202 100+ X x 100
X _ 200 _
+§-H1UU- —2—-‘- TUD
Hyot) 12 2
K<T_2L2 . =X - 03¢0
p (HI] [200- 00x |2 [2-2x)2
7
7 2
2 [ x P oag

2-2x% [2-2x]

= l%l = 0.600 as V0.360 = 0.600
- 2X

x = 0.600 [2-2x]
x=1.20-1.20x
2.20% = 1.20

X == ﬁ= 0.545
2.20
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The partial pressure of hydrogen in the equilibrium mixture is given by

X
5 100 so the partial pressure is L x 100 = 27.3kPa.

_ Calculations of this sort are more complex and should be worked through
TIP carefully. You can check the value of x you obtain by substituting it into
In a calculation where K is either the partial pressures or the mole fractions. The sum of the mole
unitless, the mole fractions or the fractions should add up to 1 and the sum of the partial pressures should
equilibrium moles may be used add up to the total pressure in this case 100kPa.
in the K expression and will give |
the same answer. However, as Also in an equilibrium where 1 mol of two products are formed, the
the total pressure is given in this equilibrium moles, mole fractions and partial pressures of these two
question it is best practice touse it. | products are the same throughout for any equilibria at any temperature.

_—




Calculating total pressure

The total pressure in a K;, calculation may be represented by the letter P P is )
used in the K, expression and the expression may be solved to find P

©

EXAMPLE 6

At equilibrium, 0.200 mol of nitrogen, 0.400 mol of hydrogen and 0.400 mol
of ammonia are present during the Born-Haber process:

Nslgl + 3H,lg] = 2NH,lg]

Calculate a value for the total pressure on the system at 390K if K; has a
value of 0.172KPa~2

N, + 3H, = 2NH,
Equilibrium| 0.200 0.400 0.400 Total equilibrium
moles moles
= 0,200+ 0.400 +
0.400 = 1.00

Vole 0.200 0.400 ) 0.400 Check total of
fraction |7pg = 0.200 T.00 - e 700 - 0.400| mole fractions
=1

0.200 + 0.400 +

0.400 = 1.00
Partial 0.200P 0.400P 0.400P
pressure
p (NH)? 0.400P)?
L LT

P~ b (N plH,® ~ [0.200P][0.400P]

Cancelling (0.400P)?

(0.400P)? ) 1
(0.200P](0.400P)* ~ [0.200P)(0.400P)

1=0.172(0.200P](0.400P]

=0.172

1=10.01376P%as 0.172 x 0.200 x 0.400 = 0.01376 and P x P = P2

1
2
F (0.01376]
_ P2=72.674
TIP
All initial values were giVEﬂ to 3 B “F?E.é?l‘i - 852 kP3
significant figures. This would o o ,
mean that the final answers Again this can be checked by filling the total pressure [8.52 kPa) into the
should also be given to 3 equilibrium expression and if you get the correctvalue for K, the value of
significant figures. Pis correct.
R

Changes in temperature and other factors

® K is constant at a particular temperature.

® The equilibrium constant, K, is affected by changes in temperature, but
it is not affected by changes in pressure, the presence of a catalyst or
changes in concentration or amount of substances present in the mixture.

® This is the same for all equilibrium constants which are constant at a
particular temperature and are not affected by changes in any other
quantities.



® For the equilibrium:
N,(g) + 3H,(g) = 2NH,(g) AH = -92kJmol-!

Increasing the temperature will favour the reverse reaction and the
position of equilibrium will move to the left. This will decrease the
partial pressure of NH; and the value of K will decrease.

® Increasing the pressure will favour the forward reaction and the
position of equilibrium will move to the right. This will have no effect
on the value of K as long as the temperature remains constant.

® Adding more hydrogen to the mixture will increase the partial
pressure of the hydrogen and it will move the position of equilibrium
to the right. It will have no effect on the value of K as long as the
temperature remains constant.
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TEST YOURSELF 3
1 1.00 moles of PCl; are allowed to reach equilibrium.

a) At equilibrium there are 0.400mol of Cl, present at 400 K.
Calculate a value for the equilibrium constant, Kp, when the total
pressure on the system is 100kPa. State the units of K| lif any).
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Figure 4.1 The equilibrium between
NO, and N0, is shown in cold and hot
water baths. A change in temperature

L 2 LT g}
AFEFREEES

shifts the equilibrium between the two : - Giveyour answer to 3 significant figures. ;
species. When more NO, is produced, b) State the effect, if any, of an increase in pressure on the value of KP.
the gas inside the tube becomes 2 In the following equilibrium CO,lg] + H,lg] = COlg] + H,0lg) at a :
darker. The Kg value will change with i temperature of 373K and a pressure of 700kPa, the amounts of
temperature. : each gas present at equilibrium were 0.210mol of CO, 0.210 mol of

H20, 1.04 mol of CO; and 1.04 mol of H,. Calculate a value for K and
state its units [if any). Give your answer to 3 significant figures.

3 In the equilibrium N,0,lg] = 2NO,(g), the value of K is 0.389 MPa
at 350 K. The partial pressure of NO, at equilibrium was found to be
0.0700MPa. Calculate the partial pressure of N,0O, at equilibrium
and the total pressure on the system. Give your answer to 3
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Pra Ctice qUEStionS Value of K, | Partial pressure of NO[g)
. ' . A increase decrease
" 1 Which one of the following could be units of :
f : 3 B |increase no change
K, for the reaction shown below?
C |[nochange |increase

2NH,(g) + 30,(g) = N,(g) + 3H,0(g)

A e C kPa® 0 3 For the equilibrium below, calculate a value for
B kPa~! D kPa- (1) K,, if the partial pressure of the gases present at
equilibrium are: O, = 100kPa, SO; = 240kPa
and SO, = 500kPa. Give your answer to 3
significant figures.

250;(g) + Oy(g) = 2505(g) (3)

D | nochange |decrease

™ 2 Which one of the following is correct when
pressure is increased on the following
equilibrium at constant temperature?

2NO(g) + O,(g) = 2NO,(g) (1)



™ 4 2.00mol of A was mixed with 2.00 moles B 8 At 107°C, the reaction

B~

of B and the mixture was allowed to reach CO(g) + 2H;,(g) = CH;0H(g) 0
equilibrium at 500°C. The equilibrium reaches equilibrium under a pressure of %
mixture was found to contain 1.00mole of A. 1.59 MPa with 0.122 mol of CO, 0.298 mol _g
Calculate a value for KP. of H, and 0.500mol of CH,OH present in a §
2A(g) + Blg) = 3C(g) 3) vessel of volume 1.04dm>. g
Calculate K and K and state the units of both. 2

™ 5 Analysis of the equilibrium system, N,(g) +

3H,(g) = 2NH,(g) showed 25.1 g of NH,, Give both answers to 3 significant figures.  (6)

12.8¢g of H; and 59.6 g of N;. Calculate a value Stretch and challenge

for K, if the total pressure is 1.32 x 10°Pa. 9 For the reaction, H,(g) + I,(g) = 2HI(g),

Give your answer to 3 significant figures.  (4) 2.00mol of hydrogen and 2.00 mol of iodine
B 6 When hydrogen iodide is heated in a sealed are heated to 700K in a sealed vessel until

equilibrium is attained at a pressure of
100kPa. The value of K, at 700K for this
reaction is 0.106.

container, it reaches equilibrium according to
the equation:

2HI(g) = H,(g) + L,(g)
KP for this reaction at 700K is 0.0185 and
partial pressure of the hydrogen iodide in the
equilibrium mixture is 1.80 MPa. Calculate the

a) i) Write an expression for the equilibrium
constant, K. (1)
ii) Calculate the number of moles of each

partial pressures of the hydrogen and iodine in i %ast Prﬂ%ﬂmti[ Ecl“ﬂlbilum- - 5)
the equilibrium mixture. Give your answer to P S RRCIEE e PRIRRRARn I I SRR
which reacted. (1)

3 significant hgures. (4)
B 7 In the equilibrium

CO(g) + H,O(g) = CO,(g) + H,(g),

1.00mol of carbon monoxide is mixed with

1.00mol of water vapour at 200°C and

400 kPa pressure. The equilibrium constant,

,at 200°C is 0.0625. Calculate the number
ot moles of carbon monoxide present at
equilibrium. 4)

b) Using the same initial amount in moles,
the equilibrium was re-established at
100 kPa pressure and 400 K. The value
of K, at 400K is 0.0111. Calculate the
number of moles of hydrogen remaining
at equilibrium and hence the percentage of
hydrogen which reacted. (4)
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PRIOR KNOWLEDGE

@ Oxidation state is the relative state of oxidation or reduction of an
element.

® Elements have an oxidation state of 0 (zero).

® |ncompounds, Group 1 elements have an oxidation state of +1.

@ |[n compounds, Group 2 elements have an oxidation state of +2.

® In compounds, aluminium has an oxidation state of +3.

® Ina simple binary compound, the more electronegative element has
the negative oxidation state.

@ Oxygen has an oxidation state of -2 in all compounds except peroxides
where its oxidation state is -1 and in the compound OF, where its
oxidation state is +2.

® Hydrogen has an oxidation state of +1 in all compounds except
hydrides where its oxidation state is -1.

@ In compounds, d block and p block elements have variable oxidation
state.

@ Oxidation is the loss of electrons or increase in oxidation state.

@ Equations showing oxidation have +e~ on the right-hand side.

@ Reduction is the gain of electrons or the decrease in oxidation state.

@ Equations showing reduction have +e~ on the left have side.

@ The number of moles of electrons is equal to the change in
oxidation state.
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TEST YOURSELF ON PRIOR KNOWLEDGE 1

1 Give the oxidation state of nitrogen in the following compounds
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and ions:
: a) NO b) NH, c) NOg :
d) N,H, e) N3-

: 2 State the full name of the following compounds:
a) Na,S0;,  b) NH,NO, c) N,O
d) K,Cr0,

3 For the following reactions:
Reaction A: Mg — Mg?* + 2e-
Reaction B: Cl; + H,0 — HCL + HOCL
Reaction C: 8HI + H,S0,; — 4l + 4H,0 + H,S
Reaction D: NaCl + H,50, — NaHS0, + HI :
Reaction E: NO;+4H"+ 3e™— NO + 2H,0 :
al Which reaction shows only a reduction reaction?
b) Which reaction is not a redox reaction?
c) Which reaction shows only an oxidation reaction?
d) Which reaction shows the largest changes in oxidation state?
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Redox reactions involve electron transfer. An electrochemical cell uses
electron transfer reactions to produce electrical energy. Most batteries
contain an electrochemical cell and as such, they are found in cameras,
laptops, phones and even hybrid cars. Figure 5.1 shows a lemon being used
as a cell which provides electrical current sufficient to power a clock.

Figure 5.1 The lemon is being used as
an electrolytic cell, the electrolyte being
citric acid. Four electrodes - two copper
and two zinc - are placed in the lemon
and connected together. Zinc atoms on
the electrode are oxidised, losing two
electrons per atom and dissolving into
solution. The electrons pass through
the wires to the copper electrode where
they combine with hydrogen ions from
the citric acid to liberate hydrogen gas.
The movement of electrons between
electrodes forms the current.

O

TIP

In any half cell, the metal is the
electrode but often the entire half
cell is referred to as an electrode
as in the standard hydrogen
electrode.

Redox equilibria

When a metal in dipped into a solution containing its simple ions, an
equilibrium is established between the metal ions and the metal atoms. This
type of arrangement is called a half cell.

= 7n Cu

. } ¥, . |l J

Zn?* (aq) Cu?* (aq)

The zinc ions in the solution  The copper ions in the solution
are in equilibrium with the  are in equilibrium with the
zinc atoms in the metal. copper atoms in the metal.

Zn?* (aq) + 2™ == Zn (s) Cu?* (ag) + 2e” == Cu(s)

It is impossible to measure the equilibrium in one half cell unless another
half cell is connected to it. Two half cells joined together create a cell.

An example of a cell is shown below.

wire

Zn — salt bridge Cu

a il ¥

\ l J \ : .
Zn** (aq) Cu?* (aq)

The two metals in the half cells are connected externally using a conducting
wire and the solutions are connected using a salt bridge. A salt bridge can
be one of two things:

1 a piece of filter paper soaked in a solution of potassium chloride or
potassium nitrate

2 potassium chloride dissolved in agar gel and set in a U-tube.

The salt bridge has mobile ions that complete the circuit. Potassium
chloride/potassium nitrate are used to ensure that there is no precipitation
as chlorides and nitrates are usually soluble.
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Figure 5.2 The photograph shows a

zinc copper cell. On the right, copper is
dipped in a copper sulfate solution, and
on the left zinc is dipped in zinc sulfate.
The zinc has a lower affinity for electrons
than copper, and zinc from the zinc strip
forms ions and electrons flow along the
electrical wires and pull copper ions out
of solution to form solid copper on the
copper strip. The salt bridge is the white
filtter paper soaked in potassium nitrate
solution.

(—

TIP

Solid arrows rather than
equilibrium arrows are often
used in these electrode half
equations,

Cm—

NEGATOX is a good way of
remembering that the NEGactive
electrode is where OXidation
0CCurs.

However, care should be taken with potassium chloride solution as chloride
ions can react with some metal ions such as Cu®* to form complexes such as
[CuCly]*". Potassium nitrate is better to use for the salt bridge for solutions
in which the metal ion might form a complex with the chloride ions.

In the complete cell above, an electrochemical reaction occurs that is based
on the equilibrium for each electrode. If the circuit is connected for a while
and the mass of the metals measured before and after, the zinc would have
lost mass and the copper would have gained mass.

Therefore the reactions which are occurring are:

Cu?* + 2¢ — Cu

An electrode where oxidation occurs is called the negative electrode whereas
an electrode where reduction occurs is called the positive electrode.

@ In this cell, the zinc forms the negative electrode and the copper forms
the positive electrode.

® The electrons flow externally in the circuit from the zinc side to the
copper side. The zinc atoms lose electrons and the electrons flow from
the zinc metal to the copper metal and the copper ions in the solution
gain electrons to form copper.

® Copper forms on the copper electrode and increases the mass and some
of the zinc metal forms zinc ions and this decreases the mass of the zinc
electrode.

@ This circuit allows electrons to flow.

® This shows us that the zinc is more likely to form its ions than the
copper.

@ In order to measure this, a high-resistance voltmeter is connected in the
external circuit to measure the potential difference without allowing any
electrons to flow in the circuit. This maintains the concentration of the
ions in solution by not allowing any current to flow yet can still measure
the potential difference of the electrons trying to flow.

(V)
NS
Zn—8 salt bridge
- { - e
t 1 T
| |
! | SF \ ] J
| i
Zn?* (aq) Cu* (aq)

The voltage measured in this circuit is +1. 10V, This indicates the potential
difference between the zinc half cell (or electrode) on the left and the
copper half cell (or electrode) on the right. This does not give a measure of
the potential difference in one half cell.



temperature = 298K

——

‘c."
hydrogen gas at _f
100 kPa pressure i

platinum wire
. r

()

platinum foil covered +——=
in porous platinum

[H*] = 1.00 mol dm~?
Figure 5.3 Standard hydrogen

Electrode potentials

To measure the potential difference for a single half cell, a standard must be
used to which all other potential differences can be compared. This standard
is the standard hydrogen electrode or standard hydrogen half cell.

The standard hydrogen electrode is an electrode consisting of hydrogen gas
in contact with hydrogen ions, H*, on a platinum surface.
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The standard conditions for this half cell (electrode) apply to all other half
cells to ensure that they can be compared. All solutions should have an ion
concentration of 1.00moldm=. All gases should be under 100kPa pressure
and the whole cell should be at 298 K.

electrode.
Measuring standard electrode potentials
TR A high-resistance voltmeter should be connected to the
temperature = 208K~ voltmeter standard hydrogen electrode (half cell) and the other electrode
( \.vid (half cell) connected to the voltmeter. A salt bridge will connect
hydrogen at _..—r- ] the two solutions.
100 kPa pressure salt bridge
s e zinc  [H*] = concentration of hydrogen ions; [Zn**] = concentration
) JL _H_ i of Zn?* ions. Both are measured in moldm™?.
platinum foil covered f , ] :‘ | When the standard hydrogen electrode is used, by convention,
0 R c e it must be the negative electrode (anode) — i.e. an oxidation

[H*] = 1.00 moldm™3 [Znt+] = 1.

y—

TIP

Platinum is often used in
electrochemicalcells asitisa
good conductor of electricity and
it 15 inert. Porous platinum gives
a larger surface area for reaction.

. _______________________J
TIP
The standard electrode potential
can also be called a standard
redox potential or standard
reduction potential. It is

represented by the symbol E®.

reaction must occur. This oxidation reaction is:

H,(g) — 2H*(aq) + 2e-

00 mol dm3

This means that, by convention, a reduction occurs at the other half cell
(electrode) connected to the standard hydrogen electrode. All standard
electrode potentials are written as reductions and the value is given for the
reduction reaction.

This means that the standard electrode potential for the zinc electrode is
—0.76V. Electrons are trying to flow from the zinc electrode to the hydrogen
electrode and giving a negative electrode potential.

The standard electrode potential is defined as: the electrode potential
of a standard electrode with ion concentration of 1.00moldm=> at 298 K

connected to a standard hydrogen electrode (1.00moldm™ H* ions,
100kPa H, gas at 298 K) using a high-resistance voltmeter and a salt bridge.

Electrodes containing two ions

If the standard electrode potential of a reduction between two ions is to be
measured, it is set up as follows:

high resistance
temperature = 298K f-;\ voltmeter

N
hydrogen gas at _fmﬁ

100 kPa pressure ™ —

salt

platinum

- r - -

platinurn wire

platinum foil _L ]

covered in porous ———
platinum in porous

[H*] = 1.00 moldm=3 [Fe?*] = 1.00 moldm™3

[Fe*] = 1.00 moldm™3




For the right-hand electrode, the solution contains two different iron ions,
Fe?* and Fe**, both at a concentration of 1 mol dm=>. The equilibrium is
established between them by using a platinum electrode.

Again the standard hydrogen electrode should, by convention, have an
oxidation reaction occurring. In reality this time the oxidation reaction does
occur at the standard hydrogen electrode. The value on the high-resistance
voltmeter is the actual standard electrode potential for the Fe** to Fe**
reduction reaction.

This means that the value for the reduction reaction on the right-hand
side is:

Fe**(aq) + e~ — Fe?*(aq) E® =+0.77V

In this case the value shown on the voltmeter in a practical setting is the
same as the actual standard electrode potential for the reduction reaction in

the right-hand cell.
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TEST YOURSELF 2 :
-

1 Give two reasons why platinum is used as the contact in a standard
hydrogen electrode.
2 State the conditions required for the standard hydrogen electrode.

3 Draw a labelled diagram of the apparatus that could be connected

to a standard hydrogen electrode in order to measure the standard
electrode potential of the Cu?*(aq) + 26~ — Culs) electrode.

Inyour diagram, show how this electrode is connected to the standard
hydrogen electrode and to a voltmeter. Do not draw the standard
hydrogen electrode.

State the conditions under which this cell should be operated to
measure the standard electrode potential.
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Cell conventions and electromotive force
(EMF)

Convention means a lot in drawing a complete cell and in caicuiating
standard electrode potentials.

When connecting any two electrodes and drawing a diagram of the overall
cell, the oxidation electrode should be drawn on the left and the reduction
electrode on the right. All cells drawn previously have been drawn like this.

5 ELECTRODE POTENTIALS AND CELLS

Obviously for the two electrodes, the oxidation and reduction reactions
must be determined before the cell is drawn. The standard electrode
potential with the more negative value will form the oxidation electrode.

The more negative electrode potential is the left-hand (oxidation) side of the cell.
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EXAMPLE 1

A cell is made from a Zn2*|Zn electrode and a Cu?*|Cu electrode. The
values of the standard electrode potentials are:

Zn**(ag) + 2 = Znls) E®=-0.76V

Cu?*lag) + 2e” — Culs) E®=+0.34V
Calculate the EMF of this cell.

Answer

The more negative standard electrode potential is the zinc one, which
means it will form the left-hand electrode and the copper one will form
the right-hand electrode. Oxidation will occur at the zinc electrode and
reduction will occur at the copper electrode.
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Zn—j salt bridge Cu
| |
" | J 0 | i
| i
Zn2* (aq) Cu®*(aqg)

The overall voltage measured on a cell like this is called the electromotive
force [EMF]. For this electrochemical reaction, the zinc being oxidised

has a potential of +0.76V and the copper being reduced has a potential of
+0.34V s0 the EMF of this cellis +1.10V.

In &= ZIn?* + 2e- +0.76 V
f;uz*'-_wge*‘.;c_u o _+0.34_\_|’
In+Cutt=Zn**+Cu +1.10V

This is the overall ionic
equation for the complete

cell (without electrons)

This is the EMF
of the cell

In real terms this means that when zinc is placed in a solution containing
copper(i) ions, the zinc will displace the copperli] ions to form zinc ions
and copper. Zinc is more reactive than copper.

Using an ammeter in a cell

The high-resistance voltmeter is only used to measure the potential of a cell
under standard conditions. Often an ammeter can be used to show the flow
of current in the cell and in particular to show the direction of electron flow

in the cell.
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Cells not under standard conditions

If an electrochemical cell is created with two copper electrodes, the standard
electrode potential for Cu + 2e~ — Cu would appear to be the same on both
sides, which would give an overall EMF of 0.00V. There should be no flow

of current under standard conditions.

However this only applies if all conditions are standard. In the cell shown
below the concentration of CuSO,4(aq) on the left-hand side is greater than
the concentration of the same solution on the right-hand side.

Copper salt bridge

= - -

L | = e 1 B

1.00 mol dm-? 0.20 mol dm=3
CuS0, (aq) CuSO, (aq)

® The ammeter allows current to flow.

® As the concentration of Cu®* ions is greater on the left-hand side,
Cu®* + 2e- — Cu occurs in preference on the left-hand side.

® The left-hand electrode in this diagram is the positive electrode.

® The oxidation Cu — Cu®* + 2e~ occurs at the right-hand electrode
(anode) to provide electrons for the reduction on the left-hand side.

® Electrons flow through the ammeter from the right-hand side to the
left-hand side.

® In this cell the current would eventually fall to zero once the
concentrations of the solutions were equal.

Redox reactions and feasibility
of reactions

Redox potentials are always given as reduction reactions (always with gain
of electrons) and the feasibility of the reaction is given by the standard
electrode potential. The more positive the electrode potential the more
feasible is the reduction reaction.

Redox reactions consist of two parts.
| an oxidation (which is a standard reduction reaction reversed) and
2 a reduction.

The total of the standard electrode potentials gives the overall feasibility of
the redox reaction. This value is called the EMF (electromotive force) of the
reaction. If the EMF is positive, then the redox reaction is feasible and if it is
negative then it is not feasible.

The table below gives the standard electrode potentials of some of the most
commonly used half equations.



Bl Half reaction E®/V
F,lg) + 2e- — 2F-(ag) +2.87 S
A Clslgl + 2e-—2Cllag) +1.36 é
@ Bryll) + 2e-—2Br-(aq) +1.07 o =
@ Fe3*(ag) + e=—Fe®[ag| +0.77 E =
| [lyls] + 2e"—2r"(ag) +0.54 = '§"
£ |cu¥(ag) + 2e-—Culs] +0.34 e &
2| [Sné*ag) + 26~ — Sn*(ag) +0.14 E) ‘i
S 2H*[ag) + 26~ — H,lg) 0.00 @ ~n
E Pb?*(ag) + 2e~ — Pbls] -0.13 3, §
o ] w Pl
o Fe?*(aqg] + 2e~—Fels] -0.44 ¥ 5
Zn**(ag) + 2e"—2Znls) -0.76 55
K*lagl+ e~ — Klg] -2.93 .!_',-"’1
Li*lag] + e~ — Lils] -3.05 ﬁ
Fluorine most easily undergoes reduction to fluoride ions hence fluorine is o
the strongest oxidising agent (or oxidant). g

Lithium ions, Li*, are most resistant to reduction. As the reverse reaction
(oxidation) has a high positive value this means that lithium metal is the
most easily oxidised and so is the strongest reducing agent (reductant).

The overall EMF of a redox reaction can be calculated using the standard
electrode potentials.

( Y—

EXAMPLE 2

In the reaction between chlorine and potassium

bromide solution, the equation for the reaction is:
2KBr + Cl,— 2KCL + Bry

The potassium ion, K*, is the spectator ion and can
be disregarded as it does not take partin the redox
reaction, being the same at the beginning as at the
end. With this ion removed, the equation is now an
ionic equation:

2Br+ Cly— 2Cl" + Br,

EMF for the reaction = +1.36 + (-1.07) = +0.29V
This would indicate that the redox reaction:
2Br-+ Cly —» 2C1=+ Bry
is feasible and does occur.

However in the following reaction:
2CU + Bry — 2Br + Cly

The half equations and standard electrode potentials
for these reactions are given below:

Note that this consists of two half equations:
E® value for Cl, + 28 — 2Cl" +1.36V

2Br — Bry +2¢” Loss of electrons = oxidation

E® value for Br, + 2e- — 2Br +1.07V

The top half equation must be reversed to make it an
oxidation.

and
Clz + 787 — 2017

The standard electrode potentials for these reactions
are given below:

Gain of electrons = reduction

EMF of the redox reaction is = 1.07 - (+1.34) =
-0.29V

E® value for Cly, + 2e~ — 2C1- +1.36V

E® value for Bry + 2e- — 2Br- +1.07V

However these are both reductions and the second
must be reversed to form an oxidation step. The EMF is
the total of the standard electrode potentials when the
sign of one has been changed to make it an oxidation
reaction.

This would indicate that the redox reaction:
2Cl- + Bry, — 2Br- + Cl,

is not feasible and does not occur.
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O Conventional cell representation
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TIP

However it is best often to work

out which electrode is undergoing
oxidation and change the sign of
the standard electrode potential
and add it to the standard electrode
potential for the electrode
undergoing reduction. This will
also give the EMF of the cell.

[cell notation)

It would be cumbersome to have to draw a full cell diagram every time to
represent the electrodes.

A simple representation of a cell can be used. The rules for writing
conventional cell representations are:

I The oxidation electrode is placed on the left with the components in
order of being oxidised, e.g. Zn(s) first then Zn**(aq).

2 The reduction electrode is written on the right with the component in
order of being reduced, e.g. Cu**(aq) then Cu(s).

3 A double vertical line (||) is used between the two electrodes to represent

the salt bridge.

4 Single vertical lines are used between components in an electrode
to represent a phase boundary (difference in physical state), e.g.
Cu?*(ag)ICu(s).

5 If Ptis used as a contact in an electrode for gas/ions in solution or two ions
in solution it should be placed at the extreme left of the left-hand electrode
and the extreme right of the right-hand electrode. Phase boundary lines
may also be used to separate it from other components of the electrode.

6 Commas are used to separate components in an electrode which are in
the same phase, e.g. Fe**(aq), Fe* (aq).

The cell notation for the zinc copper cell is shown below.

The single vertical line| |The single vertical
represents a phase line represents a
boundary phase boundary

| |
Zns)Zn®* (ag)llCu®* (ag)iCu(s)  EMF=+1.10V

Zn—=Zn%* + 2e- Cuft+ 2e=—Cu
Oxidation reaction Reduction reaction
in left elect&ode ir1_rj_ght electrode ]

The double vertical lines
represent the salt bridge

The single vertical lines are important between the components of an
electrode. As the zinc is a solid and the Zn?* ions are aqueous, there should
be a vertical phase boundary line between them.

The EMF of this type of arrangement can be determined from the standard
electrode potentials using an expression which is:

EMF = E9ye - Efns  (RHS = right-hand side; LHS = left-hand side)

This means that the standard electrode potential of the right-hand electrode

minus the standard electrode potential of the left-hand electrode is equal to
the EMFE

The minus takes into account that there is an oxidation occurring at the
left-hand electrode.

It can also be written;

- F® o
EMF = E (reduction reaction) — E (oxidation reaction)



Figure 5.4 A platinum electrode
[square, lower centre] in a solution

of iron(i] and iron(u) ions. The iron (i)
ions are being reduced to ironli) ions,
gaining an electron in the process.
The electron movements are powered
by the oxidation of hydrogen in the
smaller tube seen inside the larger
tube. Hydrogen gas is adsorbed

onto the platinum coil and loses two
electrons to form two hydrogen ions
in the surrounding water. A platinum-
hydrogen electrode is the standard
used to measure redox potentials of
ions. In this case the iron(m) to iron()
redox potential is +0.77V.

(—

TIP

If a reaction is determined to be
feasible as it has a positive EMF,
this does not mean that it will
happen. The activation energy
may be so high as to prevent it
reacting at any appreciable rate
under standard conditions.

If a standard hydrogen electrode is used in the cell, it should be on the left
as it should always be the oxidation electrode (by convention), for example:

PtlH,(g) | H*(ag) || Zn2+(aq) | Zn(s) EMF = -0.76V

The platinum contact in the electrode must be included. For the left-hand
electrode, Pt is placed before the component and again a phase boundary (/)
is in place. The phase boundaries are also in place between the components
of the electrodes.

The same is true of a solution containing two ions such as the Fe*{Fe®*
electrode, for example:

Pt/H,(g)IH*(aq)lIFe**(aq), Fe**(aq)IPt EMF = +0.77V

In this example both electrodes have a platinum contact. The standard
hydrogen electrode is again always on the left-hand side.

The Pt is placed at the end of the reduction side (right-hand side) and again
a phase boundary (|) is in place.

As both Fe* and Fe** are in the same phase on the right, a phase boundary
line is not used but a comma instead.

A comma should be used between components of an electrode that are in
the same phase.

Constructing a normal cell from two electrodes:

Zn**(aq) + 2¢- — Zn(s) E®=-0.76 V

Mg**(aq) + 2e" — Mg(s)  E®=-237V

The more negative standard electrode potential is for magnesium so this

becomes the left-hand electrode.

Mg(s)| Mg**(aq)ll Zn**(aq)|Zn(s)
The overall EMF is:

Egpis — Frpgs =—0.76 = (~2.37) = +1.61V

or
Mg — Mg** + 2e” +2.37V
n* + 2e- — 7Zn -0.76V
Mg+Zn2‘*—*Mgl*‘+ Zn EMF =+1.61V

In real terms, this means that when magnesium is placed in a solution
containing zinc ions, the magnesium will displace the zinc ions to form
magnesium ions and zinc. Magnesium is more reactive than zinc.

This allows us to create a reactivity series: magnesium is more reactive
than zinc, which is more reactive than copper.

Remember: a positive EMF value for a cell indicates that a reaction given by
the overall cell equation is feasible. A negative EMF value for a cell indicates
that a reaction given by the overall cell equation is not feasible.
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EXAMPLE 3

Which one of the following species will oxidise iron(Ir)
to iron(m) in agueous solution.

Fed+(ag) + e — Fe?*lag] E2=+0.77V
A iodine lb+2e =217 +0.54V
= chlorine Clo+2e~ — 2C1° +1.36V
C copperli)ions Cu?*+2e” — Cu +0.34V
D nickellu) ions  Ni?*+2e~ — Ni -0.25V

Answer

For this question, the iron{u) ions are to be oxidised to
iron(in) ions so this must be the left-hand electrode.
The EMF will then be calculated for each of the
substances in A to D.

ForA: Fe?* [Fe¥|ll, |21~
EMF = +0.54 - [+0.77) = -0.23V

This is not feasible - iodine will not oxidise ironfu) ions
to ironlm) ions

For B: Fe?*|Fe*||CL, |2CI-
EMF = +1.36 - (+0.77) = +0.59V

This is feasible — chlorine will oxidise ironlu) ions to
iron(m) ions

For C: Fe*|Fe¥||Cu?* |Cu
EMF = +0.34 - (+0.77) = -0.43V

This is not feasible - copper (1) ions will not oxidise
iron(n) ions to ironli) ions

For D: FeZ*|Fe®*||NiZ* [Ni
EMF = -0.25 - (+0.77] = -1.02V

This is not feasible - nickel(n) ions will not oxidise
iron{i) ions to ironfm) ions.

Hence chlorine will oxidise ironlu) iens to ironlin) ions.

¢ e

EXAMPLE 4

The table below shows some standard electrode
potential data.

Electrode half equation E®/V

Mg®{aqg) + 2e~ — Mg(s] -2.37
Al**[ag) + 3e- — Allg] -1.66

Zn*(aq) + 2~ — Znls) -0.76
Fe?*[ag) + 2o~ — Fe[s] -0.44
V2*(ag) + 26~ — Vlg] -0.26
Ni#*(ag] + 2e~ — Nils] -0.25
2H*(ag) + 2~ — H,lg) 0.00

Cu?*laq] + 2e- — Culs) +0.34

1 Which species in the table above is the strongest

reducing agent? Explain your answer.

2 alUse the data in the table to deduce the equation
for the overall cell reaction of a cell which has an
EMF of +0.50V.

bl Give the conventional cell representation for this
cell.
c! ldentify the negative electrode.
4 A conventional cell representation is shown below:
Cr(sllCr¥*{aqg)lICu®*(aqg)ICuls]

The EMF of this cell is +1.08V. Use the data in the
table above to calculate a value for the standard
electrode potential of the chromium electrode.

Answer

1 The strongest reducing agent is most easily
oxidised.
Mg — Mg# + 2e- would have the most positive
value.
Mg is the strongest reducing agent
alZn — Zn? + 2e"
V2t 4+ 28" =V
overall equation: Zn + V¥ — Zn?* +V
The zinc and vanadium redox potentials show a
difference of 0.50 between the values, -0.76 V and
-0.26 V. When the zinc is reversed it gives +0.76 V
and -0.26 V is added to give +0.50 V.
blZn|Zn| V&V
¢l The negative electrode is where an oxidation
occurs. The negative electrode is the zinc
electrode.
3 Cu?*|Cu +0.34V
CriCr3*  +xV
=EMF =+1.08V
x=1.08-034=+0.74V
This is for the oxidation reaction [Cr — Cr3*+ 3e7)
Standard electrode potential for Cr¥* + 3e- — Cr=
-0.74V

P
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EXAMPLE 5 o
The table below shows some standard electrode Answers o
potential data. | Reaction 1: 0, + 4H* + 46~ — 2H,0 F®=+1.23V §'.
Reaction Electrode half equation E°/V Eeactmn 4 Btr; M ie_ : EZBF_ ER=+107Y i
1 O,lg) + 4H*(ag) + 4e~ — 2H,0[l)  [+1.23 OeieFH? Ti;—@ 2: nr:J ) o
2 0,lgl + 2H*[ag) + 26~ — H,0,(aq) |+0.68 &ér‘ — 2Br, + 4™ f ;"'
3 | 02lg] +2H,0[U) + 4e~ — 40H-(ag] | +0.40 Overall equation is: '5
4 | Brall) + 26 — 2Br-(aq] +1.07 4H* + 4Br + 0, — 2H,0 + 2Br, &
5 Ag*lag) + e~ — Agls] +0.80 The equation may also be written: 4HBr + 0, — 3
2H,0 + 2B |
1 A solution of hydrogen bromide reacts with EM:EF =++1 ;% 107 =4+0.16V §'
EEPRE oS 2 0,+2H +2e" = H,0,  E®=+0.68V =
Determine the overall equation for the reaction . Aé*: a- ; :g A Ee - :ﬂ 80V 'ﬁ'
which occurs and calculate the EMF of this reaction Reverse first equation and seconci equation x2 ;"'-"
using reactions 1 and 4 above. B0 — 0.5 ZH 4+ 2r ' O
2 Determine the overall reaction when a solution Qig*z ” 2_2.2_, 2Ag g
containing silverll] ions are added to hydrogen Overall equation is: g
peroxide solution. Calculate the EMF of this H,0, + 2Ag* — Oy + 2Ag + 2H* 2o
reaction. | | EMF = +0.80 - 0.68 = +0.12V
3 alUsing the standard electrode potentials, explain 3 2] E® (Br,|Br)>E®(Ag*|Ag)
- why silver reacts with bromine. bl Negative electrode is where oxidation occurs. Ag
blidentify the negative electrode. is oxidised to Ag*/silver electrode is the negative
electrode

m1‘#iiii#**iillii**#iiii**#iiii***iiii‘#*#iiii#i#iiiiit#iiiiit#*iiiii##iiiiii#iliiitt#iiiiittiiiiittiiliitttiiiiiit#iiiiiitililiitiiliiiitiiiiiiiiiiiii:
.

: TEST YOURSELF 3 :
1 A cellis set up using the following two electrodes:
i Fe*(ag) +e” — Fe? = (ag] E® = +0.77V Zn(ag) + 2e- — Zns) ~0.76
i Zn*(ag) + 2e- — Zn(s] E®=-0.76V 0,(g) + 4H*(aq) + 4e- — 2H,0(U) | +1.23
i a) Calculate the EMF of the overall cell. Clylg) + 2e- — 2Ct(aq] 1138
: bl Whjch electrode formg the positive electro_de? F,lg) + 26~ — 2F-(ag) +2.87
i ¢) Write an overall equation for the cell reaction. . | | |
i d) Write the conventional representation for the a) Name the strongest reducing agent from the |
: cell using platinum contacts for the Fe®*|Fe?* table above.

electrode. b) In terms of electrons, state what happens to a
: 2 A conventional representation of a cell is shown reducing agent in a redox reaction.
! below: c) Fluorine reacts with water, oxidising the oxygen
i Fels)|Fe?* (ag)lICu? (ag)ICuls] in water to oxygen. ;
! a) Write an equation to represent the oxidation i} Use data from the table to explain why
§ reaction in this cell, fluorine reacts with water. i
i b) Write an equation to represent the reduction i} Write an equation for the reaction which
reaction in this cell. occurs.
i ¢) Write an overall equation for the cell reaction. d) Zinc reacts with chlorine.
:  d) The EMF of this cell is +0.78V. The half equation i} Write a conventional cell representation for |
FeZ*(ag] + 2~ — Fe(s) has a standard electrode the reaction which occurs.
: potential of -0.44V. Determine the standard i) Calculate the EMF of this cell. :

electrode potential of the copper electrode.
3 The table below shows some redox half equations
with their standard electrode potentials.

FRRRRAFFFERRRFEF RN FIRRRTE TP IR RN T I PRI NRAIPE IR R AP RSN R R AT FR IR R AT FFRR AR FFR R RN A AR RN R I PP RER NI EF RN R T TR R AT AP PR R R R FRR RN AT RN R R R AR RFRR RN TI
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. Does the concentration of silver ions in

. a solution affect the electrode potential

. of a cell?

A silver chloride electrode is a type of reference

. electrode commonly used in electrochemical

. measurements. For example, it is usually the internal
i reference electrode in pH meters. Silver chloride

electrodes are also used in electrocardiography
. (ECG).

In a laboratory experiment a silver cell was set up as
. shown in the diagram below.

salt bridge ~— silver
rmetal ﬂ ] metal
Rl it l
e ¥ " =3
beaker A beaker B

The concentration of silver ions in the solution in
. beaker B was changed and the electrode potential
. recorded in the table below.

[Ag*]lin beaker [Ag*]lin beaker Electrode
A fmol dm™3 B/moldm™ Log[Ag*ly potential/V
0.1 0.00001 -0.200

0.1 0.0001 -0.150

0.1 0.001 -0.100

0.1 0.01 -0.050

0.1 0.1 0.000

1 Why is a salt bridge necessary in this experiment?
: 2 Suggest how the salt bridge may be made.
: 3 Explain why there is a zero voltage if the solutions

in both beakers are identical.

4 Why is a high-resistance voltmeter used in this

experiment?

5 Complete the table by calculating values for
Logl[Ag*lg and then plot a graph of Log [Ag¥lg
[x axis) against electrode potential [y axis).
Why is a log scale useful in this case?

6 How could you use this experiment to determine
the silver ion concentration of an unknown
solution?

Figure 5.5 Electrocardiogram [ECGJ electrodes
placed on a patient’s leg. The electrodes measure the
electrical activity of the heart and are also placed on
the chest and arms. The electrodes are silver/silver
chloride sensors made by coating a thin layer of silver
on plastic, and the outer layer is converted to silver
chloride.

o

TIP

Further information on plotting a
log graph is given on page 320 in
the mathematics for chemistry
chapter.

O Commercial applications
of electrochemical cells

Electrochemical cells can be used as commercial source of electrical energy.
They are commonly called cells or batteries. The electromotive force of the
electrochemical cell is the voltage of the cell or battery. The two electrodes

combine to produce the voltage. Some cells are non-rechargeable and
others are rechargeable.



cover
carbon rod
MnQO; paste

porous separator
zinc

ZnCl; paste

A typical non-rechargeable cell

(@

TIP

Try working out this overall
equation from the oxidation and
reduction reactions occurring in
the cell.

Primary cells are often referred to as single-use or disposable. The materials
in the cell cannot be regenerated by recharging. Some examples include
alkaline cells which are commonly used in torches. Secondary cells are
able to be recharged and the original reagents in the cell regenerated by
recharging. These include the lead-acid batteries used in cars and the
rechargeable lithium ion and nickel metal hydride cells used in many
electronic devices such as mobile phones.

Non-rechargeable cells

Common examples of non-rechargeable cells include alkaline batteries and
dry cells. These are called primary cells which can only be used once and
then discarded.

The diagram shows a non-rechargeable cell.

The porous separator allows ions to pass through it. The carbon rod is
made of graphite as it conducts electricity and allows the movement of
the electrons through it. The zinc is used as a container for the cell but the
cell leaks after being used for a long time as the zinc is used up. The zinc
becomes compromised and the contents may leak out of the cell.

At the negative electrode, oxidation occurs:
Zn(s) — Zn2+(aq} + 2e”

At the positive electrode, reduction occurs:

MnO,(s) + H,O(1) + e~ — MnO(OH)(s) + OH"(aq)

The standard electrode potentials for the reduction reactions are given as:
MnO,(s) + H,O(l) + e — MnO (OH)(s) + OH (aq)  E® =+0.74V
Zn**(aq) + 2e~ — Zn(s) E®=-0.76V

The overall EMF of this cell is: +0.74 + 0.76 = 1.50V.

This is the voltage provided by this cell.

The oxidation state of the zinc in the oxidation reaction changes from 0
in Zn to +2 in Zn**. The manganese is reduced from +4 in MnO, to +3 in
MnO(OH).

The overall reaction when the cell discharges is:

Zn(s) + 2MnO,(s) + 2H,0(1) — Zn?*(aq) + 2MnO(OH),(s) + 20H(aq)
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As Ag,0 and Ag are in the same
state, they should be separated
by a comma rather than a phase
line (]]. If state symbols are
required, the answer would be

EXAMPLE 6

The zinc-silver(l) oxide cell is non-rechargeable. It may be used as a
source of electrical energy.

Using the following standard electrode potentials:

Zn [aqg) + 2~ — Znls) E®=-0.76V

Ag,0(s] + 2H* [ag) + 2e~ — 2Ag(s) + H,0[l)  E® = +0.34V

1 Write the cell notation of the cell used to represent the zinc-silver(1)
oxide cell.

Znls)|Zn?* [aq]llAg,0ls), Aglgl.

2 Which half equation forms the negative electrode of this cell?
4 Calculate the EMF of this cell.
4 Write an overall equation occurring when this cell is discharging.

Answers
1 Zn1Zn** || Ag;0, Ag
2 The negative electrode is where oxidation occurs. The negative
electrode is the zinc electrode as zinc is oxidised.
3 EMF=+0.34+0.76=1.10V
4 Znls) — Zn? [aq) + 2e”
Ag,0ls] + 2H* lag] + 2e~ — 2Ag(s) + H,Oll]
Combining these:
Znls) + Ag,0ls) + 2H* [ag] — Zn?* [aqg] + 2Agls] + H,0(l)

Non-rechargeable cells cannot
be recharged as the reaction that

occurs is not reversible.
I

Rechargeable cells

Rechargeable cells (often called secondary cells) can be used many times.
There are many types of these such as the nickel-cadmium cell and the
lithium ion cell.

Nickel-cadmium cell
In this cell the standard electrode potentials are:

Cd(OH),(s) + 2e~ — Cd(s) + 20H(aq) E® = -0.88V

NiO(OH)(s) + H,O(l) + - — Ni(OH),(s) + OH(aq) ~ E®=+0.52V

For the cell to work, the Ni is reduced from +3 in NiO(OH); to +2 in
Ni(OH), and the Cd is oxidised from 0 in Cd to +2 in Cd(OH),. This gives
a positive EMF for this cell. The EMF is +0.52 + 0.88 = +1.40V.
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At the negative electrode, oxidation occurs:

Cd(s) + 20H(aq) — Cd(OH)(s) + 2e~

At the positive electrode, reduction occurs:

NiO(OH)(s) + H,O(l) + e~ — Ni(OH),(s) + OH~ (aq)
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TIP

The reaction that recharges
a rechargeable cell is the
reverse of the reaction which
discharges it.

The overall reaction occurring when the cell is discharged is:

Cd(s) + 2NiO(OH)(s) + 2H,0(1) — Cd(OH),(s) + 2Ni(OH), (s)

When the cell is recharged the reaction above is reversed to regenerate the
reagents:

Cd(OH), (s) + 2Ni(OH), (s) — Cd(s) + 2NiO(OH)(s) + 2H,0O(1)

Rechargeable cells are more environmentally advantageous as they can be
reused and prevent waste. Supplies of the metal and other reagents are not
depleted as quickly and less energy is used to extract metals.

Lead-acid cell
The lead-acid cell is the cell used in cars and other vehicles. It is recharged

as the vehicle moves. Sulfuric acid is used to provide the acid in these types
of battery

The half equations for the reaction are:
PbO,(s) + 3H*(aq) + HSO3(aq) + 2¢” — PbSO, (s) + 2H,0(1) E®=+1.69V

PbSO,(s) + H*(aq) + 2e- — Pb(s) + HSO.(aq) E® =-046V
At the negative electrode, oxidation occurs:

Pb(s) + HSO (aq) — PbSO4(s) + H*(aq) + 2e”
At the positive electrode, reduction occurs:

PbO,(s) + 3H*(aq) + HSOz(aq) + 2¢~ — PbSO4(s) + 2H,0(1)
The overall reaction occurring when the cell is discharged is:

PbO,(s) + 2H*(aq) + 2H503(aq) + Pb(s) — 2PbSO4(s) + 2H,0(1)

When the cell is recharged the reaction above is reversed to regenerate the
reagents:

2PbSO, (s) + 2H,0(l) — PbO, (s) + 2H* (aq) + 2HSO, (aq) + Pb(s)
At the negative electrode, Pb is oxidised from 0 in Pb to +2 in PbSO,.
At the positive electrode, Pb is reduced from +4 in PbO, to +2 in PbSO,.

The formation of lead(n) sulfate can be a problem if a lead-acid cell is
discharged for long periods of time. The insoluble lead(n) sulfate build up
in the cell and the cell cannot be recharged.

Lithium 1on cell

Rechargeable lithium ion cells are rechargeable and often used to provide
electrical energy for cameras, laptops, tablets and mobile phones.

The positive electrode (cathode) in the cell is represented by the half
equation:

Li* + CoO, + e~ — Li*[CoOs]~ reduction

The negative electrode (anode) is represented by the half equation:

Li— Lit+e oxidation
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TIP

Remember to use NEGATOX to
identify the negative electrode
as the electrode atwhich an

oxidation occurs.
S =——=———=Si——=a s

The overall cell may be written as:
LilLi*lILi*, CoO,ILiCoO, Pt
The overall reaction is found by combining the half equations:

Li + CoO, — Li*[Co0,]-
At the negative electrode, lithium is being oxidised from 0 in Li to +1 in Li*,

At the positive electrode, cobalt is being reduced from +4 oxidation state in
Co0; to +3 oxidation state in LiCoO,.

The reactants in this electrochemical cell are absorbed into graphite powder
which acts as a support medium. The ions are able to react in this support
medium without the need for a solvent such as water. Water could not be

used as it reacts with lithium.

Fuel cells

® A fuel cell is an electrical cell which converts the chemical energy of a
redox reaction into electrical energy. The cell will continue to function as
long as the fuel and oxygen are supplied to it.

® The most common fuel cells use hydrogen or ethanol as the fuel though
hydrocarbons may also be used.

® Oxidation occurs at the anode and the electrons released travel through a
wire and into the external circuit.

® The central electrolyte allows ions and molecules to move through it
but not electrons. The ions react with another substance and this is the
reduction reaction which takes electrons from the external circuit.

® The oxidation and reduction reactions are both catalysed.

Hydrogen fuel cell

The hydrogen tuel call can operate in acidic or alkaline conditions. In
the acidic hydrogen fuel cell this oxidation is the reverse of the following
standard electrode potential:

2H* (aq) + 2e- — H,(g) E% = 0.00V

The oxidation reaction at the negative electrode (anode) is:
H,(g) — 2H*(aq) + 2e-

The reduction reaction at the positive electrode (cathode) is:
O,(g) + 4H*(aq) + 4e- — 2H,0() E®=+1.23V

The overall reaction is:

2H,(g) + O5(g) — 2H,0() EMF = +1.23V,

The cell notation for a hydrogen fuel cell operating in acidic conditions is:

Pt/H,(g)IH*(ag)lO,(g)IH*(aq), H,ODIPt



Electric current flowing The diagram on the left shows these processes:
in external circuit . _— ‘ _
' In the alkaline hydrogen fuel cell, the oxidation reaction at the anode is the

Hydrogen fuel cell in acidic
conditions 2H,(g) + O5(g) = 2H,0(1) EMF = +1.23V.

The conventional cell representation for a hydrogen fuel cell operating in

_ alkaline conditions is:

S

Hyin  |& i T reverse of the following standard electrode potential: %
= . -~ 2H,0(1) + 2¢- — Hy(g) + 20H- (aq) E® = -0.83V g
e ' H,0 =

’ o el The oxidation reaction at the negative electrode (anode) is: %

H, a | [0 H,(g) + 20H" (aq) — 2H,0(1) + 2e- =
> |Unused g

gases The reduction reaction at the positive electrode (cathode) is: =

R H20| out S,
= . 0,(g) + 2H,0(D) + 4e~ — 4OH-(aq) E® =+0.40V =
Anode | ctl e Cathode . 5
. o The overall reaction is: o

0

>

0

;-

5

.
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TIP

The overall reaction is the same Pt|H,(g)IOH(aq), H,OMI|0,(g)|H,O(1), OH (ag)|Pt

so the EMF is the same for both

the acidic hydrogen fuel cell and Commercial alkaline hydrogen fuel cells use platinum electrodes in contact

the alkaline hydrogen fuel cell. with concentrated aqueous hydrogen hydroxide. Porous platinum is used to
NS

give a larger surface area.

Fuel cells do not have to be recharged as the fuel is supplied continuously
to the cell so the voltage output does not change. However, fuel cells

use fuels that may have been produced using an energy source that is

not carbon neutral. Ethanol fuel cells can use ethanol produced from
fermentation of crops, which are regarded as carbon neutral as the CO,
produced in the fuel cell is captured again during photosynthesis to
generate the carbohydrates used to make the ethanol.

Ethanol fuel cell
Ethanol oxygen fuel cells are used an as alternative to the hydrogen fuel cell.

Ethanol is oxidised in the fuel cell to carbon dioxide and water. The overall
reaction 1s:
C,H,OH( + 30,(g) — 2CO,(g) + 3H,0()

The oxidation reaction occurring at the negative electrode (anode) reaction
is:

C,HOH(1) + 3H,0(1) = 2CO,(g) + 12H* (aq) + 12¢

The reduction reaction occurring at the positive electrode (cathode) is:

12H* (aq) + 30,(g) + 12e~ — 6H,0(1)
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EXAMPLE 7

The EMF of the ethanol fuel cell is +1.00V. The standard electrode
potential of the following reaction is:

2C0,(g) + 12H* [ag) + 126~ — C,H:OH(l) + 3H,0[)  E®=+0.23V
Calculate the standard electrode potential of the following reaction:
4H*(ag) + O,(g) + 48~ — 2H,0(l)

Answer
The oxidation reaction is the reverse of the first reaction:

C,HsOHI(L] + 3H,0(l] — 2C0,(g) + 12H* [ag) + 12e~
The reduction reaction is:
12H* (ag) + 30,lg] + 12e~ — 6H,0(l)
The EMF is the total of the oxidation and reduction potentials.
Reduction potential = to be determined = x
Oxidation potential = -0.23V
EMF = 1.00V = x + [-0.23]
x =+1.23V

Standard electrode potential is +1.23V

©

EXAMPLE 8

The EMF of the methanol fuel cell is +1.21V. The standard electrode
potential of the following reaction occurring at the positive electrode is:

4H*(aq) + Oylg) + 4~ — 2H,0(L] E®=+1.23V

1 Write an overall equation for the reaction occurring in the fuel cell.

2 Write an equation for the reaction occurring at the negative electrode.

2 Calculate the standard electrode potential for the reaction occurring at
the negative electrode.

Answer

1 The overall reaction is the oxidation of methanol:
CH30H + 130, — CO, + 2H,0
2 The basic equation is:
CH;0H + H,0 — CO, + H* + &~
It is balanced by balancing the atoms and the electrons balance the
charge.
CH40H + H,0 — CO; + 6H" + be”
The EMF is the total of the oxidation and reduction potentials.
Electrode potential to be determined = x
Reduction potential = +1.23V
EMF=121V=123-X
X =+0.02V
Standard electrode potential as a reduction = +0.02V
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TEST YOURSELF 4
1 The reactions which occur in a lithium ion cell are:
Reaction A: Li*+ Co0, + e~ — Li*[Co0,I-
Reaction B: Li— Li"+e”
a) Write an overall equation for the reaction occurring in the
Lithium ion cell.
b) Which reaction [A or B) occurs at the electrode which is the
negative electrode in this cell? Explain your answer.

2 Explain why the voltage produced by a hydrogen fuel cell remains
constant whereas that of a lead-acid cell decreases eventually after
continued use.

3 The conventional representation of the hydrogen fuel cell operating
in acidic conditions is:

PtiH,lglIH* [agll|O,(glIH* (ag), H,O[UIPt
a) Write an equation for the oxidation reaction which is occurring.
b} Write an equation for the reduction reaction which is occurring.

c] Write an overall equation for the reaction in the fuel cell.
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P ra Ctl ce q u est i ons B 3 Use the tollowing data to predict which of the
reactions listed below will proceed as written.
0 1 Which one of the following statements about e
the standard hydrogen electrode is incorrect?
| , Cr** + 3¢~ — Cr -0.74
A the hydrogen gas is at a pressure of 100kPa
‘ Fe?* + 2e~ — Fe -0.44
B the value of F® is 1.00V
Fe** + 2e~ — Fe?* +0.77
C the hydrogen ion concentration in solution
15 1. 00mol dai> Cr,OF + 14H* +6e- — 2Cr** + TH,O  +1.33
D the temperature is 298K (1) BrO3 + 6H* + 5¢™ — ';‘ Br, + 3H,0 +1.52
2 Using the standard electrode potentials below, A 2Cr** + THYO + 3Fe** — Cr,0f+ 14H"* + 3Fe
chous? the reducing agent capable of r-e.du-c:ing B % Br, + 3H,0 + SFe® — S5Fe?* + BrO; + 6H* + S~
vanadium from the +5 to the +3 oxidation
state but not to the +2 state. C Cr,0f + 14H" + 2Cr — 4Cr’* + TH,0
o D Br, + 6H,0 + 5Fe?* — 2BrO3 + 12H* + 10e~ + 5Fe
(1)
Zn**(aq) + 2e” — Zn(s) -0.76 |
B 4 V¥*(aq) + e~ — V¥*aq) E®=-0.26V
Fe?*(aq) + 2e~ — Fe(s) ~0.44
g z+ a) Draw a labelled diagram of the apparatus
Vi aq) + & — V¥*(ag) -0.26 which could be connected to a standard
SO3-(aq) + 4H*aq) + 26~ — 2H,0() + SO,(g)  +0.17 hydrogen electrode in order to measure the
standard electrode potential of the V3*/v3+
VO*{(aq) + 2H*(ag) + e~ — V3¥*(aq) + H,O(1) +0.32 alastredi:
Li(aq) + 2™ — 2I7(aq) +0.54 b) In your diagram, show how this electrode
VO3 (aq) + 2H*(aq) + e~ — VO*(aq) + H,0() +1.00 is connected to the standard hydrogen

electrode and to a voltmeter. Do not draw

A iodide ions B iron the standard hydrogen electrode.

C sulfur dioxide D zinc (1)
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¢) State the conditions under which this cell
should be operated to measure the standard
electrode potential. (5)

5 For the conventional representation of a cell
shown below:

PtlFe?*(aq), Fe**(aq)lIMnO3(aq), Mn?*(aq)IPt

a) State which electrode is the negative
electrode and explain your answer. (2)

b) Write the half equation representing the
oxidation and reduction reactions in this
cell and combine these to write an overall
equation for the cell reaction. 3)

¢) The EMF of this cell is +0.74V. The
standard electrode potential of the
manganate(vit)/manganese(i) cell is +1.51V.
Calculate a value for the standard electrode
potential of the Fe?*/Fe®* electrode. @)

6 The half equations for two electrodes used to
make an electrochemical cell are shown below:

ClO3(aq) + 6H*(aq) + 6e~ — Cl-(aq) + 3H,O()
E? =4+1.45V

VO3 (aq) + 2H*(aq) + e~ — VO?*(aq) + H,O(1)
E® =+1.00V

a) Write the conventional cell representation
for the cell using platinum contacts. 2

b) Write an overall equation for the cell
reaction. (1)

¢) Identify the oxidising agent and the

reducing agent in this reaction. 2)
d) Calculate the EMF of the cell. (1)
e) Identify the negative electrode. (1)

7 The table below shows some standard
electrode potentials:

Electrode half equation E®/V
Au*lag) + e= — Auls] +1.68
Clylg) + 2e- — 2CI- (aq) +1.36
0,lg) + 4H*[aq) + 4~ — 2H,0[l) | +1.23
Ag*lag) + e~ — Agls] +0.80
Fe3*lag) + e~ — Fe?*[aq) +0.77
Cu?(aqgl + 2e- — Culg] +0.34
Fe?* [aqg) + 2e~ — Fels] -0.44
Zn?*(aql + 2~ — Znlsg) -0.76

a) Au* ions react with water.

i) Use data from the table to explain why
Au* ions react with water. (1)

ii) Write an equation for the reaction
which would occur between Au* ions
and water. (1)

iii) Write a conventional cell
representation of this cell. (2)

b) Silver nitrate solution is used to test for the
presence of halide ions.

i) Explain why a redox reaction does not
occur when silver(1) ions are mixed with
a solution containing chloride ions. (1)

ii) What is observed when a solution
containing silver(1) ions is added to a
solution containing chloride ions? (1)

iii) Write an ionic equation for the
reaction between silver(1l) ions and
chloride ions.

(c) Predict the products of the following
reactions and write equation(s) to
represent the reactions which occur.

i) Zinc metal is placed in a solution
containing Fe** ions. (3)

ii) Iron metal is placed in a solution
containing Ag* ions. 3)

iii) Copper metal is placed in silver(1)
nitrate solution. (3)

B 8 The diagram below shows an electrochemical

cell:
()
L \_/
platinum — Cu (s)
e ! B, S , ! b
solution containing 1.0 0 mol dm=3
1.0 0 moldm™3V2* jons CusO, (aq)

and
1.0 0moldm=3 3+ ions



The standard electrode potentials are:

'V'?""[aq) + e — Vz*(aq) EF® =-0.26V

Cu?*(aq) + 2e- — Culs) E®=+0.34V
a) i) Write a conventional cell

representation for this cell. 2)
ii) What is represented by A? (1)
iii) Explain why electrons flow

from left to right in this cell. (2)
iv) Calculate the EMF of this cell. (1)

v) Write an overall equation for the
reaction occurring in this cell. (D

b) The copper electrode is replaced by a

platinum contact in a solution containing
VO# ions and VO?*ions both of
concentration 1.00moldm=3.

The EMF of the cell using a high-resistance
voltmeter is determined to be +1.26'V.

i) Determine a value for the standard
electrode potential for the VO3 [VO2+
electrode. 2)

ii) Write an overall equation for the
reaction which occurs in the cell. (2)

B 9 The conventional cell representation for
a hydrogen fuel cell operating in alkaline
conditions is:
Pt|H,(g)|OH(aq), H,OM|O,(g)/H,O(), OH (aq)|Pt
a) Write an equation for the oxidation reaction
occurring in the fuel cell. (1)

b) Write an equation for the reduction
reaction occurring in the fuel cell. (1)

c¢) Write an overall equation for the reaction
occurring in the fuel cell. (1)

d) The EMF of the hydrogen fuel cell is
+1.23V. The standard electrode potential
for the positive electrode is given below:

O,(g) + 2H,0(1) + 4e — 40H (aq) E® =+0.40V

i) Calculate a value for the standard
electrode potential for the other
electrode. 2)

ii) Explain why fuel cells maintain a
constant voltage. (2)

Stretch and challenge
10 A table of standard electrode potentials is

given below:

Half electrode equation ES/V
Zn?*(aq) + 2e- — Znls] -0.76
Fe?t[ag) + 2e- — Fel(s] -0.44
Sn?{aq) + 2e~ — Snls) -0.14
Fe¥*(ag) + e~ — Fe?*(aq) +0.77
Cr,0%(aq) + 14H*(aqg] + be~ —

2Cr3+(ag) + 7H,0(U <Rl

a) 1) Using the table above, write the formula

for the strongest oxidising agent. (D

ii) Describe, without the use of a diagram,
how the standard electrode potential
of the dichromate(vi)/chromium(im)
electrode could be determined. (4)

iii) Write the equation for the cell reaction
when the dichromate(vi)/chromium ()
and Fe** (aq)/Fe (aq) half cells are
combined. (2)

b) Tin plate is used to prevent rusting of

c) i

steel cans. Rusting is promoted if the tin
is scratched and the steel is exposed. An
electrochemical cell is set up between the
iron and tin.

i) Calculate the EMF of this cell. (1)

ii) Write conventional cell representation
for this cell. (2)

i) Explain using the standard electrode
potentials how galvanising (coating in
zinc) could prevent iron from rusting
even if the coating is scratched. 2)

ii) Write an overall equation for the
reaction which occurs when the zinc
coating on a piece of galvanised iron is
scratched. (D
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I 6 Wl Acids and bases

PRIOR KNOWLEDGE

® Acids are compounds that dissolve in water to produce hydrogen ions.

@ Hydrogen ions are H.

@ Hydrochloric acid [HCL], sulfuric acid [H,50,) and nitric acid [HNO,]
are strong acids.

@ Ethanoic acid [CH,COOH] is a weak acid.

® The pH scale gives a numeric value that measures the strength of an
acid or base [alkali]; the scale at a simple level goes from 0 to 14.

® A pHvalue of 7 is neutral.

@ pH values <7 are acidic; 0-2 are pHvalues for strong acids; pH values
>2 and <7 are for weak acids.

@ A base is a substance that reacts with an acid producing a salt and water.

@ Alkalis are soluble bases.

® Alkalis dissolve in water to produce hydroxide ions.

® Hydroxide ions are OH™

® The ionic equation for neutralisation is H+(ag] + OH-lag] — H,0ll]

® In general, pH values >7 are alkaline; 12-14 are pH values for strong
alkalis; pH values >7 and <12 are for weak alkalis.

® Bases [and alkalis) react with acids forming salts.

@ Sodium hydroxide and potassium hydroxide solutions are strong alkalis.

@ Sulfuric acid forms salts called sulfates; hydrochloric acid forms
salts called chlorides; nitric acid forms salts called nitrates; ethanoic

acid forms salts called ethanoates. :
ti‘lﬂtttttf'itititttiillllliiitt1!t!#i#illtt#ti###t##tt!ittt#i####itt..#t#!*f‘!’ittttt!lﬂ!i—
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TEST YOURSELF ON PRIOR KNOWLEDGE 1
1 From the following acids:
H,S0, HCL  HNO; CH4COOH
a) Name each acid.
b) Which one of the acids is a weak acid?
2 From the following bases:
NaOH CuO KOH  MgO
a) Which two bases are also alkalis?
b) Name the salt formed when CuO reacts with H,50,.
c) Name the salt produced when MgO reacts with HCL.
3 Solution A has a pH of 9

Solution B has a pH of 1
Solution C has a pH of 14

Solution D has a pH of 7
Solution EhasapHof b

a) Which solution is neutral?

b) Which solution is a weak acid?

c) Which solution is a strong altkali?
d) Which solution is a weak alkali?
e) Which solution is a strong acid?
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Many of the reactions studied in chemistry involve those of acids

and bases. Acids are important in many industrial processes from the
manufacture of fertilisers, dyes, explosives, pharmaceutical drugs to
paint and pigments. Bases are used in household cleaning products,
soap manufacture, in the refining of crude oil and the manufacture of
explosives and fertilisers.

Bronsted-Lowry theory of acids and
bases

The Brensted-Lowry-Lowry definition of acids and bases depends on
protons. A hydrogen ion, H*, is a proton so the term hydrogen ion and
proton are interchangeable.
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@ A Bronsted-Lowry acid is defined as a proton donor.
® A Bronsted-Lowry base is defined as a proton acceptor.

Strong and weak acids and bases

Acids (and bases) may be classified as strong or weak depending on the
degree to which they are dissociated in solution.

Strong acids and strong bases are completely dissociated in aqueous
solution.

Weak acids and weak bases are slightly dissociated in aqueous solution.

Strong acids

The strong acids most commonly used are hydrochloric acid (HCI), sulfuric
acid (H,SO,) and nitric acid (HNO;).

Strong acids are usually covalent molecules that dissolve in water and
dissociate (or ionise) completely.

Acidic hydrogen atoms in a molecule are the hydrogen atoms which will
produce H*(aq) or protons when the acid dissolves in water.

The acidic hydrogen atoms are often bonded to electronegative atoms such
as oxygen, fluorine and chlorine. In oxy-acids like sulturic acid and nitric

acid, the acidic hydrogen atoms are bonded to oxygen atoms.




to show that the
dissociation is
complete

All acids produce
H*(aq) ions

H—Cl + (ag) — H*(ag) + Cl(ag)

|

Covalently | Added || Hydrochloric acid forms
bonded to water || salts called chlorides as

hydrogen
chloride

' & ACIDS AND BASES

this is the anion which
remains in solution

acidic hydrogen
atoms

H—0 O
s '\‘54’/

acidic hydrogen atom

Hydrogen chloride gas dissolves in water to form hydrochloric acid.
Normally the ‘+(aq)’ is left out of the equation.
The equation on the left can be simplified to:

HCl — H* + CI-

All of the HCI molecules in solution dissociate into ions. This makes
hydrochloric acid a strong acid as it dissociates completely.

Hydrochloric acid is described as a strong monoprotic acid as 1 mol of
hydrogen chloride produces 1 mol of H*(aq).

Sulfuric acid is H,SO,. It has the structure:
H,50, — 2H* + SOZ-

Sulfuric acid dissolves in water and dissociates completely (or ionises
completely).

This makes sulfuric acid a strong acid as it ionises (or dissociates)
completely.

Sulfuric acid is described as a strong diprotic acid as 1 mol of sulfuric acid
produces 2 mol of hydrogen ions (protons).

Weak acids

The most common weak acid is ethanoic acid (CH,COOH). Most
carboxylic acids are weak acids.

Weak acids are usually covalent molecules which dissolve in water and
dissociate (or ionise) slightly.

Acidic hydrogen atoms in a molecule are the hydrogen atoms which will
produce H*(aq) or protons when the acid dissolves in water.

The acidic hydrogen atoms are often bonded to electronegative atoms such
as oxygen, fluorine and chlorine. In ethanoic acid the acidic hydrogen atom
is the one bonded to the oxygen atom. The other hydrogen atoms bonded
to carbon are not acidic hydrogen atoms.

The structure of ethanoic acid is:

A reversible arrow All acids produce
is used to show H*(aq) ions

that the dissociation

is not complete

CH3;COOH(ag) + (ag) = H*ag) + CH3COOTag)

Covalently| |Added to | | Ethanoic acid forms salts
bonded water called ethanoates as this
ethanoic | is the anion which is
acid presenit in the solution




Normally the ‘+(aq)’ is left out of the equation.

The above equation can be simplified to:
CH,COOH = H* + CH,COO~

Only some of the CH,COOH molecules in solution dissociate into ions.
This makes ethanoic acid a weak acid as it dissociates slightly.

Ethanoic acid is described as a wealk monoprotic acid as 1 mol of ethanoic
acid could produce 1 mol of H*(aq) if it dissociated completely.

Bases and alkalis

Any substance that reacts with an acid and accepts a proton from the acid is
classified as a base.

An alkali is any substance which produces hydroxide ions, OH™ (aq), when
they are in aqueous solution.
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All alkalis are bases but not all bases are alkalis.

Some substance can act as a base but they are not soluble in water and so
do not produce hydroxide ions, OH™ (aq) in aqueous solution.

For example copper(n) oxide acts as a base when it reacts with acid. The
acid donates protons to the oxide ion to form water.

0?- + 2H* = H,0

In this way the oxide ion, O%, in the copper(i1) oxide can act as a base as
it accepts protons. However, copper(il) oxide does not dissolve in water
and so does not produce hydroxide ions, OH-(aq), in aqueous solution.
Copper(1) oxide is a base but it is not an alkali.

Sodium hydroxide acts as a base when the hydroxide ion reacts with acid
and accepts a proton to produce water:

H*(aq) + OH-aq) — H,0(D)

Sodium hydroxide also dissolves in water and produces aqueous hydroxide

e ions, OH(aq). Sodium hydroxide is also an alkali.
CuO
MgO Strong bases
alis
KCH A strong base is completely dissociated in aqueous solution.
NHy  CalOH); ; ;
Fe;03 ¥ e The strong bases most commonly used are sodium hydroxide and
potassium hydroxide.
Figure 6.1 This diagram shows the Strong bases are usually ionic compounds which dissolve in water and

distinction between the terms base and  dissociate (or ionise) completely:
alkali. As all alkalis are bases, we will e b G ;
use the term base for all substances Strong bases produce hydroxide ions OH~(aq) if the base dissolves in water.

discussed in this unit.

A full arrow is used When a base dissolves
to show that the in water it produces
dissociation is hydroxide ions, OH (ag)
complete |

NaOH(s) + (ag) — Na*(ag) + OH(ag)
Sodium | |Added to || Sodium hydroxide forms
hydroxide | |water sodium salts as this is the

cation which is present in
the solution




Normally the ‘+(aq)’ is left out of the equation.
The above equation can be simplified to:

NaOH — Nat + OH~-

All of the NaOH added to water dissociates into ions. This makes sodium
hydroxide a strong base as it dissociates completely.

Weak bases

A weak base is slightly dissociated in aqueous solution.
The weak base most commonly used is ammonia.

Weak bases are often covalent substances which dissolve in water and
dissociate (or ionise) slightly.

Weak bases produce hydroxide ions OH~(aq) if the base dissolves in water.

is used to show in water it produces
that the dissociation hydroxide ions, OH(ag)
is slightly complete

NH3(g) + HxO(l) = NHj(ag) + OHTaq)

A reversible arrow |When a base dissolves

Ammonia | | Added to| | Ammonia forms
water ammaonium salts as this

Figure 6.2 Have you ever found hair is the cation which is
blocking the plug hole and water pipes? feessntin Hiesoubion
Pouring sodium hydroxide drain cleaner

down the drainwill help. This strong The ‘+ H,O(1)" is required in this equation as it is the source of hydroxide
base will hydrolyse the proteins in hair ions, OH (aq).

and help unblock clogged pipes.

The state symbols may be left out of the equation to simplify it:
NH, + H,0 = NH} + OH-

Only some of the NH; added to water dissociates into ions. This makes
ammonia a weak base as it dissociates (or ionises) slightly.

Equations for acid dissociation

The equations for acid dissociation may be written including water.

The simplified equation for the dissociation of hydrochloric acid is given as:
HCl — H* + CI-

This can be rewritten including water as:

HCl + H,O — H,0* + CI-
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H,0O* is the hydronium ion or hydroxonium ion or oxonium ion. It is
the ion formed when acids react with water. All three names are used
hydronium would be the most common.

This better represents the acid—base reaction as it shows the acid donating a
proton to the water and water accepting a proton and acting as a base.

However, for the majority of calculations involving acids, the simplified
equation is used.
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TIP

Water can act as both a
Brensted-Lowry acid and base.
Other species can do this as well
such as the hydrogenphosphate
ion, HPOZ", dihydrogenphosphate
ion, H,PO; and the

hydrogencarbonate ion, HCO;.

For ethanoic acid the simplified equation is given as:
CH,COOH = CH,COO~ + H*

and the equation for the reaction with water is:
CH,COOH + H,0 = CH,COO- + H,0*

Again the simplified equation is perfectly suitable for calculations involving
weak acids like ethanoic acid.

Identifying Bregnsted-Lowry acids and bases

The English chemist Thomas Lowry and the Danish chemist Johannes
Bronsted both independently proposed the same definitions for acids and
bases in 1923. This is usually referred to as the Brensted-Lowry theory of
acids and bases.

It is important to be able to identify Brensted-Lowry acids and bases in a
reaction.

The Brensted-Lowry acid is the proton donor and the Brensted-Lowry base
the proton acceptor in the reaction.

This best applies to reversible reactions in which one molecule or ion
donates a proton and one molecule or ion accepts a proton.

EXAMPLE 1
In the following reaction:

NHy + H,0 &= NHj; + OH™
NHj; accepts a proton to become NHj.
NHj acts as a Brgnsted-Lowry base.
H,0 donates a proton.

H,0 acts as a Brensted-Lowry acid.

EXAMPLE 2
In the following reaction:

CH;CO0H + H,0 = CH3;C00™ + H;07
H,0 accepts a proton to become H;0%.
H,0 acts as a Brensted-Lowry base.
CH;COOH donates a proton.

CH5COOH acts as a Brensted-Lowry acid.

O—h

pH (always written with a small p and a capital H) is a logarithmic scale
which gives a measure of the H* concentration, in moldm~, in a solution.

The H in pH relates to the hydrogen.
Neutral solutions have a pH value of 7.00 at 25°C.




Acidic solutions have a pH of less than 7.00 and alkaline solutions have a
pH of greater than 7.00.

An alkali is a soluble base and when bases dissociate in solution they are

called alkalis.
Calculating pH from [H*]

The following expression is used to calculate pH from the concentration of
hydrogen ions.

pH = -log,4[H?]

® In this expression, [H*] represents the concentration of H* ions in
solution measured in moldm™.

® Log,, is often written log so pH = -log|H*| is common. The square
brackets are essential to indicate the concentration of the hydrogen ions.

Figure 6.3 Dipsticks as shown in the
photo above are used by doctors to
measure the pH of urine. Urine pH
normally ranges between 2.5 and 8. [H*] = 10¢-PH)

High acidity can indicate diabetes and

high alkalinity can indicate urinary tract  The H in pH relates to the hydrogen ion concentration but the origin of

To calculate the hydrogen ion concentration from the pH, reverse the
calculation:

infections or kidney stones. the p is disputed. The term was first used by Serenson in the Carlsberg
Laboratory in 1909 and was supposed to mean ‘power’ of hydrogen which
_ would relate to the logarithmic scale. However it has also been called
TIP ‘potential of hydrogen’. For our purposes, pH means -log,,[H*].
logyg is the standard log button .
on your calculator. Shift log will pH of strong acids

access the antilog function which
may appear as 10%, Try a few
calculations to make sure you

The diagram below shows the links between concentration of the acid,
lacid], concentration of hydrogen ions, [H*], and pH for a strong acid.

can convert from [H*] to pH and Monoprotic acids like hydrochloric acid and nitric acid have a proticity of 1,
from pH to [H*]. A [H*] of 0.0100 whereas diprotic acid like sulfuric acid have a proticity of 2.
moldm=3will give a pH of 2.00. " - 2
A pH of 4.50 will give a [H*] of —_ x proticity ofacid _____ pH=-logygH']
3.16 x 109 moldm-3. [Acid] |4 G 2
+ proticity of acid [H*] = 106=PH)
EXAMPLE 3

Calculate the pH of 0.0500mol dm~3 hydrochloric acid.
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Answer
For strong monobasic acids, the proticity is 1 so

[H*] = 1 x [acid]
HCl— H™ + Cl-
If [HCLU = 0.0500 moldm=2 then [H*] = 0.0500 moldm—

pH = -log,,[H*] = ~log(0.05]
= 1.30 (to 2 decimal places)
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EXAMPLE 4 T

Calculate the pH of 1.00 moldm=3 sulfuric acid.

Answer
For strong diprotic acids, the proticity is 2 so [H*] = 2 x [acid]

H,S0; — 2H* + SO%
If [H,50,] = 1.00moldm then [H*] = 2.00 moldm™

pH = -log[H*] = -log(2.00]
=-0.30 [to 2 decimal places)

(@

TIP

pHvalues are normally given between U and 14, but values below 0 are
possible for very high [H*]. Values above 14 are also possible for very high
hydroxide ion concentrations [OH-]. pH values are almost always quoted
to 2 decimal places.

Figure 6.4 When universal indicator is added to a solution,
it changes colour depending on the solution’s pH. The tubes
contain solutions of pH 0 to 14 from left to right.

Determining concentration of an acid from its pH
If you are given the pH of a strong acid you can calculate the concentration
of the hydrogen ions and so the concentration of the acid.

o=l

T EXAMPLE 5

Determine the concentration, in moldm=3, of nitric acid which has a pH of
0.71. Give your answer to 3 significant figures.

Answer
[H*]= 10-PHI = 10071 = 01950 moldm [to 4 significant figures)

Nitric acid [HNO,) is a strong monobasic acid so the [acid] = [H*]

The concentration of nitric acid = 0.195moldm=? [to 3 significant figures).




EXAMPLE 6
Determine the concentration of sulfuric acid which has a pH of 1.00.

Answer
[H*] = 100-pH = 1001001 = 0.100 moldmS

Sulfuric acid [H,S0,) is a strong diprotic acid so the [acid]
_[H]
2
0.100

= 0.0500 moldm~3

The concentration of this sulfuric acid = 0.0500 moldm-3.
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; 1 Write an expression for pH. values. Give your answers to 3 significant

¢ 2 Calculate the pH of the following acidic solutions. figures. ,
: Giveyour answer to all questions to 2 decimal places. a) hydrochloric acid of pH 1.80
¢ a) 0.0240moldm-2 hydrochloric acid b} nitric acid of pH 0.50
¢ b) 0.0170moldm-3 nitric acid ¢) sulfuric acid of pH -0.10
: ¢) 0.0140 moldm=3 sulfuric acid 4 Calculate the concentration, in moldm=, of a
: 3 Calculate the concentration of the acid solution of hydrochloric acid which has the same
solution which gives a pH of the following pH as a solution of 0.185moldm=2 sulfuric acid.
$
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O lonic product of pure water

Water slightly dissociates into hydrogen ions and hydroxide ions according
to the equilibrium.

H,0 = H* + OH"
K,, is the ionic product of water and K, = [H*][OH].
The units of K, are always mol* dm™®,
At 25°C, K, = 1.00 x 10"**mol? dm™°.
Calculating the pH of pure water
In pure water [H*] = [OH] so K, = [H*]2.
[H*] = JK, and pH = ~logo[H']
The pH of pure water can be calculated from the value of K.
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EXAMPLE 7

Calculate the pH of water at 25°C when Inwater [H*] = [OH] s0 K, = [H*]?

g WU TheRtORERk [H12= 1.00 x 10-" mol? dm-*

Answer [H*] = 100 %107 = 1.00 x 10 moldm-2.
At 25°C, K,, = 1.00 x 10-"4 mol?dm-*. pH = —logyo[H*] = ~10g1o(1.00 x 10-7) = 7.00
K, = [H*][OH"] The pH of pure water at 25°C is 7.00.




EXAMPLE 8
At 40°C, K, = 2.92 x 10~ mol? dm-.
Calculate the pH of water at 40°C. Give your answer to 2 decimal places.

Answer
At 40°C K, = 2.92 x 10-14 = [H*]2

[H*] = V2.92 % 10-™ = 1,709 x 10-"moldm-3 (to 4 significant figures)
pH = —logyglH*] = -logyg(1.709 x 1077) = 6.7673 (to 4 decimal places)
pH = 6.77 to 2 decimal places
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We have become accustomed to think that the pH of pure water is 7, but
this is only true at 25°C. As temperature increases above 25°C, the pH

of water drops below 7. The increase in K, as temperature increases also
indicates that the dissociation of water into H* and OH- ions is endothermic
as the equilibrium is moving from left to right (more H*) as temperature
Increases.

Mineral water gets its name from the dissolved mineral rocks that it
contains, Mineral water from limestone rocks contains calcium hydrogen
oTlP carbonate and as a result the pH is around 8.00.

Water at 40 °C is not acidic (even Calculating K, from the pH of pure water
though it has a pH of 6.77) as the

concentration of [H*] = [OH"].
-+

The pH of pure water at a certain temperature can be used to calculate [H*].
In pure water [H*] = [OH-] and so K, = [H*]*.

o,

EXAMPLE 9

The pH of pure water at 60°C is 6.52. Calculate the value of K, at 60°C.
Give your answer to 3 significant figures.

Answer
[H*] = 101-°H) = 101-6-521 = 3,020 x 10-"moldm=® (to 4 significant figures]
K, = [H*]2=(3.020 x 10-7)2= 9.12 x 10-'¢ mol? dm-¢

pH of strong bases

When a soluble base dissolves in water, hydroxide ions are present in the
solution.

The concentration of the hydroxide ions, [OH™| can be converted to the
[H*] using K, as at 25°C K, = 1.00 x 10-* mol? dm™®.

In pure water [H*] = [OH"| but this is not true in acid or alkaline solutions.

K, and [OH™] can be used to calculate [H*], which is then used to
determine pH.

The diagram below shows the links between concentration of the strong
bases, [base], concentration of hydroxide ions, [OH-], concentration of
hydrogen ions, [H*], and pH for a strong base.
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x number of moles
of OH™ produced

by 1 mole of the [HY] = K
base in solution [OH] pH = —logqg[H*]
[Base] | "l [oHT [ Gy " pH
+ number of moles [OH] = K [H*] = 10-PH)

of OH™ produced
by 1 mole of the
base in solution

Calculating pH of a strong bases

For strong bases, the concentration of OH- is equal to the concentration of
the base x the number of hydroxide ions produced in solution.

EXAMPLE 10

Calculate the pH of a 0.250 moldm™ solution of sodium hydroxide
(4, = 1.00 x 10 ""4mol2dm¢). Give your answer to 2 decimal places.

Answer

Sodium hydroxide is a strong base and so dissociates fully in solution.
NaOH — Na™ + OH~

Also 1 mol of sodium hydroxide contains 1 mol of OH" ions.

[NaOH] = 0.250 moldm™ so [OH™] = 0.250 mol dm™3
Aw _ 1.00x 107"

[OH] 0.250

pH = -10g,4(4.00 x 10-14] = 13,3979 [to 4 decimal places]

pH = 13.40 [to 2 decimal places)

[H*] = so [H*] = 4.00 x 10~ moldm-2

The majority of strong bases (alkalis) you will encounter will have 1 mol of
OH- ions per mole of the base. However, sometimes a question is set on a
Group 2 hydroxide where you are asked to assume that the base is strong
and so the number of moles of OH~ per mole of base for Ca(OH), is 2.

Sometimes the pH calculation may be at temperature other than 25°C and
the K, value at this temperature is given. The method is exactly the same
using the K, value.

(®

At 50°C, A, = 5.48 x 10~ mol?dm-¢. Calculate the pH of 0.175 moldm™3
potassium hydroxide solution at 50 °C.

Answer
Potassium hydroxide is a strong base and so dissociates fully in solution.

KOH — K™+ OH~
Also 1 mol of potassium hydroxide contains 1 mol of OH™ ions.

[KOH] = 0.175moldm™ so [OH™] = 0.175 moldm™3
(] = A __ 5481071
[OH"] 0.175
pH = -10g40(3.131 x 1071%) = 12.5043 (to 4 decimal places]

pH = 12.50 [to 2 decimal places]

=so[H*]=3.131 x 10-"¥moldm-3




Calculating the concentration of a base from its pH
The concentration of hydrogen ions can be calculated from pH.

The [OH-] can be calculated from [H*] using K,,,.

The concentration of the base can be calculated from the concentration of
hydroxide ions.

(0

TIP EXAMPLE 12
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Concentration may be in units Calculate the concentration of potassium hydroxide solution in moldm™
of gdm™ or mgdm™ rather than with a pH of 13.70 at 25°C. £, = 1.00 x 10~ mol? dm™5 at 25°C. Give your
moldm™®. To convert between answer to 2 decimal places.

moldm= and gdm™3, simply

multiply by the M,. To convert Answer

between moldm™ and mgdm™3,
multiply by the M, of the base and
multiply by 1000 to convert mass
in g to mass in mag.
e

[H*] = 10k-pH) = 101-13.701 = 1,995 x 10-"4moldm3 [to 4 significant figures)

K,  1.00x 1074

(H] ~ 1.995x 10-14
= 0.5013 moldm™3 [to 4 significant figures]

[OH"] =

Potassium hydroxide [KOH) has 1 mol of OH™ ions per mole of base so the
concentration of KOH, [KOH] = 0.5013 moldm™.

Concentration of KOH solution = 0501 moldm™ [to 3 significant figures]

Calculating a value for K,

In some calculations the pH of a solution of a base is given with its
concentration at a particular temperature.

[H*] may be calculated from the pH, [OH-| may be calculated from the
concentration.

© r—

EXAMPLE 13

At 40°C, a 0.270 moldm3 solution of sodium hydroxide has a pH of 12.98.
Calculate the value for A, at 40°C. Give your answer to 3 significant
figures.

Answer

Using pH to calculate [H*]

[H*] = 1012781 = 1 047 x 1073 moldm™ [to 4 significant figures)
As NaOH contains 1 mol of OH- per mole of NaOH

[OH-] = [NaOH] = 0.270 moldm?-3

K, = [HTI[OH] = (1.047 x 10°%3) x 0.270 = 2.83 x 10°'% mol? dm™*

O pK,, pH and pOH

TIP pK,, may be used in place of K, to carry out calculations involving strong bases.
Remember pK,, = -log,gK,, is

used, but -logK,, is equally il

acceptable without the log base PRy 8108

number. pPK, = 14.00 at 25°C.




pOH = _nglgloH-]
pH + pOH = pK,

This is an alternative way to use K, values. The pOH is calculated from the
hydroxide ions concentration. The total of pH and pOH is equal to pK,,.

P

EXAMPLE 14

Calculate the pH of a 2.00g dm™? solution of sodium hydroxide, NaOH,
given that pA, = 14.00 at 25°C. Give your answer to 2 decimal places.

Answer
M_of NaOH = 40.0

2.00

Concentration of NaOH solution = = 0.0500 moldm3

[OH-] = 0.050mol dm-% as NaOH contains 1 mol of OH- per mole of NaOH
pOH = -log[OH-] = -log(0.0500] = 1.3010 (to 4 decimal places]

pAy, = 14.00 = pOH + pH

pH=14.00-1.3010 =12.699

The pH of a 2.00gdm™ solution of sodium hydroxide is 12.70 (to 2 decimal
places).
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1 Write an expression for the ionic product of water, K.

2 At 15°C, K,, = 4.65 x 107 ¥ mol?dm2.

a) Calculate the pH of pure water at 15°C. Give your answer to
2 decimal places.

b) Calculate the pH of a solution of 0.170 moldm™ potassium
hydroxide at 15°C. Give your answers to 2 decimal places.

3 The pH of water at 45°C is 6.70. Calculate the value of K, at 45°C.
Give your answer to 3 significant figures.

4 The pH of a solution of sodium hydroxide is 13.68 at 25°C. K,
at 25°C is 1.00 x 10" mol?dm~¢. Calculate the concentration of
the solution of sodium hydroxide at 25°C. Give your answer to 3
significant figures.
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O pH of weak acids
Weak acids are slightly dissociated in solution. This is represented using a
reversible arrow ().

Ka

The equilibrium constant for the acid dissociation is represented by K.

For a general acid dissociation

= H*"+ A"
[A-][H?*]
[HA]

K, =



For example:
CH;COOH = H* + CH,COO"
[CH,COO-] [H*]

Tat [CH,COOH]
K, always has units of mol dm~>.
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HA is the undissociated acid. Remember that the undissociated acid does
not cause it to be acidic. It is the concentration of H* that causes acidity
Figure 6.5 The oceans have absorbed when the acid dissociates. HA is not acidic until it dissociates.

about half of the carbon dioxide produced ; g PR (O s I -
e Burningrbesi Busls cince 1800, As The value of K, gives a measure of the strength of the acid. A higher K,

carbiori dickide it the ocean inereases. value indicates a ‘stronger’ weak acid. For example ethanoic acid has a K,
ocean pH decreases. This is called ocean ~ value of 1.74 x 10-"mol dm~? whereas hydrocyanic acid has a K, of 4.90 x
acidification. With ocean acidification, 10" mol dm=3.

corals cannot absorb the calcium

carbonate they need to maintain their For a weak acid, [H*] is calculated from the concentration of the acid and
skeletons and the stony skeletons that the K, value.

support corals and reefs will dissolve.

For a weak acid of concentration 1.00 moldm=2, the following equilibrium

applies:
TIP HA = H* + A
Itis |mpor‘§ant to be able torwr'te Initial Concentration/mol dm™>: 1.00 0 0
K, expressions for weak acids. It
is always the [anion] and [H*] an S s ; 3 :
the top and [undissociated acid] Equilibrium Concentration/moldm™: 1.00 - x X X
on the bottom. K. [A][HY] x*

> =

[HA] 100 -x

But as this is a weak acid, the concentration of the acid at equilibrium
(1 — x) will be approximately equal to the initial concentration of the weak
acid (1 moldm=3) as x is very small compared to the initial concentration.

K= ;;D so in this example K, = [H*]?
In general
K = [H*]z. so [H*]? = K, x [weak acid]
[wealk acid]
and

[H*] = VK, x [weak acid]
pH is then calculated using pH = ~log,[H*].

To determine the concentration ol a weak acid from its pH

and K, value

[H*] is determined from pH in the usual way and then the concentration of

the weak acid is calculated using Liid

K




The overall process is described in the diagram below. [weak acid] = the
concentration of the weak acid.

[H*] = VK, x [weak acid] pH = —log;plH*]
[Weak acid] | "l [HY] o "I pH
+12 ; b {(—pH)
Me&k ac_idl - []_:{a] [H"’“] — 10"{3
PK,

The pK, of a weak acid may be given in place of its K,. pK, = ~log;K,.
To convert between a pK, value and K,, use the following: K, = 10-Pka,
The higher the pK, value, the weaker the acid.

A lower pK, indicates a less weak acid.

Calculating the pH of a weak acid

(N EXAMPLE 15

TIP The A for ethanoic acid [CH4COOH] is 1.74 x 107 moldm™>. Calculate the

types of calculations is common. decimal places.

Remember that there are 1000

(108 mg in 1g and 1000000 Answer

(10%)ug in 1g. The same applies [H*] = VK, x [weak acid] =V1.74 x 10°x 0.105 = V1.872 x 107

to volume units: 1000 (103) ml |

in 1 litre and 1000000 (104 pl in = 1.352 x 10-¥moldm-3 [to 4 significant figures)
li 3 , 3 .

1 Utre, 1cm*= il and 1dm"= pH = ~logyqlH*] = ~logyql1.352 x 1079 = 2.8691 [to 4 decimal places)

1 litre. These questions can be |

awkward as mistakes can be pH = 2.87 (to 2 decimal places]

made when converting between R —
its but as | k thi . ; :

Lo i o e o do OWIE 1 Calculating the concentration of a weak acid

—_— frDm its pH

0

.

m

g EXAMPLE 16 2 e

< Determine the concentration, in mg dm=3, of a solution [weak acid] = I _ Jadeex1 3!

a of propanoic acid [CH,CH,COOH] with a pA; value of K, 1.288 = 107

3 2.89 with a pH of 2.50. [weak acidl = 7.76 x 10-3moldm? [to 3 significant figures|

! | Answer M_of propanoic acid [CH;CH,CO0OH] = 74.0

K, = 100-pKal = 10289 = 1 288 x 10-¥moldm™2 [weak acid] = 7.76 x 1073 x 74.0 = 0.5749 dm™
[to 4 significant fiqures] [weak acid] = 0.574 x 1000 = 574 mgdm™
[H*] = 10(-PHI = 10-250) = 3,162 x 103 mol dm-3




Calculating the K, from the pH of a weak acid and its
concentration

2
For a weak acid, HA, K, = %
If the pH of a weak acid is known, [H*] can be calculated using 10-PH),

A value for K, can be calculated from the concentration of the weak acid,
[HA] and the concentration of hydrogen ions, [H*].

EXAMPLE 17

A weak acid, HA, of concentration 0.0120 moldm=2 has a pH of 4.10.
Calculate a value for the acid dissociation constant, 4, for the weak acid.
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Answer
[H*] = 10FpH) = 1006101 = 7.943 x 10-5moldm-2
[HA] = 0.0120 moldm™3

K, = [H']?
[HA]
N-2]2 9
K, = T948x 105 _6309x 107 _ 554, 107 moldm-?
0.0120 0.0120
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i TEST YOURSELF 4 i
: 1 Write an equation for the acid dissociation of the 4 Calculate the concentration of the solution of a ’
t  weak acid ethanoic acid, CH,COOH. monoprotic weak acid when it has a pH of 2.80 i
: 2 Write an expression for the acid dissociation and a pK, of 3.10. Give your answer to 3 significant :
i constant, K,, for ethanaic acid (CH;COOH). figures.
i 3 Calculate the pH of a 0.270moldm~2 solution of 5 Calculate the pH of a 0.0540 moldm ™2 solution of ~ $
i ethanoic acid. K, for ethanoic acid at 25°C is 1.74 x a weak acid, HX, which has an acid dissociation
109 moldm~3. Give your answer to 2 decimal constant, K, = 1.54 x 10~*moldm™. Give your
i places. answer to 2 decimal places.
|

O Dilutions and neutralisations

When an acid or base is neutralised or diluted, the concentrations of the
ions in solution change. It is important to be able to calculate the new
concentration of H* or OH™ and then determine pH of the new solution.

The total volume must be taken into account to determine the new
concentration in mol dm=>.

Dilutions
When a solution of an acid or a base is diluted, the concentration of the
ions in the solution changes. As the concentration of the ions in solution

changes, this changes the pH.

The new concentration of a solution may be calculated by dividing the
amount of solute, in moles, in the solution by the new total volume and

multiplying by 1000.

amount in moles of solute « 1000

New concentration of solution = _
new total volume of solution
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Figure 6.6 The pH of a solution can be
accurately measured using a digital pH
meter. The pH of this solution is 8.09.

(@

TIP

In this example the total volume
of the solution is not given but it
can be calculated from the two
volumes (15.0 + 485 = 500 cm?).

EXAMPLE 18

20.0cm?® of a 0.152 moldm~ solution of hydrochloric acid is placed in a
250cm? volumetric flask and the volume made up to 250cm? using deion-
ised water. Determine the pH of the resulting solution.

Answer

Moles of HCl added = 20"230061 52 _ 3.04 x 10~ mol

New volume = 250cm?
. : _3.0&310'3 T -3
New concentration of solution = s x 1000 =0.01216 moldm

As HCl is a strong monoprotic acid, [H*] = 0.01216 moldm™3
pH =-logl0.01216) = 1.92 [to 2 decimal places]

EXAMPLE 19

10.0cm?® of a 1.54 moldm™ solution of potassium hydroxide is diluted to
2.00dm? in a volumetric flask. Determine the pH of the resulting solution
at25°C if pA,, = 14.0 at 25°C. Give your answer to 2 decimal places.

Answer
Moles of KOH added =

100 x 1.54 _ 5.0154 mot

New volume = 2.00 dm? (2000 cm?)
“5%]3‘3“‘ x 1000 = 0.00770 mol dm-3

As 1 mol of KOH contains 1 mol of OH™, [OH] = 0.00770 moldm™

pOH = -log[OH] pOH = -log [0.00770] = 2.114 [to 4 decimal places)
pA, = 14=pH + pOH

pH = 14.0-2.114=11.886

pH = 11.89 [to 2 decimal places]

(O

Concentration of new solution =

EXAMPLE 20

Calculate the pH of the solution formed when 15.0cm? of 0.114moldm™3
sulfuric acid are added to 485cm? of deionised water. Give your answer to

2 decimal places.

Answer
Moles of H,SO, =

=1.71 x 107 mol

New volume = 15 + 485 = 500cm?
1.71 x 1073

15.0x 0.114
1000

Concentration of new solution = =x1000=3.42 x 10 ¥moldm3

H,S0, is a diprotic acid so [H*]=3.42 x 103 x 2= 6.48 x 10~ moldm™
pH = -10g,[H*] = ~l0g,6.48 x 10-3] = 2.1649 [to 4 decimal places]
pH=2.16




TIP

You can reverse the calculation
to check thatyou get 2.10 for the
pH of the new solution formed.
As the volume was given to 3
significant figures the pH may
not be exactly 2.10 but it should
be very close. In this case using
169 cm? gives a pH of 2.099 or

2.10 to 2 decimal places.

T
w
The volume of water added may
be calculated by subtracting the
initial volume of solution used
from the final volume calculated,
in this example 169.21 - 32.0 =
137.21 cm3.

Calculating the new concentration using dilution factors

You may also determine the dilution factor to calculate the new
concentration of acid or base. In example 18 the dilution factoris 12.5. The

volume of solution initially was 20.0 cm® and the final volume was 250 cm”®.

total volume after dilution
initial volume added

Dilution factor = as long as the units of volume are

the same.

The diluted solution is 12.5 times less concentrated than the original
solution

Concentration of the diluted solution = Dl’;_s; =0.01216moldm™.
The dilution factor in Example 19 is 200 (%), so the diluted solution of

KOH is 200 times more dilute than the original solution.
Concentration of the diluted solution = % = 0.00770moldm=2

The remainder of the calculation is carried out as per the examples.

Calculating the volume in a dilution

Some calculations on dilutions may focus on determining the new total
volume of the solution or the volume of water added when carrying out the
dilution.

The pH of the solution would be given and [H*] can be calculated from this
value.

The concentration of the new solution can be determined from [H*] and the
dilution factor or new total volume of the solution calculated as shown.

EXAMPLE 21

32.0cm? of 0.0420 moldm™ hydrochloric acid were diluted. The pH of the
resulting solution was 2.10. Calculate the total volume of the solution
formed. Give your answer to 3 significant figures and state the units,

Answer
In this example the pH is first used to calculate [H*].

As hydrochloric acid is a monoprotic acid, [HCI] = [H]
[H*]= 10tPH) = 1062100 = 7 943 x 103 moldm (to 4 significant figures]
The new concentration of HCI after dilution = 7.943 x 10~¥moldm™3

Initial moles of HCL added = s> = 1,344 x 103 mol

3
New concentration of HCL after dilution = 7.943 x 103 = 1'3‘“; L 1000

where Vrepresents the new total volume of solution in cm?.

Rearranging the expression to calculate ¥,

: —3
y_ 1346x 107

BETYCRT = 1000 = 169 cm? [to 3 significant figures)
a *

=
—
S
o
2
)
3
Q,
=
D
5
Y
=
O
o
5]
o




Cy—

0
L
@
m
=
=
2
o
<
~0

MATHS

Rearranging an expression

to change the subject is an
important skill. If you are unsure
that you have done it correctly,
substitute in simple values such
as different whole numbers to
see what the subject equals
before rearrangement. Then
use this with other values to see
if you obtain the value for the
new subject when you use your

rearranged expression.
—_————————
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TIP

In the reaction the ratio of the
acid to base is 1:1, but if sulfuric
acid is used [it is assumed to be
completely dissociated) then the

ratio of a base to sulfuric acid is
often 2:1.

O

Neutralisations
In a neutralisation question, a volume of a certain concentration of a
strong acid is added to a volume of a certain concentration of a strong base.

Either the base or the acid may be in excess.

[t is the amount, in moles of the acid or base in excess together with
the new total volume of the solution which is used to calculate the new
concentration of either the acid or the base.

MATHS

The units of volume are important as there are several that could be
used. It is a good idea to always put appropriate units after a number,
even mol after an amount, in moles.

(O

EXAMPLE 22

25.0cm? of 0.214moldm™ sodium hydroxide solution is added to 25.0¢m?
of 0.258 mol dm~ hydrochloric acid. Calculate the pH of the resulting

solution. Give your answer to 2 decimal places.

Answer

This style of question is all about the number of moles of a reactant which
are left over.

NaOH + HCl — NaCl + H;0
NaOH and HClL react ina 1:1 ratio.

Initial moles of NaOH = 23.0%0.214 = 0.00535mol
1000
Initial moles of HCL = 25‘[]1;006258 = 0.00645 mol

The equation for the neutralisation is:

NaOH + HCL — NaCl + H,0

0.00535 mol of NaOH reacts with 0.00535mol of HCL so
[0.00645 - 0.00535) = 0.00110mol of HCL remaining.

MNew total volume of solution
=250+250=50cm?3

New concentration of reactant in excess

moles of reactant in excess
= : x 1000
new total volume of solution

New concentration of reactant [HCL] in excess
~0.00110 - _ 3
= 500 x 1000 = 0.0220moldm

As HCl is strong monobasic acid, [H*] = 0.0220 moldm™
pH = -logg[H'] = -l0g4(0.0220) = 1.66 [to 2 decimal places]




EXAMPLE 23

Close to the end point of a titration 24.9 cm? of 1.00moldm~2 potassium
hydroxide solution have been added to 25.0 cm?® of 0.500 moldm™ sulfuric
acid. Calculate the pH of the solution formed. Assume that the sulfuric
acid is fully dissociated. Give your answer to 2 decimal places.

Answer B i

Initial moles of H,S0, = == 1; o5 = 0.0125mol
e 24.9 x 1.00

Initial moles of KOH = 1000 0.0249 mol

The equation for this neutralisation is:

ZKOH + HESO‘(L o KZSUJ‘ 52 ZHED
From the equation, 2 mol of KOH reacts with 1 mol of H,50;.

0.0249 mol of KOH reacts with 0.01245 mol of H,50,. This leaves
(0.0125 - 0.01245] = 5 x 105 mol of H,S0,.

If you are unsure above which reactant is used up (limiting reactant/ and
which is left over [reactant in excess), follow the method below:

Using the equation for the reaction, write the amount, in moles, you have
been told below the equation in a line called 'moles you have .
ZKOH + H,50; - K50, + 2H,0

moles you have: 0.024%9 0.0125

Using either one of the moles below the reactants, calculate the moles of the
other reactant which is needed to react with that number of moles of the first
reactant. The ratio in the equation is used here. In this example the moles of
KOH is divided by 2 as 2KOH reacts with H,50,,

— JKOH + H,S0, —  K,S0, + 2H,0

moles you have: 0.024% | 0.0125

moles you need: > » 0.01245

For H,50,, you have more moles than needed so the H,50, is in excess and
the KOH is the limiting reactant (it is all used up).

You can now calculate the amount, in moles, of H,50, left over
[0.0125 - 0.01245] = 5 x 10> mol.

H,50, is the reactant in excess.
Moles of H,S0, in excess = 5x 10~ mol
New total volume of solution = 25.0 + 24.9 = 49.9cm?

New concentration of reactant in excess = MOLes of reactant in excess , 1gqg
new total volume of solution

-5
5:;3 x 1000

New concentration of reactant (H,S0,) in excess =
= 1.002 x 1073 moldm™ (to 4 significant figures)
[H]=2x[H,S0,] so [H]=2x1.002x 1073 =2.004x 10°moldm™
pH = -logy[H*] = -log4(2.004 x 10-3] = 2.6981 [to 4 decimal places)

pH = 2.70 (to 2 decimal places)
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TIP " EXAMPLE 24
A weak acid and a strong base Calculate the pH of the solution _
can be used in a neutralisation formed when 20 0cm? of TIP
question as long as the strong 0.150moldm-2 of aqueous As K,, is given in this
base is in excess. If the weak sodium hydroxide are added neutralisation question, it is likely
acie 15 n gxcess, the salution to 10.0cm? of 0.180mol dm-3 that the base [sodium hydroxide]
formed is a buffer. Buffers will be ethanoic acid at 25°C. At is in excess and so the pH of the
examined later in this topic. 25°C, K,, has a value of 1.00 x solution will be greater than 7.

| 107 "%“mol?dm®. Give your answer L ———

to 2 decimal places.

Answer
Moles of NaOH = 20-‘?' ;(%"50 _ 0.00300 mol

Moles of CH4COOH = 1“-0130%130 - 0.00180 mol
The equation for the neutralisation is:

NaOH + CH;COOH — CH;COO0Na + H,0
1 mol of NaOH reacts with 1 mol of CH;COOH

0.00180 mol of CH3COO0OH reacts with 0.00180 mol of NaOH so
[0.003 - 0.0018] = 0.00120 mol of NaOH remaining.

New total volume of solution= 20.0 + 10.0 = 30.0cm?

moles of reactant in excess « 1000
new total volume of solution

New concentration of reactant [NaOH| in excess = 0’231020 x 1000 =
0.0400 moldm™ '

As 1 mol of NaOH contains 1 mol of OH-, [OH"] = 0.0400 moldm-3

New concentration of reactant in excess =

K, = [H][OH]
-14
[H*] = [DK;;_] = 1'0000”4:]3 = 2.50 x 1073 moldm™

pH = -logyplH*] = ~l0g44(2.50 x 1071%) = 12,6021 [to 4 decimal places]
pH = 12.60 [to 2 decimal places]

mlﬂlﬂl.'IIlII-"l“ll"III"..'.IIII""G.'IIII."i‘.'llll"‘lﬂl"lll""i"IlII""‘-'!..I“ii‘"...."**'ll

TEST YOURSELF 5

1 Calculate the pH of the solution formed when 25.0 cm? of
0.350moldm~3 hydrochloric acid is added to 175.0cm? of water. Give
your answer to 2 decimal places.

2 Calculate the pH of the solution formed when 20.0cm? of
0.120moldm™3 aqueous sodium hydroxide solution is added to 150cm?
of water at 25°C. K,, = 1.00 x 107" mol? dm™ at 25°C. Give your
answer to 2 decimal places.

3 Calculate the pH of the solution formed when 20.0cm? of
0.250moldm~2 aqueous hydrochloric acid is added to 15.0cm? of
0.300moldm™ aqueous sodium hydroxide, Give your answer to 2
decimal places.

4 Calculate the pH of the solution formed when 17.5cm? of

i 0.100moldm™® aqueous sulfuric acid is added 12.5cm? of

0.120moldm™ aqueous potassium hydroxide, Give your answer to 2

decimal places.
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O Titration curves

A titration curve is a graph of pH against volume of the base or acid added.
To plot a titration curve, carry out an acid—base titration, adding the base in
5cm? portions, and in smaller portions near the end point. Record the pH
after each addition.
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A typical curve shows the initial pH of the acid or base and the point when
neutralisation occurs.

The shape of the curve shows the type of titration.

The inflection in a curve is where the curve goes vertically showing a rapid
change in pH.

The inflection in the curve occurs at the equivalence point in a titration.

Most titration curves show a base added to an acid but the reverse is also

possible.

Equivalence points

Titration 139 Titration 139 Titration 137 Titration
114 curve i 114 curvel 11 4 curve 3 114 curved
g _ Strong acid- g Weak acid- g g
strong base strong base
- W titration 7 1 titration T 71 Strofiy acid- 7 1 Wk acid-
5 - 5 - 5 4 weak base 5 4 weak base
titration titration
3 -—/ 3 1 3 | | 3 |
1= 14 1+ fi
0 I3 | ! 0 | 1 | D | | I 0 | | |
0 25.0 0 25.0 0 25.0 0 250

Volume of base added/em?

Volume of base added/ecm3

Volume of base added/em?3

Volume of base added/ecm3

There are four different of titration curves and the equivalence points
(points where there is a rapid change in pH and show a vertical inflection in

the curve) are different.

For titration curve 1 the inflection occurs between pH 3 and pH 10. This is
indicative of a strong acid-strong base titration. The initial pH of the acid is

1 which would suggest

a strong acid.

For titration curve 2 the inflection occurs between pH 6 and 10. This is
indicative of a weak acid—strong base titration. The initial pH of the acid is
almost 3 which would suggest a weak acid.

For titration curve 3 the inflection occurs between pH 3 and 8. This is
indicative of a strong acid-weak base titration. The initial pH of the acid is

1 which would suggest

a strong acid.

For titration curve 4 there is no major inflection. This is indicative of a
weak acid-weak base titration. The initial pH of the acid is between 3 and 4
which would suggest a weak acid.

Understanding titration curves

When examining or choosing a titration curve, the following four features

should be considered.
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TIP

A sketch of a titration curve is
just that - a rough sketch of

the shape - so when analysing
curves use the [rough) guidelines

as to where the inflection [vertical
section] occurs, i.e. between
approximate pH values.

.

TIP

These types of calculations were
first encountered in Amount of
Substance in AS Chemistry. You
should refresh your knowledge
of this section to ensure you can
carry out these calculations.

Base added to acid or acid added to base.

The initial pH is the main clue to this if the horizontal axis is not labelled. If the
titration curve has an acidic pH below 7 at 0cm?, the base is being added to the
acid. If the initial pH is greater than 7, the acid is being added to the base.

Initial pH
An initial calculation for the pH of the strong or weak acid — this is the
starting pH for the curve where the volume of base added is equal to Ocm?.

Shape of the curve

The names of the acid and base used — this will determine the shape of
the titration curve including the length of the inflection at the equivalence
point. The information on the shapes of the curves is important as the

shape of the curve depends on the type (strong or weak) acid or base used
in the titration.

Volume at which the equivalence point occurs

The concentrations of the acid and base used — the volume at which
the equivalence point occurs can be calculated from the volume of base
required to neutralise the acid.

Key features of a titration curve
In a titration, 0.200 mol dm~ sodium hydroxide solution is added to
25.0cm? of 0.100 mol dm=2 hydrochloric acid.

Considering the four features can help to identify a titration curve from a
selection of curves.

Acid added to base or base added to acid

In this titration you are told that the base (sodium hydroxide) is added to
the acid so the titration curve will start at an acidic pH.

Initial pH
HCl is a monobasic acid so [H*] = 0.100 mol dm=>

Initial pH = -log,,(0.100) = 1.00

Shape of the curve

Strong acid (hydrochloric acid)—strong base (sodium hydroxide) titration so
curve shaped like curve 1.

The equivalence point occurs with a change in pH between 3 and 10
approximately.

Volume at which equivalence point occurs
VXC i 25.0 X OIGO - U.OO:_'.SOle

1000 1000

Amount, in moles, of HCl present, n =

NaOH + HCl — Na(Cl + H,O
1 mol of NaOH reacts with 1 mol of HCI

0.0025mol HCI reacts with 0.00250mol NaOH

| _ nx 1000 _ 0.00250 x 1000
Volume of NaOH = - = 5500

=12.5cm’
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The titration curve for this neutralisation looks like this, taking into account

TIP the four features of the curve.

The titration curve may be for 14 - , ) |

a volume of acid added to a | | 7 ‘

volume of base. This is less o | f/‘ " :
common. Work out the initial pH i ‘ | | | zuif &
of the strong base - this is the aper [T | » - - |indicates
initial pH; the volume required & e | | | |59=ng
for neutralisation is determined 5 | | | | :fr'g;g
in the same way; the shape of Initial | | | base
curve is the same but reflected, PHof 1127 | A | titration
starting at a pH above 7 and Base [0 1 — T .

coming down. aoaen| © E\ﬁnlun‘;[% NaOH/am3 =

12.5 cm? of 0.2 mol dm—3
NaOH solution required for
neutralisation

EXAMPLE 25

In a titration. 0.500 moldm™3 agueous ammonia is added
to 25.0cm? of 0.250 moldm™ agueous sulfuric acid.
ldentify the following key features of the titration curve.

Acid added to base or base added to acid

In this titration you are told that the base (aqueous am-
monial is added to sulfuric acid so the titration curve
will start at an acidic pH.

Initial pH
H,S0, is a diprotic acid so [H*] = 0.500 mol dm2

Initial pH = -log4g(0.500] = 0.3010 [to 4 significant
figures)

= 0.30 (2 decimal places]

Shape of the curve
Strong acid [hydrochloric acid)-weak base l[ammonia)
titration so curve shaped like curve 3.

The equivalence point occurs with a change in pH
between 3 and 8 approximately.

Volume at which equivalence point occurs

Amount, in moles, of H,S0, present,

vxec _25.0x0.250
=W= ~000 = 0.00625mol

2mol of NH; reacts with 1 mol of H,S0,

0.00625 mol H,50, reacts with 0.0125mol NH,4

nx 1000  0.0125 x 1000
T 0.500
The titration curve for this neutralisation looks like

this:

Volume of NH, = =25.0cm?

14 5
bae | 7 ' .' | Shape of
10 +- ! ! / cCUMe
indicates
= 87 ' . - ' | |strong
6 | | | acid-
weak
e 4 - ‘ - e ' . |base
Initial pH el
of 0.30 V | |  |titration
EE—SE ! 1

l i I
0 10 20 \ 30 40 50

:Si?f:sm Volume of [NH; (cm?)

starts at 25.0 ecm? of 0.500 mol

acidic pH dm~2 NH3 solution required
for neutralisation

=
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Indicators for titrations

The choice of an indicator for an acid-base titration depends on the pH
range in which the indicator changes colour.

The colour change pH range of the indicator must be in the inflection range
of the titration curve (the pH range of the equivalence point).

The indicator must change colour with one drop of the substance being
added so the rapid change in pH must be in the range of the colour change
of the indicator.

The end point in a titration is when the indicator changes colour which
occurs at the equivalence point when there is a rapid change in pH. This
changes the colour of the indicator.

Some indicators and their colour change pH ranges

Colourin lower Colourin upper

pH range of

Indicator colour change pHrange pH range
Thymol blue 1.20-2.80 Red Yellow
Methyl orange 3.10-4.40 Red Yellow
Methyl red 4.40-6.20 Red Yellow
Bromothymol blue | 6.00-7.60 Yellow Blue
_ FPhenolphthalein 8.30-10.00 Colourless Pink

TIP

The colour change observed

in the titration is based on the
first point of the analysis of the
titration curves. Phenolphthalein
Is colourless in acid and neutral
solution but pink in alkaline
solution so a rapid change from 3
to 10 would change the colour of
phenolphthalein from colourless
to pink. If the pH changed from
10to 3or 10 or 6 the colour of
phenolphthalein would change
from pink to colourless.
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® For a strong acid—strong base titration the inflection occurs between pH
3 and 10 so any of the indicators except thymol blue would work.

@ For a strong acid—weak base titration, the inflection occurs between pH
3 and 8 so any indicator in this range would work (i.e. methyl orange,
methyl red and bromothymol blue).

® For a weak acid—strong base titration, the inflection occurs between pH 6
and 10 so any indicator in this range would work (i.e. bromothymol blue
or phenolphthalein).

® Methyl orange and phenolphthalein are the main indicators of choice.
Both may be used for strong acid—strong base titrations. Methyl orange
is used for strong acid—weak base titrations. Phenolphthalein is used
for weak acid—strong base titrations. A pH meter must be used for weak
acid—weak base titrations as there is no inflection point.
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TEST YOURSELF 6

1 Calculate the volume of 0.250moldm™2 sodium hydroxide solution
required to react with 20.0 cm® of 0.150 moldm™? sulfuric acid.

2 From the list below:
sodium hydroxide ethanoic acid
hydrochloric acid nitric acid
al Name one strong acid.
b) Name one weak base.
c) Name one weak acid.

3 The pH colour change of phenolphthalein is between pH 8.3 and 10.0.

Explain why phenolphthalein cannot be used for a titration between
hydrochloric acid and ammonia. :
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ammonia
potassium hydroxide
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. Investigating the change in pH when
. methanoic acid reacts with sodium hydroxide

i As early as the 15th century, naturalists were aware
: that ant hills gave off an acidic vapour. In 1671, the

: English naturalist John Ray isolated the active

. ingredient. To do this he collected and distilled

. alarge number of dead ants, and the acid he

. discovered later became known as formic acid from
: the Latinword for ant, formica. Its proper IUPAC
name is now methanoic acid.

: Woodland ants are the largest native ant species of
i the UK and are known to be aggressively territorial.
: They squirt methanoic acid from their abdomens as
: a form of protection when provoked. The acid has

. astrong, penetrating odour and is used to ward off
: hungry birds such as woodpeckers and jays.

. 1 Methanoic acid is a weak acid. In an experiment,

. acalibrated pH meter was used to measure the

pH of methanoic acid solution. At 20°C the pH of a

0.100 moldm? solution was 2.37.

al Explain why a pH meter should be calibrated
before use.

bl Write an equation for the dissociation of
methanoic acid and explain what is meant by
weak acid.

c] Write an expression for the equilibrium
constant, K, for the dissociation of methanoic
acid in aqueous solution.

dl Use your answer from [c] to calculate the value of
K, for this dissociation at 20°C. Give your answer

: to the appropriate precision. Show your working.

. 2 A student used aqueous sodium hydroxide to

. determine the titration curve for the reaction of

methanoic acid and sodium hydroxide. 25.0 cm? of

1.50 x 10-2moldm~2 methanoic acid was placed in

a conical flask at 25°C. The sodium hydroxide was

added in 2cm?3 portions and the pH of the reaction

mixture was measured using a pH meter.

al Write a balanced symbol equation for the
reaction between HCOOH and NaOH.

b) Why was the reaction mixture stirred with
a glass rod after the addition of each 2cm?
portion of sodium hydroxide?

cl The pH curve for this titration is shown below.
Calculate the value of the concentration in
moldm™ of the agueous sodium hydroxide.

1400 -

zd04—4— L+ L1

10004 ——————— |

- B.004

& 600-
4,00~
2,004

0.00 - ; ; ; ; ; . -~ B
0.00 500 10.00 1500 20.00 25.00 30.00 35.00 40.00 45.00 :
Volume NaOH/em? :

Figure 6.7 A titration curve for the titration of
methanoic acid with NaOH

d] The pH ranges in which the colour changes for
three acid-base indicators are shown below.
Explain which of the three indicators is suitable
for this titration. :

Indicator pH range

Metacresol purple | 7.40-9.00
2.4 6-trinitrotoluene | 11.50-13.00
Ethyl orange 2.4—4.8

(@ e

TIP

For a weak acid-strong

base titration the pH at half
neutralisation [pH at half the
volume where the equivalence
point occurs) is equal to the pK,.
This can be used as a method of
determining K, of a weak acid
from a titration curve. At this
point of half neutralisation, the
acid concentration is equal to the
salt concentration so they cancel
out and pH = pK..

-
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Bulters are solutions that can resist changes in pH when small quantities of
acid or base are added. An interesting application of buffers is their use in
skin creams. Anti-ageing creams are bulfered at pH values lower than 5.5.
The low pH irritates the skin, causing it to swell hiding wrinkles.
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There are two main types of buffer:
1 an acidic buffer

2 a basic buffer.
Acidic buffers

An acidic buffer is a solution formed from a weak acid and its salt.
The buffering action is represented by the general equation:
HA = H*+ A~
where HA is the undissociated acid, A~ is the anion and H* are hydrogen ions.
Ethanoic acid and sodium ethanoate may be mixed to form an acidic buffer.

Alternatively, the salt may be formed indirectly from the reaction of sodium
hydroxide with an excess of ethanoic acid. This leaves a solution containing
the excess ethanoic acid and sodium ethanoate formed from the reaction
with ethanoic acid.

The equation for this buffering action is:

CH,COOH = CH,COO™ + H*

Explanation of buffering action
When small quantities of acid or base are added, the pH of a buffer remains
almost constant.

You can be asked to explain how an acidic buffer resists the change in pH.

Addition of dilute acid

The following points are used to explain how a buffer maintains an almost
constant pH when a small amount of a dilute acid is added:

® When a small amount of an acid is added, extra hydrogen ions, H*, are
added.

® The position of equilibrium in the equilibrium HA = H* + A~ moves to
the left to remove the added H* ions.

® This keeps the pH almost constant.

If the weak acid and its salt are named then use the correct anion and weak
acid. For example, if the buffer is made from ethanoic acid and ethanoate
ions, the equation should read CH,COOH = CH,COO~ + H* and the
position of equilibrium will move to the left to remove the added H* ions.

Addition of base
The following points are used to explain how a buffer maintains an almost
constant pH when a small amount of a base is added:

® When a small amount of a base is added, extra hydroxide ions, OH-, are
added.

® The hydroxide ions react with the hydrogen ions in the buffer, removing
some H* ions.

® The position of equilibrium in the equilibrium HA = H* + A~ moves to
the right to replace the H* which reacted with the OH- ions.

® This keeps the pH almost constant
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TIP

The equation for the reaction of
hydroxide ions, OH-, with a buffer
may be represented by

HA+ OH™ — A™+ H,0

to show how the buffer removed
the hydroxide ions which were
added.

(@

TIP

Organic bases such as amines
can also act as buffers in solution.
The basic nature of amines is
examined in Chapter 13. No
calculation work on the pH of
basic buffers is expected.

Again if the weak acid and its salt are named then use the correct weak acid and
anion. For example if the buffer is made from hydrocyanic acid and cyanide
ions, the equation should read HCN = H* + CN~ to explain the buffering
action. When OH~ is added, they react with H* ions in the buffer and the
position of equilibrium moves to the right to replace the H* that were removed.

Basic buffers

A basic buffer is a solution formed from a weak base and its salt. The most

common example involves ammonia in solution with an ammonium salt.

The buffering action of a basic buffer can be explained using the equation:
NH, + H* = NH}

When small amounts of acid are added, the added hydrogen ions, H*, are
removed as they react with the ammonia in the solution to form ammonium
ions. The position of equilibrium moves from left to right.

When small amounts of an alkali are added, the hydroxide ions,
OH-, react with some of the hydrogen ions in the buffer to form water:

H* + OH-— H,0.
The position of equilibrium moves from right to left to replace the H* ions.

Preparation of an acidic buffer

There are several methods which may be used to prepare a buffer. All of the
methods result in a solution containing a weak acid and the anion of its salt.

I Addition of a solid salt of the weak acid to a solution of the weak acid.

2 Addition of a solution of the salt of a weak acid to a solution of the weak
acid.

3 Addition of sodium hydroxide solution to an excess of the weak acid.

Method 3 is the most often used.

Calculating pH of an acidic buffer

To determine the pH of an acidic buffer you must determine the amount,
in moles, of the anion A~ (this equals the amount, in moles, of the salt) and
the amount in moles of the weak acid, HA, from the information given in
the method used to prepare the buffer.
[H*] [A7]

[HA]
The [H*] is determined from the K, expression and pH is then calculated
in the usual way. As both HA and A~ are in the same volume of solution,
the amount in moles of HA and A~ may be used in the calculation instead
of concentration. It will be shown that the calculations using moles and
concentrations give the same pH values for the buffers.

In the K, expression for a weak acid, K, =

™
5,
g
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Method 1: Addition of a solid salt of the weak acid to a solution
of the weak acid

In this method the concentration of the acid remains unchanged as there is
no other solution or water added to dilute it.

The amount in moles of the anion is given or in other examples it may be
determined from the mass of the solid salt added.

'®

TIP

If @ mass of the salt is given, simply divided the mass, in g, by the M, of
the salt to determine the amount in moles of salt added. The rest of the
calculation follows the method shown.

EXAMPLE 26

A buffer solution was prepared by dissolving 0.012 mol salt, CH4COONa, by the volume of the solution and
of sodium ethanoate in 100cm? of 0.0520 mol dm3 multiplying by 1000 to convert to moles per 1dm?
ethanoic acid. The dissociation constant, K, for (1000cm?).

ethanoic acid has the value _ .
1 74 % 10-5moldrm-3 at 25°C. Concentration of the salt: [CH;CO0Na] = [CH,C007]

1 0012 ) >

Calculate the pH of this buffer solution. Give your BRI ==y 18080 Tesonl iy

answer to 2 decimal places. Concentration of anion [CH;C00] = 0.12moldm™
[H*] [CH,CO0-] i 3

Answer Ky = [CHLCOOM] - 1.74 x 10-°moldm

Moles of CH;CO0™ = 0.012 (] = _Kax [CH,CO0H] _ 1.74x 10-3x 0.0520

Moles of CHyCOOH = 190x0.0520 _ 5 95, 1¢-3 [CH,CO07] 0.12

T 1000 = 7.54 x 10-moldm™3
K.= Grr 2 = 1.74 x 10 moldm™3
" " [CH,COOH] pH = —logg[H*] = —log,(7.54 x 1076} = 5.1226 [to 4
] Kax [CHICOOH] _ 1.74 x 105 x 5.20 x 10+ el plates)
[CH5CO0] 0.012 pH = 5.12 [to 2 decimal places)

= 754 x 10~ moldm™3

pH = =l0gyolH*] = ~10g14(7.54 x 107¢) = 5.1226 _

(to 4 decimal places) Tip
All these calculations will give the
pH=5.12 (to 2 decimal places) same answer if concentrations
of HA and A~ are determined and
Using concentrations used in the calculation of pH but
To show how this works using concentrations: the amount in moles method
Concentration of weak acid [CHy;COOH] = IS shorter and fewer steps.
0.052 mol dm-s means fewer potenhat errors in
calculations.
The concentration of the anion, in moldm™, is -

determined by dividing the amount [in moles) of the




Method 2: Addition of a solution of the salt of a weak acid to a solution

of the weak acid

In this method a certain volume of the solution of the salt (most often a
solution of the sodium salt) is added to a certain volume of a solution of the
weak acid. Both solutions dilute each other so the concentrations of both
the salt and the weak acid change.

EXAMPLE 27

A buffer is prepared by mixing 50.0cm? of a

0.0417 moldm™ solution of the salt of a weak acid,
NaX, with 150cm? of a 0.0204 moldm™ solution of the
weak acid, HX. The pK, for HX is 5.12 at 25°C.

Calculate the pH of this buffer solution. Give your
answer to 2 decimal places

Answer

Moles of Nax = 22:0.% 0.0417

1000

= 2.085x 10 mol

o - 000x 00204 46y 103
Moles of HX TG00 3.06 x 10" mol

The pK, is converted into a K, using K, = 10742,

K, = 10512 - 7583 x 10~ moldm™ (to 4 significant
figures)

K, =TT _ 9583 5 10-6moldm:?

[HX]
1] = Kax [HX] 7.583 x 10-6x 3.06 x 1072
R 2.085 x 103

[H*]1=1.113 x 102moldm™3 (to 4 significant figures)

pH = —logqglH*] = —logg(1.113 x 107°) = 4.9535 (to 4
decimal places]

pH = 4.95 [to 2 decimal places)

Using concentrations

The new total volume of the solution is 200 cm?® so
concentrations in moldm=2 may be determined using
the amount of solute, in moles, in 200cm? converted
to 1dm3 (1000 cm?) by dividing the amount, in moles,
by 200 and multiplying by 1000 [this is the same as
multiplying by 5J.

Concentration of NaX: [NaX] = [X-] =2.085x 103 x 5
= 0.010425 moldm™3

Concentration of HX: [HX] = 3.06 x 103 x 5
=0.0153moldm™

The pK, is converted into a K, using K, = 107PKa

K, = 105121 = 7 583 x 10" moldm™ [to 4 significant
figures)

[H+] [}(_] n o0 -1
Ka —W— ?583 . 1[] moldm

] = K x[HX] 7.583 x 10~ x 0.0153
<Rl 0.010425

[H*] = 1.113 x 10-°moldm™3 [to 4 significant figures)

pH = —logglH*] = ~logygl1.113 x 1075) = 4.9535 [to 4
decimal places]

pH = 4.95 [to 2 decimal places]

The same value for pH is obtained as the operation
of x5 on both the amounts of the acid, HX, and the
anion, X°, would cancel out.

Henderson-Hasselbalch equation

The Henderson-Hasselbalch equation may also be
used to calculate the pH of a buffer.

pH = pK, + log '[[:j)?' where [X7] is the concentration
of the anion and [HX] is the concentration of the
acid. Again, moles of X~ and HX may be used in the
calculation.

pK; = 5.12, the amount in moles of HX present

is 3.06 x 103 and the amount of X~ present is

2.085 x 1073 mol.

| 2.085 x 10%) _

pH=05.12 + mg(S.Dé TS )— 4.95

Using concentrations

For this example, the pK, = 5.12, [HA] was calculated
to be 0.0153 moldm™ and [A-] was calculated to be
0.010425 moldm™3

PH=512+ log(%) - 4.95

(y—

TIP

Practise these styles of
calculation on your calculator if
you are using the Henderson-
Hasselbalch equation to calculate

the pH of an acidic buffer.
e em——
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Method 3: Addition of sodium hydroxide or potassium hydroxide
solution to an excess of the weak acid

In this buffer preparation, the sodium hydroxide (or potassium hydroxide)
reacts with the weak acid to form the =alt in situ.

The weak acid must be in excess so no sodium hydroxide remains and the
resulting solution contains the weak acid and its salt.

Cy—

TIP

Be careful with examples involving a weak acid reacting with a strong
base such as ethanoic acid with sodium hydroxide. If the sodium
hydroxide is in excess, it is a neutralisation example and NOT a buffer
example. Look for K, being given as you will have to work out the pH of a
base. Buffer examples will usually use the word buffer.

EXAMPLE 28
100 cm? of 0.0515moldm™3 nitrous acid [HNO,) was

mixed with 50.0cm? of 0.0428 moldm= sodium
hydroxide solution. The acid dissociation constant,
K., for nitrous acid is 7.20 x 10~%*moldm™ at 25°C.
Calculate the pH of this buffer solution, Give your
answer to 2 decimal places.

Answer

Again both solutions dilute each other and the sodium
hydroxide reacts with some of the nitrous acid to form
the salt, sodium nitrite [NaNO,).

Moles of nitrous acid added [HNO,] = 100 :0%§51 0

=5.15x 10 mol

Moles of sodium hydroxide added [NaOH]

_50.0x 0.0428 _ -3

= 1000 2.14 x 1072 mol

The equation for the reaction between nitrous acid
and sodium hydroxide solution is given below

HNO, + NaOH — NaNO, + H,0

2.14 x 10 mol of NaOH will react with 2.14 x 10~ mol
of HNO, (leaving 5.15 x 1073 - 2,14 x 10°%= 3.01 x 109
mol of HNO,] and forming 2.14 x 10-% mol of NaNO,.

Moles of HNO, in 150 cm® = 3.01 x 10~ mol
Moles of NaNQ, in 150cm?® = 2.14 x 107 mol

All of the sodium hydroxide has been used up leaving
only some moles of the weak acid [HNO,] and some
moles of the salt [NaNO,| in solution. The water
formed is in the solution.

[H*INO5] o) E
K, = 21 = 7.20 x 10~* moldm™
® [HNO,]

[H+] 2> Ka X [HNOQ] 55 7.20 % TD"d x 301 % ‘1[]-3
) [NUEJ - 2 14 % 103
[H*] = 1.0127 x 1072 mol dm™3

pH = —logyolH*] = ~logg(1.0127 x 10-%) = 2.9945 [to 4
decimal placesl.

pH = 2,99 [to 2 decimal places)

Using concentrations
Moles of HNO, in 150cm? = 3.01 x 10-*mol

Moles of NaNO, in 150cm?® = 2.14 x 1073 mol

The total volume is 150cm® and this may be used to
calculate the concentrations of the weak acid and its

salt in the solution.

o« 10-3
[HNO,] = 3'01'1 501” x 1000 = 0.02007 mol dm-3

-3
[NaNO,] = [NO3] 2-”*12010 % 1000 =

0.01427 moldm™ [to 4 significant figures)

_IHINO] 4 2
Ka—m—?iﬂx 1T07*moldm
(H+] = Ks x [HNO,] _ 7.20 x 107 x0.02007
[NOz] 0.01427
[H*] = 1.0126 x 103 moldm™® [to 4 significant figures)

pH = -logyglH"] = -logg(1.0126 x 1073 = 2.9945 [to 4
decimal places].

pH = 2.96 [to 2 decimal places)

Note the very slight difference in the concentration

of the H* ion using concentration caused by the
rounding of the concentration of HNO, and NaNO, but
the pH is the same.




Addition of acid or base to a buffer

A buffer by definition maintains an almost constant pH when small
amounts of acid or base are added to it.

The pH of a buffer can be calculated after the addition of a small amount of

an acid or a base.

Addition of a small amount of an acid

® When an acid is added, the amount in moles of the acid should be
calculated if it is not given.

® The position of equilibrium for the equilibrium HA = H* + A~ moves to
the left to remove the added H* ions.

® The amount, in moles, of HA increases by the number of moles of acid

added.

® The amount, in moles, of A~ decreases by the number of moles of acid added.

® The new amounts in moles of H* and A~ and the K, expression are used
to calculate [H*]. Then pH = -log;o[H?] is used to calculate the pH of the
buffer after the addition of the acid.

EXAMPLE 29

A buffer is prepared by adding 0.0122 mol of salt, NaY
to 40.0cm?® of a 0.210moldm3 solution of the weak
acid, HY. The acid dissociation constant, K, for the
weak acid, HY, is 1.71 x 102moldm=3 at 25°C. Give all
pH answers in this question to 2 decimal places.

1 Calculate the pH of the buffer formed.

2 A 2.00 = 104 sample of hydrochloric acid was added
to this buffer solution. Calculate the pH of the buffer
solution after the hydrochloric acid was added.

Answers
1 moles of A- added = 0.0122

A0.0%0.210 ;
3 = = _é_ 3‘
moles of HA 000 8.40 = 10

[H*[Y-] 105 i3

[H*] = _Kax [HY] _1.17x10°x 8.40x 1073
Y] 0.0122

[H*1=1.177 x 10 moldm™2 [to 4 significant figures)
pH = —log;glH*] = —logqgl1.177 x 10°8) = 4.9292 [to 4
decimal places]
pH = 4.93 [to 2 decimal places)

2 Adding 2.00 x 10™*mol of HCI, adds 2.0 x 107% mol
of H*.
The position of equilibrium for the equilibrium
HA = H* + A~ moves to the left to remove the
added H™ ions.

The amount, in moles, of HA increases by 2.0 x 1074
mol

Initial amount of HY = “9-2 Eg[-]?m = 8.40 x 10-3 mol

New amount of HY ==8.40 x 1073+ 2.00 x 1074 =

8.60 x 10 mol

The amount, in moles, of A~ decreases by 2.0 x

1074 mol

Initial amount of Y™ = 0.0122 mol

New amount of Y- =0.0122 - 2.00 x 1074 = 0.0120 mol

k= HIYT __ 471 % 105 motdm-2

[HY]
(H] = _HKaX [HY] _1.17x10°x 8.60x 1073
Y] 0.0120

[H*] = 1.226 x 10-moldm™3 (to 4 significant figures]
pH = -logyg[H*] = =logy4l1.226 x 1075 = 4.9115 [to 4
decimal places]

pH = 4.91 [to 2 decimal places)

As can be seen, the pH of buffer
remains relatively constant even
with the addition of 8 small
amount of acid. This is the basis
of the definition of a buffer.

Addition of a small amount of a base

® When a base is added, the amount in moles of the base should be
calculated if it is not given.

® The position of equilibrium for the equilibrium HA = H* + A~ moves to

the right to replace the H* ions which were removed

by the base.

® The amount, in moles, of A~ increases by the number of moles of base added.
® The amount, in moles, of HA decreases by the number of moles of base

added.

™
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T EXAMPLE 30

The value of K, for methanoic acid is 1.78 x

1074 moldm3 at 25°C. A buffer solution contains
0.0150 mol of methanoic acid and 0.0120 mol of
sodium methanoate in 500 cm? of solution at 25°C.
Give all pH values in this question to 2 decimal
places.

1 Calculate the pH of this buffer at 25°C. Give your
answer to 2 decimal places.

2 A5.00cm?® sample of 0.120 moldm™ sodium
hydroxide solution is added to the buffer. Calculate
the pH of the buffer solution after this addition.

Answer
1 K, =HIHCOOT _ 1 78 x 10%4moldm-?
[HCOOH]
[(H+] = Ko [HCOOH] _ 1.78 x 107% x0.0150

[HCOO] 0.01427

[H*] = 2.225 x 10~ moldm™®

pH = —log;o[H*] = ~10g,(2.225 x 10-4) = 3.6527 (to 4
decimal places)

pH = 3.65 [to 2 decimal places)

2 5.0cm? of 0.12mol dm-3 NaOH added = 2:00 x0.0120

~ 6.00 x 10~*mol 1000

Adding 6.00 x 10-*mol of NaOH, adds 6.00 x

10~ mol of OH~.

6.00 x 10~4mol H* ions in the buffer react with 6.00
x 10 mol of OH" ions

H* + OH™ — H,0

The position of equilibrium for the equilibrium HA
= H*+ A~ moves to the right to replace the H* ions
that were removed by OH™ ions.

The amount, in moles, of HA decreases by 6.00 x
1074 mol
Initial amount of HA = 0.0150 mol
New amount of HA = 0.0150 - 6.00 x 1074 =
0.0144 mol
The amount, in moles, of A” increases by 6.00 x
10-4mol
Initial amount of A~ = 0.0120 mol
New amount of A~ = 0.0120 + 6.00 x 104 =
0.0126 mol
K, = IHIIHCOO07] _ 4 78 « 10-4 mol dm-3
[HCOOH]
(] < Ka [HCOOH] _ 1.78 x 1074 x0.0144
[HCOO] 0.0126
[H*] = 2.034 x 10"*moldm™ [to 4 significant figures]
pH = -log,g[H*] = -l0g,4|2.034 x 10-4] = 3.6916 [to 4
decimal places)
pH = 3.69 [to 2 decimal places]

.

TIP

Any of the buffer questions above
can be carried out by corwerting
to concentration of the weak acid
and its salt but be careful as the
total volume in the last calculation
is 505cm? as 5.00 cm? of the
sodium hydroxide solution was
added to 500cm? of the buffer.

E TEST YOURSELF 7

1 What is a buffer?

2 Explainwhy the pH of an acidic buffer solution remains almost
constant despite the addition of a small amount of hydrochloric acid.

3 The acid dissociation constant, K, for ethanoic acid is

1.74 x 10°>mol dm~2 at 25°C. Calculate the pH of a buffer formed when
0.00170 mol of sodium ethanoate is added to 75.0cm? of 0.0550 moldm™2
ethanoic acid at 25°C. Give your answer to 2 decimal places.
4 25.0cm? of 0.200 moldm™ sodium hydroxide solution was added to
50.0cm3 of 0.250 moldm-3 methanoic acid. K, for methanoic acid at
25°Cis 1.78 x 10~*moldm™3. Calculate the pH of the buffer solution
formed at 25°C. Give your answer to 2 decimal places.
5 1.00dm? of a buffer solution contains 0.0880 mol of a weak acid HA and
0.0540 mol of the salt of the acid NaA. pK, for the weak acid HA is 4.52.
a) Calculate the pH of the buffer at 25°C. Give your answer to 2
decimal places.

b) 4.00cm?® of 0.150 moldm™ nitric acid is added to the buffer.
Calculate the pH of the buffer after this addition. Give your answer
to 2 decimal places.
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Practice questions

1 Which of the following has units of mol dm-*?
A K, B K,
C pH D pK, (L)

2 What is the pH of a solution of
0.0154mol dm-3 H,50,?

A 1.00
€ 181

B 1.51
D 2.11 (1)

3 Write expressions for the following:

a) pH

b) Acid dissociation constant, K, for the weak
acid HA

c) Ky (3)

4 The acid dissociation constant, K, for the weak
acid HX is 2.45 x 10-*moldm at 25°C.

Calculate the pH of a 0.215mol dm~ solution
of the weak acid HX at 25°C. (3)

5 The ionic pmduct of water, K, is
5.48 x 10~ mol? dm=® at 50°C.

a) Write an expression for K. (1)

b) Calculate the pH of pure water at 50°C.
Give your answer to 2 decimal places.  (2)

6 a) In the reaction:
CH,NH, + H,O = CH,NH; + OH"

Explain whether water is acting as a
Bronsted-Lowry acid or base in this
reaction. (2)

b) In the reaction:
H,50, + HNO, = H,NO; + HSO;

State which of the reactants acts as a
Bronsted-Lowry base in this reaction. (1)

7 Calculate the pH of the solutions produced in
the following way at 25°C.
K, = 1.0 x 107 *mol*dm™ at 25°C.

a) 50.0cm? of 0.200moldm= sodium
hydroxide solution are diluted to 250 cm?
with deionised water. Give your answer to

2 decimal places. (4)

b) 5.0cm? of 0.0520moldm= hydrochloric
acid are mixed with 20.0em? of deionised

water. Give your answer to 2 decimal
places. (3)

¢) 15.0em’ of 0.124 mol dm™ sulfuric acid
are mixed with 35.0em? of deionised water,
Give your answer to 2 decimal places.  (3)

8 Calculate the pH of the solution formed when
25.0cm? of 0.100 mol dm™ hydrochloric acid
are reacted with 10.0cm? of 0.150 mol dm=>
sodium hydroxide solution. Give your answer
to 2 decimal places. (3)

9 A buffer is prepared by mixing 0.0271 mol
of sodium ethanoate with 125cm? of
0.325mol dm~2 ethanoic acid. The acid
dissociation constant for ethanoic acid, K, is
1.74 x 10~ moldm=? at 25°C.

a) Explain why the pH of a buffer solution
remains almost constant despite the
addition of a small amount of an acid.  (2)

b) Calculate the pH of the buffer formed. Give

your answer to 2 decimal places. (4)

¢) 5.00cm’ of 0.200mol dm= hydrochloric
acid was added to the buffer solution.
Calculate the pH of the buffer solution after
the hydrochloric acid was added. Give your
answer to 2 decimal places. (6)

B 10 25.0cm’ of a solution of 0.125moldm™

hydrochloric acid was placed in a conical
flask and sodium hydroxide solution added
from a burette. 22.7 cm? of sodium hydroxide
solution was required to reach the end point.

a) Calculate the pH of the 0.125mol dm™
hydrochloric acid used in this titration. (2)

b) Write an equation for the reaction between
sodium hydroxide and hydrochloric acid.

(1)

¢) Calculate the concentration, in moldm=, of
the sodium hydroxide solution used. Give
your answer to 3 significant figures. 3)

d) Using your answer to (¢}, calculate the pH
of this concentration of sodium hydroxide
solution at 25°C. At 25°C, K, has the value
1.00 x 10" mol*dm™. If you did not get
answer to (c), use 0.145moldm™ as the
concentration of the sodium hydroxide
solution. This is not the correct answer to
(c). Give your answer to 2 decimal places.

(3)
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B 11 Titration curves 1 to 4 below were obtained i) Select from the table an indicator

for combinations of different solution of acids which could be used in the titration
and bases. which produces curve 1 but not in the
T A titration that produces curve 3. (1)
1;: :g: ii) Give the colour change at the end
10 - 10 - point of the titration which produces
B % 85 curve 4 when bromothymol blue is
" g i b ;: used as the indicator. (1)
g' g" B 12 An acidic buffer solution is prepared by
= o | mixing 25.0cm? of 0.180moldm~? potassium
Volume/cm? Volume/cm3 hydroxide solution with 50.0cm” of a
0.200mol dm™ solution of a weak acid HX.
o Curve 3 - Curve 4 K, for the weak acid HX at 25 °C has the value
- t -5 3
i ] 12_\ 2.74 x 10~ moldm™.
12: 13: a) Explain why the pH of a bulfer solution
T 4. T 5. remains almost constant despite the
6 - 6 addition of a small amount of a base. (2)
4- 4-
- 5 2.4 \\ b) Calculate the pH of the buffer at 25°C.
0 _ 0 Give your answer to 2 decimal places.  (6)
Volume/cm3 Volume/em3
c) 0.00240mol of sodium hydroxide was
a) From the curves 1, 2, 3 and 4, choose the added. Calculate the pH of the bufter
curve which would be produced by the solution after the addition of the sodium
addition of the following. hydroxide. Give your answer to 2 decimal
i) sodium hydroxide added to ethanoic places. )
acid 1)

Stretch and challenge

ii) hydrocbloric acid added to potassium_ 13 An acidic buffer is formed by mixing 0.124
hydroxide @ mol of ethanoic acid with x mol of sodium
iii) ammonia added to nitric acid (1) hydroxide in 1 dm® of solution. The pH of the
butfer formed 1s 4.81. The K_ for ethanoic acid

b) The tollowing indicators may be used in is 1.74 x 10~ moldm™. Calculate a value for x.

)
§ EIREREIELS: Give your answer to 3 significant figures.  (5)
g pH range
= of colour Colourin |Colour
< Indicator change acid in alkali
_g__ Thymol blue 1.20-2.80 |[Red Blue
:&’ Methylorange |3.10-4.40 |Red Yellow
0 Methyl red 4.40-6.20 | Red Yellow
Bromothymol | 4 00-7.60 |Yellow  |Blue
blue
Phenolphthalein | 8.30-10.00 |Colourless | Pink




Properties of Period 3
elements and
their oxides
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PRIOR KNOWLEDGE :

® Elements in the Periodic Table are grouped into blocks which are the
s, p, d and f blocks.

® The position of an element in the Periodic Table is defined by its
atomic number [or proton number).

® From sodium to argon, the atomic radius decreases.

® From sodium to argon, first ionisation energy generally increases.

@ From sodium to argon, the melting points of the elements increases
to silicon and then decreases [apart from a slight rise between :
phosphorus and sulfur). :

® Elements of Group 2 are known as the alkaline earth metals and
elements of Group 7 are known as the halogens.

® Group 2 elements show an increase in reactivity down the group whereas
Group 7 elements show a decrease in reactivity down the group.

® Group 2 elements react with water forming the metal hydroxide and
releasing hydrogen gas [the reaction of magnesium with water is
very slow).

® Acidified barium chloride solution is used to test for sulfate ions. A
positive testyields a white precipitate of barium sulfate.

® Acidified silver nitrate solution is used to test for halide ions. A white
precipitate indicates the presence of chloride ions, a cream precipitate

indicates bromide ions and a yellow precipitate indicates iodide ions. i
AP AP R Ry ===
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TEST YOURSELF ON PRIOR KNOWLEDGE 1

1 From the following ten elements:
barium Iron uranium chlorine sodium

magnesium neon bismuth silver vanadium
a) Name the s block elements.
b) Name the p block elements.
c) How many are d block elements?
d) How many are f block elements?
2 Write an equation for the reaction of barium with water.
: 3 State the colour of the precipitate observed when the following
solutions are mixed:
a) Potassium iodide solution and acidified silver nitrate solution
b) Acidified barium chloride solution and magnesium sulfate solution
c) Zinc chloride solution and acidified silver nitrate solution.
& State the following trends:
al Melting point across Period 3
b) Reactivity down Group 7
¢) Atomic radius across Period 3

d) Firstionisation energy down Group 2.
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O Elements of Period 3

The elements of Period 3 include the metals sodium and magnesium which
reacts with water.

Reaction of sodium with water

Sodium metal reacts vigorously with water. A small piece of the metal is cut
and added to a trough of water.

Observations: sodium floats on the water, moves about the surface of the
water and there is fizzing. The metal melts to form a silvery ball. It eventually
disappears and the solution which remains is colourless.

The equation for the reaction is:
2Na + 2H,0 — 2NaOH + H,

The solution which remains contains sodium ions and hydroxide ions and
it has an alkaline pH. The more sodium that is added, the higher the pH.
Sodium has a slightly lower density than water and so floats on the water.
The reaction is vigorous and very exothermic and this why the sodium
melts. The fizzing is caused by the production of hydrogen which also
propels the molten bead of sodium across the surface of the water.

Reaction ol magnesium with water

Magnesium metal reacts very slowly with water. A piece of magnesium
ribbon will produce a small volume of hydrogen when left in contact with
water for several weeks. The equation for the reaction is:

Mg + 21‘{2@{1} S i Mg(QH)Z + Hz

The solution that remains contains magnesium ions and hydroxide ions and it

has a very slightly alkaline pH (just above 7).

Magnesium reacts vigorously with water vapour at temperatures above
100°C (373 K) in the absence of air. This is often carried out using the
apparatus shown in Figure 7.1.

damp
mineral clamp
wool ~_ magnesium R
\\ i | delivery +— hydrogen
boiling ‘
b —— gas jar
trough
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Figure 7.1 The laboratory reaction of magnesium and steam.

Heating the damp mineral wool generates water vapour and drives the air
out the boiling tube.

Observations: The magnesium burns with a bright white light and a white
solid is formed.

Mg + H,O(g) — MgO + H,

The white solid formed is magnesium oxide.



Q Oxides of elements in Period 3

The oxides of elements in Period 3 will be examined in terms of their
formula, type of bonding, structure, acidic, basic or amphoteric nature of
the oxide and the reactions of the oxides with water.

c Metal oxides

TIP
You should know how to draw Sodium oxide
a representation of Figure 7.2
with a limited number of ions as
discussed in the bonding chapter
in the Year 1 AS chemistry book.

® Sodium oxide is an ionic, basic oxide.

@ Its formula is Na,O and its bonding is ionic. lonic bonding is the
electrostatic attraction between the positive and negative ions.

@ It is a white solid which has an ionic lattice structure.
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Sodium ions, Nat

O

TI P _ Part of the ionic
Lithium oxide melts at 1438°C Bt o welirirn, %
or 1711 K. This is due to the oxide

smaller Li* ion creating greater Oxide ions, 02

electrostatic attractions between

the ions in lithium oxide.
SIS

Figure 7.2 The ionic lattice structure of sodium oxide.

Sodium oxide has a high melting point (1275°C or 1548 K) as it consists
of an ionic lattice and there are strong forces of attraction between the ions
which require a large amount of energy to break.

Formation of sodium oxide

Sodium oxide can be formed from the reaction between sodium and oxygen.
4Na + O; — 2Na,0

A yellow flame is observed and a white solid is formed.

Sodium metal reacts spontaneously when exposed to air. Sodium, like the
other alkali metals, is stored under oil to prevent it reacting with air. The
alkali metals are soft metals which can be cut with a knife exposing a shiny
surface. The shiny surface tarnishes (goes dull) rapidly.

During this reaction there will also be some sodium peroxide formed,
Na,O, when sodium reacts with oxygen. Sodium peroxide contains the
peroxide ion, O3~ It is a highly reactive compound.

4-»

Reactions of sodium oxide

Sodium Dh’idﬁ‘. reacts ‘XV'-ith water to pmduce a COlOUTlEASS soiution Df SUC]iLlITl

Figure 7.3 Combustion of sodium in a hydroxide which is alkaline (pH 12-14).
gas jar. This is an exothermic reaction
as seen by the bright flame. Na,O + H,O — 2NaOH

This can be written to show the ions formed:

_ Na,O+ H,O — 2Na* + OH-

TIP Sodium oxide is basic so it also reacts with acids producing a salt and water.
You woulq not be expected tp give Na,O + 2HCl — 2NaCl + H,0

the equation for the formation of

the peroxide when asked for an Na O + Hy504 — Nay50, + HyO

equation for sodium reacting with | Sodium oxide dissolves in water and the oxide ion acts as a base and
oxygen in air butyou should be accepts H* ions from the water or the acid:

aware that some forms. with water: 0% + H,0 —20H-

with acids: O* + 2H* — H,0
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Figure 7.4 Magnesium oxide is a white
solid.

Magnesium oxide

® Magnesium oxide is an ionic, basic oxide.

® lts formula is MgO and its bonding is ionic. lonic bonding is the
electrostatic attraction between the positive and negative ions

@ It is a white solid which has an ionic lattice structure.

¢ Magnesium
ions, Mg+
Part of the ionic
lattice of <
magnesium oxide
Oxide ions,
02

Figure 7.5 lonic lattice structure of magnesium oxide,

Magnesium oxide has a high melting point (2852 °C or 3125K) as it consists
of an ionic lattice and there are strong forces of attraction between the
oppositely charged ions which require a large amount of energy to break.

The melting point of magnesium oxide is substantially higher than that of
sodium oxide as the Mg®* ion is smaller and has a higher 2+ charge than the
single positive charge on the Na* ion, The electrostatic forces of attraction
between the Mg?* ions and the O?- ions are stronger than the attraction
between the Na* ions and O%" ions in sodium oxide.

Formation of magnesium oxide
Magnesium oxide can be formed from the reaction between magnesium and

OXygen.
2Mg + O, — 2MgO

Magnesium burns in air. A white light is observed and a white solid is formed.

Reactions of magnesium oxide
Magnesium oxide is sparingly soluble in water but some does react to form
magnesium hydroxide

MgO + H,0 — Mg(OH),

The pH of a solution of magnesium oxide is slightly alkaline, producing a
solution of around pH 9 due to some of the magnesium oxide reacting with
water. The slightly alkaline pH is due to the fact that magnesium oxide is
slightly soluble so only some of the oxide ions dissolve and react with the
water producing hydroxide ions. The enthalpy of solution of magnesium
oxide is not quoted in data books as it is so sparingly soluble in water.

Magnesium oxide is basic so it reacts with acids producing a salt and water.
MgO + 2HCl — MgCl, + H,0
MgO + 2HNO; — Mg(NO5), + H,0

The oxide ion accepts protons from the acid to form water:

0%~ + 2H* = H,0



Aluminium oxide

@ Aluminium oxide is an ionic, amphoteric oxide.

® Its formula is Al,O, and its bonding is ionic.

® lonic bonding is the electrostatic attraction between the positive and
negative 1ons.

@ It is a white solid which has an ionic lattice structure similar to those
shown previously for sodium oxide and magnesium oxide.

Aluminium oxide melts at 2072 °C (2345 K). The high melting point is
caused by the strong electrostatic attraction between the Al** and O*~ ions.

Formation of aluminium oxide
Aluminium oxide can be formed from the reaction between powdered
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aluminium and oxygen.
4Al + 30, — 2AL,0,

A white solid is formed. Aluminium powder reacts readily but aluminium
foil does not react as easily as it has a protective oxide layer that prevents

_ reaction. This la}rer also protects aluminium from reaction with water so

TIP preventing corrosion.

If the general equations are
learnt, then itis simply a matter
of including the negative ion for
the acid (e.g. Cl) to complete the
equation, or including the positive | A mixture of aluminium oxide and water has a pH of 7 as it does not react
metal ion for the hydroxide with water.

le.g. Na*] to complete the base
equation. Aluminium oxide is amphoteric as it reacts with both acids and bases:

e}
General equations:

_ With acid: AL, O, + 6H* — 2A1** + 3H,0

TIP With base:  Al,O, + 20H" + 3H,0 — 2A1(OH);
The basic properties of the
metallic oxides of Period 3

Reactions of aluminium oxide
Aluminium oxide does not dissolve in water or react with water. This is due
to the strength of the ionic bonds between the oppositely charged, small ions.

When aluminium oxide reacts with a base, the aluminate ion, AI(OH)3, is

elements is due to the presence tormed.

of the oxide ion, 0%, which Bvesill equativns

can act as a base and accept a

proton, H*. with hydrochloric acid: Al,O,+ 6HCI — 2AICL, + 3H,0

with sodium hydroxide: ~ Al,O5+ 2NaOH + 3H,0 — 2NaAl(OH),

”‘i"lll L2t A R AR AL AN RRRIEETSREN NI FEunm aEEw ruann ERESY SErFEgE T4 Fran

TEST YOURSELF 2
1 State the structure of sodium oxide.
2 State the type of bonding found in magnesium oxide.
3 Sodium oxide reacts with water.
a) Write an equation for the reaction showing the ions formed.
b) State the pH of the solution formed when sodium oxide reacts
with water.
i 4 Write an equation for the formation of aluminium oxide from
aluminium and oxygen.
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5 Aluminium oxide reacts with both acids and bases. '
a) Write an equation for the reaction of aluminium oxide with
sulfuric acid.
b) Write an equation for the reaction of aluminium oxide with
potassium hydroxide.
c) What term is used for an oxide which reacts with both acids
and bases?
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Non-metal oxides

Silicon dioxide

@ Silicon dioxide is a covalent, acidic oxide.

® Its formula is SiO, and its bonding is covalent.

® Silicon dioxide is a white powder and its structure is macromolecular

and the bonding within it is covalent.
® The structural term macromolecular can sometimes be called giant covalent.

Silicon atom

Macromolecular (giant covalent)
structure of 5i0;

The arrangement of the atoms

is tetrahedral. Each silicon atom <
is connected to 4 oxygen atoms by
covalent bonds and each oxygen
atom is connected to two silicon
atoms again by covalent bonds

Figure 7.6 Macromolecular structure of silicon dioxide.

The melting point of silicon dioxide is 1610°C (1883 K). The high melting
point is caused by the macromolecular (giant covalent) structure with many
covalent bonds which require a great deal of energy to break them.

Formation of silicon dioxide
Finely divided silicon reacts with oxygen when heated. Silicon dioxide is
formed.

Si + 0, — SiO,

Reactions of silicon dioxide

Silicon dioxide does not dissolve in or react with water as the water cannot
supply enough energy to break the strong covalent bonds in the macromolecular
structure. The pH of a mixture of silicon dioxide and water is 7. Silicon dioxide
is still referred to as an acidic oxide as it reacts with bases.

Silicon dioxide is an acidic oxide that will react with bases forming silicates.
The silicate ion is SiO%~ Silicon dioxide reacts with hot concentrated
sodium hydroxide sodium forming sodium silicate and water. The reaction
is slow at room temperature but alkalis will cause marks on glass containers,

SiO, + 2NaOH — Na,SiO; + H,0



_ [onic equation:

TIP Si0,+ 20H — SiO3~ + H,0
Remember again that all you

have to do is add the metalion Reaction with sodium hydroxide

into bpth sides' of the general SiO,+ 2NaOH — Na,SiO; + H,0
equation to write an overall

equation. Na; 5104 1s sodium silicate.

Phosphorus(V) oxide

® Phosphorus(V) oxide (phosphorus pentoxide) is a covalent acidic
oxide and is a white solid.
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| ® Its molecular formula is P,O,, and its bonding is covalent. The
P401q consists of simple =P empirical formula is P,O4 but each molecule has 4 P atoms and 10
molecules. The molecular 2 D/ O atoms so it is usually written as P,O .

formula is P4O1p but the

u : o=F~g—F==p @ ltsstructure is molecular covalent. It consists of simple molecules
empirical formula is P;O¢ /

O""';/P“"“‘O of P4O,,. The structure can be called simple covalent.
ks 0 The melting point of P,O, is 300°C (573 K). This melting point
Figure 7.7 Structure of phosphorus(v) oxide. is lower than the metallic oxides as P,O,, is molecular covalent so

considerably less energy is required to break the weak intermolecular
forces of attraction between the P,0O,, molecules.

Formation of phosphorus(V) oxide

Phosphorus burns spontaneously in air with a very bright white flame and
forms a white smoke which is a mixture of phosphorus(in) oxide, P,O4 and
phosphorus(V) oxide, P,O,,. In excess oxygen the product is almost all
phosphorus(V) oxide.

P4+ S‘C}z — P4OID

Phosphorus is normally stored under water to prevent it coming into
contact with oxygen in the air.

Figure 7.8 Phosphorus oxide is a . ; -
white powder. The picture shows the Reactions ofphosphams(w oxide |
formation of phosphorus oxide from the P40, reacts with water producing phosphoric(V) acid, H;PO,

combustion of phosphorus in a flask.
The white solid is seen around the top
half of the flask.

P4010 .3 Gﬁzo S 4H3PD4

Phosphorus(V) oxide is an acidic oxide so will react with bases forming
phosphate salts. The phosphate ion is PO;~.

General equation:
120H" + P40y — 4POZ" + 6H,0
Overall equation (add the metal ion to both sides of the general equation):

12NaOH + PO,y — 4NasPO, + 6H,0

Basic oxides such as sodium oxide and magnesium oxide also react with
P40, forming phosphate salts. Na;PO, is sodium phosphate(v) and
Mg,(PO,), is magnesium phosphate(v). They are often simply called
sodium phosphate and magnesium phosphate.

6Na,O + P4Oj9— 4Na;PO,



Basic oxides also react with phosphoric(v) acid, H.PO,. The same
: 3 4
phosphate(v) salt is formed but water is also formed.

3Na,O + 2H3PO3 — 2NasPO, + 6H,0

(PN,

CACTIVITY |

1 Write a balanced symbol equation for the
. combustion of white phosphorus.
: 2 What is observed when white phosphorus burns?

i White phosphorus matches were replaced in the

i early 1900s by 'safety matches’. The heads of

: these matches contained a mixture of phosphorus

. sesquisulfide P;S; and potassium chloratelv]

i KClO5. When the match is struck across a rough

. surface the heat of friction is sufficient to ignite the

i phosphorus sesquisulfide; the potassium chlorate|v]
i decomposes to provide the oxygen needed for

i combustion.

. 3 Write a balanced symbol equation for the

i combustion of phosphorus sesquisulfide to

i produce phosphoruslv] oxide and sulfur dioxide.
: 4 Write a balanced symbol equation for the

. decomposition of potassium chloratelv]) into

. potassium chloride and oxygen.

: 5 Using your answers to question 4 and 5, write a
. single equation to show the overall reaction that

occurs between these two substances when a
match head ignites.

& The phosphoruslv] oxide produced when a
safety match head ignites is covalently bonded.
Magnesium oxide, another Period 3 oxide is an
ionically bonded compound. Outline a simple :
experiment that could be used to demonstrate that :
magnesium oxide has ionic bonding. ;

Oxides of sulfur

® Sulfur forms two oxides, sulfur(iv) oxide (sulfur dioxide) and sulfur(vi)
oxide (sulfur trioxide). Both are covalent acidic oxides.

® Sulfur dioxide has the formula SO, and sulfur trioxide has the formula
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_ SO,. The bonding in both is covalent. The structure of both SO, and SO,
TIP 1s molecular (simple covalent).
Some texts describe sulfur @ Sulfur dioxide is a colourless gas (melting point -73°C or 200K) with
trioxide as a colourless solid a pungent odour. It often appears as misty fumes in most air due to its
but this may relate more to the reaction with the moisture in the air.
temperature of the environment, ® Sulfur trioxide is a colourless liquid (melting point 17°C or 290K).
given that its melting point is ‘
close to room temperature. The structure of both sulfur dioxide and sultur trioxide is described as molecular

— cOvalent. The SO, molecule is bent and the SO; molecule is trigonal planar.

(—

TIP

O
The bond angle for S0, is 119°. The two ¥, |
double bonds and lone pair take up a P 25
trigonal planar arrangement and the lone ~ © O ‘_3 0
pair reduces the bond angle from 120° to bent shape of trigonal planar

119°. The bond angle for SO, is 120° due to e s

the equal repulsions of the three double bonds. Sulfur dioxide is polar but
sulfur trioxide is non-polar because of the symmetry of its shape.




Figure 7.9 Sulfur burning in air, on a
combustion spoon. It has an intense
blue flame.

(@,

TIP

Examples relating melting point
to the structure are common in
this section. Make sure you can
explain it fully based on either an
lonic lattice, a macromolecular
\giant covalent] structure or the
forces of attraction between
molecules for molecular [simple]

covalent substances.
—_—

Formation of the oxides of sulfur
Sulfur burns in air. The yellow solid sulfur melts to form a red liquid which
burns with a blue flame forming misty fumes of a choking and pungent gas.

Sulfur dioxide can be converted to sulfur trioxide on reaction with more

oxygen in the presence of a vanadium(v) oxide catalyst under specitic
conditions.

Reactions of the oxides of sulfur
Sulfur dioxide reacts with water producing sulfuric(1v) acid, H,S0,.
Sulfuric(iv) acid is also called sulfurous acid.

SO, + H,0 — H,50,

The solution formed when sulfur dioxide reacts with water is weakly acidic.
This is due to the reaction being reversible and the position of equilibrium
being to the left-hand side.

SO, + H,O = H*+ HSO;3

Sulfur trioxide, SO,, reacts Very vigorousl}f with water prc:ducing sulfuric
acid, H,SO,,. Sulfuric acid is also called sulfuric(vi) acid.

SO, + H,0 — H,S0,

As both sulfur dioxide and sulfur trioxide are acidic oxides, they react
with bases. Sulfur dioxide reacts with bases forming sulfate(1v) ions. The
sulfate(1v) ion is SO3~. Sulfur trioxide reacts with bases forming sulfate(vi)
ions. The sulfate(vi) ion is SO3~.

The sulfate(1v) ion is also called the sulfite ion and the sulfate(vi) ion is
called the sulfate ion.

General equations:
SO, + 20H™ — SO3~+ H,0

Overall equations (adding the metal ion to the left and the right will
complete the equation and give you the balanced symbol equation):

SO, + 2NaOH — Na,SO; + H,0
SO, + 2KOH — K,SO, + H,0

P,O,, melts at 300°C (573 K) whereas SO, melts at -73°C (200K). SO,
melts at 17°C (290K). All three of these substances are molecular covalent.
PO, has a higher melting point than the others as it is a larger molecule
with more electrons so the van der Waals’ forces between the molecules are
greater and more energy is required to overcome these forces of attraction
between the molecules. SO, is a larger molecule than SO; so the melting
point is higher, again due to larger van der Waals’ forces between the
molecules of SO, compared to SO,, even though SO, is polar and SO, is
non-polar.
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Summary table of the reactions of oxides of elements
in Period 3 with water

Reaction with water pH of resulting solution
Ma,0 Na,0+ H,0 — 2Na*+ OH- 14
MgO MgO+ H,0 — MglOH], 7
Al,O4 None -
Si0, None -

Pdo‘]g P;Oyg + 6H20 — 4H4P 04
SO,  |SO,+ H,0 = He+ HSO;
503 503'1" HEO m— HESO&

2lw | O

O Trends in the melting points
of the Period 3 oxides

The table below gives the melting points of the highest oxidation state
oxides of elements of Period 3.

Oxide Melting point [°C]

Na,0 1438
MgO 2852
ALO, [2072
Si0, | 1610
PO, 300
S0 |17

For the metal oxides (Na,O, MgO and Al,0,) it is important to remember
that, in general, the melting point increases as the charge on the metal ions
and as the size of the metal ion decreases. lonic compounds with smaller ions
and higher charge ions have the highest melting points. This explains the
increase in melting point from sodium oxide to magnesium oxide. However,
the melting point of aluminium oxide is lower than that of magnesium oxide.
This is due to the fact that the aluminium ion has such a high charge density
that it polarises the electrons in the oxide ion and aluminium oxide has a
degree of covalent character. This reduces the melting point.

Silicon dioxide has a macromolecular (giant covalent structure) and so a large
amount of energy is required to break the many strong covalent bonds to melt it.

P,0,, and SO, are molecular in structure. P,O,, has a higher M, than SO,
so it has stronger van der Waals' forces of attraction between the molecules.
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O Structure of the acids and anions

When acidic oxides react with water they form oxyacids. These oxyacids are
covalent compounds which form ions in aqueous solution.

Phosphoric acid

Food-grade phosphoric acid is used to acidify foods and beverages such as