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Oxidation and Reduction

Objectives

• Defines oxidation, reduction and redox reaction
• Explains how to work out oxidation numbers and write redox equations
• Shows you how to use standard reduction potentials to decide if
reactions can occur
• Discusses corrosion and redox reactions in nature

7·1

Redox reactions

A redox reaction is an important type of chemical reaction. In such a reaction, one
reactant is oxidized and another reactant is reduced.

Definitions of oxidation and reduction
Oxidation was once regarded as a chemical reaction in which oxygen was added to a
substance, whereas reduction occurred when oxygen was lost.
For example, in the reaction
CO2(g) + C(s) → 2CO(g)

carbon is oxidized to carbon monoxide (an atom of carbon gains an oxygen atom),
while carbon dioxide is reduced to carbon monoxide (a molecule of carbon dioxide
loses an atom of oxygen).
The definition was later broadened to include hydrogen: oxidation was removal of
hydrogen from a substance, while reduction took place when hydrogen was added.
These definitions, however, do not help when oxygen and hydrogen are not
involved. Consider a reaction such as
Cu(s) + S(s) → CuS(s)

Redox reactions

Oxygen and sulfur both have six electrons in the outer shell of their atoms and their
reactions tend to be very similar. It is reasonable to expect that copper undergoes
much the same process here, as it does when it reacts with oxygen.
When copper reacts with oxygen (is oxidized) to form copper(II) oxide, the
chemical equation may be written as
2Cu(s) + O2(g) → 2CuO(s)

In this reaction, a copper atom loses two electrons:
Cu → Cu2+ + 2e–

Each oxygen atom in an oxygen molecule gains two electrons from the copper atom
(the oxygen is reduced):
O + 2e– → O2–

Or, since oxygen gas reacts with copper,
O2 + 4e– → 2O2–

The overall equation can be obtained by adding the two ‘half-reactions’ together,
so that the electrons cancel out on each side:
1 First multiply the equation for the oxidation of copper by two, so that this halfreaction contains the same number of electrons as the half-equation for the
reduction of O2:
2Cu → 2Cu2+ + 4e–
O2 + 4e– → 2O2–

2 Then add the two half-reactions, and the number of electrons on each side
cancels out:
2Cu +O2 + 4e– → 2Cu2+ + 2O2– + 4e–

3 The overall equation is
2Cu(s) + O2(g) → 2Cu2+(s) + 2O2–(s)

Similar equations can be written for the reaction of copper with sulfur:
Cu → Cu2+ + 2e– (oxidation)
S + 2e– → S2– (reduction)

Adding and cancelling electrons gives
Cu(s) + S(s) → Cu2+(s) + S2–(s)

Here, a copper atom loses two electrons just as it did in the reaction with oxygen – it
is oxidized. Sulfur gains two electrons and is reduced.
Reactions such as these led to a far more general definition of the terms ‘oxidation’
and ‘reduction’:
Oxidation occurs when electrons are lost, reduction occurs when electrons
are gained.

To help you remember:
OILRIG
Oxidation is electron loss; reduction is electron gain
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Cu2+(aq)

Zn2+(aq)

EXERCISE

7A

The reaction of zinc with aqueous copper(II) sulfate
When solid zinc is added to blue copper(II) sulfate solution, the solution gradually
becomes paler and a red-brown solid (copper) is deposited at the bottom of the
test-tube. This is shown in Fig. 7.1.
In this reaction, the zinc metal supplies two electrons to the copper ions and copper
is precipitated.
The two half-reactions are:
Zn(s) → Zn2+(aq) + 2e–
Cu2+(aq) + 2e– → Cu(s)
Zn(s)

Cu(s)

Fig. 7.1 Reaction of zinc
with copper(II) sulfate
solution.

(i)
(ii)
(iii)
(iv)

Which half-reaction represents reduction?
Which half-reaction represents oxidation?
Write the overall redox equation for the reaction.
The sulfate ions are not included in the redox equation. Why?

EXERCISE

7B

Oxidation and reduction
In the following reactions, which substances are oxidized and which are reduced?
(i) 2Zn(s) + O2(g) → 2ZnO(s)
(ii) Mg(s) + Cu2+(aq) → Mg2+(aq) + Cu(s)
(iii) Cl2(g) + 2I–(aq) → 2Cl–(aq) + I2(aq)

7·2

(iv) 2Na(s) + Cl2(g) → 2NaCl(s)
(v) H2(g) + Cl2(g) → 2HCl(g)

Oxidation numbers

The oxidation number or oxidation state of an atom is a positive or negative number
which is decided using agreed rules (see Box 7.1). Oxidation numbers are used to
widen the definition of oxidation and reduction, with oxidation being defined as an
increase in oxidation number and reduction as a decrease in oxidation number.
Note that the oxidation number system is just designed to help you work out
whether substances are oxidized or reduced. It does not tell you anything about the
bonding in a compound. For example, the fact that carbon has an oxidation number
of +4 in some of its compounds does not mean that it exists as +4 ions in these
compounds.
BOX

7.1

Oxidation numbers
The following elements nearly always
have the same oxidation number in their
compounds. They are used as ‘standards’ to
help assign the oxidation numbers of other
elements.
There are important exceptions to the
elements marked with an asterisk (*), but
they will not be dealt with here. Different
oxidation numbers of Cl and O will be dealt
with at a later stage in the unit.

Element number

Oxidation
number

K+ Na+

+1

Mg2+ Ca2+

+2

Al

+3

3+

H+ (or covalent H)*

+1

F (or covalent F)

–1

Cl– (or covalent Cl)*

–1

O

–2

–

2–

(or covalent O)*

Oxidation numbers
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Rules for working out oxidation numbers

EXERCISE

1 The oxidation number of an atom of a free element is zero. For example, the
oxidation number of nitrogen in N2 or calcium in Ca is 0.

Assigning
oxidation numbers

2 The oxidation number of the ion of an element is equal to its charge. For
example, the oxidation number of copper in Cu2+ is +2 and the oxidation
number of oxygen in O2– is –2.
3 The algebraic sum of the oxidation numbers of the atoms in the formula of an
electrically neutral compound is zero. For Ca(OH)2, for example, the sum of the
oxidation numbers is
[+2 for Ca] + [2(–2) for O] + [2(+1) for H] = 0

4 For convenience, shared electrons in covalent compounds are assigned to
the element having the greater electronegativity. For example, the oxidation
number for phosphorus in PCl3 is +3 (chlorine is –1), since phosphorus is less
electronegative than chlorine.
5 The algebraic sum of the oxidation numbers of all the atoms of an ion is equal to
the charge on the ion. In SO42–, for example, the sum of the oxidation numbers is
[+6 for S] + [4(–2) for O] = –2

Remember that:
during chemical reactions an increase in oxidation number signifies
OXIDATION; a decrease, REDUCTION.

EXERCISE

7D

Oxidation ladders
Some elements have many oxidation states. You can construct
redox ‘ladders’ like the one shown below for sulfur:
(i)

What is the oxidation state of sulfur on each rung of the
‘ladder’?

(ii) SO2 reacts with water to form the sulfite ion SO32–. Is this a
redox reaction?
(iii) H2S reacts with SO2 to precipitate sulfur:
2H2S(g) + SO2(g) → 2H2O(l) + 3S(s)

SO2–
4 SO3
SO32– SO2
S
H2S

Which species is reduced? Which species is oxidized?

EXERCISE

7E

Redox ladder for chlorine
Chlorine can have different oxidation states. Using the following species, construct a
redox ladder for chlorine:
Cl2, HCl, ClO 3–, ClO–, Cl–, HClO4
Note that those species with the lowest oxidation number for chlorine should be at the
bottom of the ladder, whereas those with the highest oxidation number for chlorine are
at the top.

7C

Assign oxidation
numbers to the
underlined atoms in the
following examples:
(i)

SO2

(ii) NH3
(iii) S8
(iv) CrCl5
(v) NO3–
(vi) MnO4–
(vii) XeF2
(viii) Ca(VO3)2
(ix) BiO3–
(x) Cr2O72–.
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EXERCISE

7F

Oxidizing and
reducing agents
Look back at the redox
ladder for sulfur in
Exercise 7D:
(i)

Which sulfur
species can act as
both reducing and
oxidizing agents in
different chemical
reactions?

Oxidizing and reducing agents

7·3

An oxidizing agent is a substance that takes up electrons during a chemical reaction
and, in doing so, becomes reduced. A reducing agent supplies the electrons in this
process and so becomes oxidized.
Example

7.1

When iron is heated in chlorine gas, iron(III) chloride is produced. The ‘ordinary’ equation is:
2Fe(s) + 3Cl2(g) → 2FeCl3(s)

(ii) Which sulfur species
can only act as
oxidizing agents and
why?

The redox half-equations are

(iii) Which sulfur species
can only act as
reducing agents and
why?

Here, iron is acting as a reducing agent because it supplies electrons to chlorine
and is oxidized.

Fe(s) → Fe3+(s) + 3e–
Cl2(g) + 2e– → 2Cl–(s)

Chlorine is acting as an oxidizing agent because it accepts electrons from iron
and is reduced.

7·4

Writing and balancing redox equations

In order to write a redox equation, it is first necessary to write the two half-reactions
that identify the oxidation and reduction processes taking place. The overall redox
equation is then obtained by adding these two half-reactions together, so that the
electrons in each half-reaction cancel out.
To write the half-reactions, follow these simple rules:
1 Identify the atoms that are oxidized and reduced, using the oxidation number
method.
Most of the reactions that you will come across at this stage, will occur in neutral or
acid solution, and step 2 applies.
2 Balance the half-reactions:
Make sure that there are the same number of atoms of the element that is
oxidized (or reduced) on each side of the half-reaction.
(ii) If there are any oxygen atoms present, balance them by adding water molecules
to the other side of the half-reaction.
(iii) If there are hydrogen atoms present, balance them by adding hydrogen ions on
the other side of the half-reaction.
(iv) Make sure that the half-reactions have the same overall charge on each side by
adding electrons.
(i)

Note that the rules are slightly different if the reaction occurs in basic solution:
hydrogen atoms are balanced using H2O molecules and then the same number of
OH– ions are added to the opposite side of the equation to balance the oxygens.
Carry on as before, adding electrons to balance the charges.

Writing and balancing redox equations

Example

7.2

Write the overall redox equation for the oxidation of iron(II) ions to iron(III)
ions by the manganate(VII) or permanganate ion, MnO 4–, in acid solution. The
manganate(VII) ion reacts to form the manganese(II) ion, Mn2+.
Answer
The oxidation half-reaction
The question tells you that iron(II) is oxidized, but you can check on this by
working out the oxidation numbers of iron before and after the reaction:
Fe2+ → Fe3+;   by oxidation numbers: +2 → +3
therefore, an increase in oxidation number, i.e. oxidation, has occurred.
There are the same number of atoms on each side of this half-reaction, and
no oxygen or hydrogen atoms, so all that remains to be done is to make sure
that the overall charge is the same on each side of the half-equation. By adding
one electron to the right-hand side, the overall charge on each side of the
equation becomes +2 (think of an electron as a unit negative charge, which will
cancel out a positive charge):
Fe2+ → Fe3+ + e–
The half-equation above represents the oxidation reaction.
The reduction half-reaction
The manganate(VII) ion reacts to form manganese(II). Check that this is a
reduction by working out the oxidation numbers of manganese before and after
the reaction:
MnO4– → Mn2+;   by oxidation numbers: +7 → +2
therefore, a decrease in oxidation number, i.e. reduction, has occurred.
There are the same number of manganese atoms on each side of the halfreaction, but the oxygen atoms need to be balanced:
1

Balance the oxygens with water molecules:
MnO4– → Mn2+ + 4H2O

2 
Now H atoms have been introduced, so they need to be balanced with
H+ ions:
MnO 4– + 8H+ → Mn2+ + 4H2O
3

Balance the charges on each side of the half-reaction by adding electrons:
MnO4– + 8H+ + 5e– → Mn2+ + 4H2O

Each side of the equation now has an overall charge of +2. The above equation represents
the reduction reaction. To construct the overall redox equation, the two half-reactions
must be added together so that the electrons cancel out:
Fe2+ → Fe3+ + e–
MnO4– + 8H+ + 5e– → Mn2+ + 4H2O

(oxidation)
(reduction)

The first half-reaction must be multiplied by five, then the equations added together:
5Fe2+ → 5Fe3+ + 5e–
MnO4– + 8H+ + 5e– → Mn2+ + 4H2O

(oxidation)
(reduction)

MnO4– + 8H+ + 5e– + 5Fe2+ → Mn2+ + 4H2O + 5Fe3+ + 5e–
The overall redox equation is therefore
MnO 4–(aq) + 8H+(aq) + 5Fe2+(aq) → Mn2+(aq) + 4H2O(l) + 5Fe3+(aq)
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EXERCISE

7G

Writing and balancing redox equations
1
(i)
(ii)
(iii)
(iv)
(v)

Write half-equations for:
the oxidation of I– to IO3–
the reduction of NO3– to NO in acidic solution
the reduction of Cr2O72– to Cr3+ in acidic solution
the reduction of H2O2 to H2O in acidic solution
the oxidation of S2– to SO42– in basic solution.

2 Write an overall redox equation for:
(i) The reaction of copper with silver nitrate, in aqueous solution, to produce copper(II)
nitrate and silver.
(ii) The oxidation of copper metal to copper(II) nitrate by concentrated nitric acid (regard
the reduction of nitric acid as the ion NO3– being reduced to brown NO2 gas).
(iii) The reduction of I2 by thiosulfate, S2O32–, to I– in aqueous solution. Thiosulfate is
oxidized to tetrathionate, S4O62–.
(iv) The oxidation of I– to I2 by H2O2 in acid solution (H2O2 is reduced to H2O). (Note that in
H2O2, the oxidation number of oxygen is –1.)
(v) The oxidation of H2O2 to O2 by ClO2– (ClO2– is reduced to Cl–).

BOX

7.2

The breathalyser
The first type of breathalyser was
a disposable device consisting of
a plastic tube packed with yellow
crystals. The person was required to
blow through the tube into a 1 dm3
plastic bag for about 15 s. Alcohol
vapour in the subject’s breath reacted
with the yellow crystals and turned
them green. If the green stain extended

beyond the red line drawn on the tube,
then the subject had failed the test (Fig.
7.2).
The yellow crystals are sodium
dichromate, Na2Cr2O7 and the redox
reaction taking place is the reduction
of the dichromate(VI) ion, Cr2O72–, to
the green Cr3+ ion, by alcohol, under
acidic conditions:

spectrometer (see Unit 20)) is used
to measure accurately the alcohol
concentration.

Cr2O72–+14H++6e–→2Cr3++7H2O

Breathe in

yellow                  green

Packing
material
Yellow crystals
of Na2Cr2O7
Red line

Plastic bag
Fig. 7.2 The Alcolyser* breathalyser.

Many police forces now use an
Alcometer* instead of the disposable
dichromate tubes. The Alcometer is
a small instrument with disposable
mouthpiece tubes. The subject blows
into the instrument and their alcohol
level can be read from a digital display.
The instrument is an electrochemical
cell known as a fuel cell which
generates a voltage in proportion to
the alcohol vapour concentration in
the breath.
If a person is ‘over the limit’ for either of
these roadside tests, they are taken to
the police station, where a second
*Trademarks of Lion Laboratories Ltd, Ty
instrument (a simple infrared
Verlon Industrial Estate, Barry, South Wales.

Redox couples

7·5
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Redox couples

Think of a piece of zinc metal, Zn(s), dipped in a solution of silver ions, Ag+(aq). A
reaction is seen to occur, and solid silver is produced:
Zn(s) + 2Ag+(aq) → Zn2+(aq) + 2Ag(s)

The half-reactions that make up this overall reaction are:
Zn(s) → Zn2+(aq) + 2e–

and
2Ag+(aq) + 2e– → 2Ag(s)

The fact that there is a reaction between Zn(s) and Ag+(aq) suggests that the
silver ions want to accept electrons more than the zinc atoms want to keep them.
No reaction takes place when zinc metal is added to magnesium ions, Mg2+(aq).
This suggests that magnesium ions in solution have a smaller tendency to accept
electrons, and form Mg(s), than do silver ions, forming Ag(s).
The pairs of species involved here, Ag+(aq)/Ag(s) and Mg2+(aq)/Mg(s) are known
as redox couples. Therefore, our experiments suggest that the Ag+(aq)/Ag(s) redox
couple is a stronger oxidizing agent than the Mg2+(aq)/Mg(s) redox couple. Since a
strong oxidizing agent may be described as a weak reducing agent, we could also say
that the Mg2+(aq)/Mg(s) redox couple is a stronger reducing agent than the Ag+(aq)/
Ag(s) redox couple.
The relative oxidizing or reducing strengths of redox couples are expressed in
terms of their standard electrode potentials, E*, which have the units of volts. It is
impossible to measure the standard electrode potentials of redox couples in isolation,
without introducing other metals into the electrical circuit. In practice, the redox
couple under study is connected to a reference redox couple in an electrochemical
cell. Voltage measurements then give a relative potential difference. The reference
redox couple used is H+(aq)/H2(g), which (under agreed standard conditions) is
given an E * value of zero.

The standard hydrogen electrode (SHE)
Experimentally, the H+(aq)/H2(g) couple is arranged in the form of a hydrogen
electrode. A hydrogen electrode is made up of a piece of platinum foil, coated with
fine particles of platinum, dipped into a solution of hydrogen ions, with hydrogen
gas bubbling over the surface of the platinum (Fig. 7.3).
The platinum provides a surface upon which either of the following reactions may
occur:

H2 gas
(1 atm )

2H+(aq) + 2e– → H2(g)

or
H2(g) → 2H+(aq) + 2e–

These two possibilities are summarized by the equation
2H+(aq) + 2e–

H2(g)

or it could also be written as
2H3O+(aq) + 2e–

H2(g) + 2H2O(l)

Platinum
Solution of H+ ions
Fig. 7.3 The standard
hydrogen electrode.
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The standard hydrogen electrode (SHE; Fig. 7.3)
is a hydrogen electrode where H+(aq) and H2(g) are in
their standard states (see page 217). This means that the
concentration of H+(aq) is 1 mol dm–3, and the hydrogen
gas is at a pressure of 1 atm. By agreement, the potential
difference between the H+(aq) solution and the Pt
electrode in the SHE is set to zero at all temperatures. This
is written as:
E*(H+(aq),H2(g)) = 0

where the use of the symbol
are in their standard states.

Photograph of a standard hydrogen electrode

* shows that the substances

Other standard electrodes
The electrode of the Ag+(aq)/Ag(s) redox couple consists of a rod of silver dipped in
a solution of silver ions. The Ag+(aq)/Ag(s) electrode becomes the standard Ag+(aq)/
Ag(s) electrode if the silver is pure, and the silver ion concentration is 1 mol dm–3.
The electrode of the Fe3+(aq)/Fe2+(aq) redox couple has a different construction. It
consists of a piece of platinum dipped in a mixture of both ions. In an electrochemical
cell, the Pt connects the electrode to the rest of the cell. The Pt also provides a surface
upon which electrode reactions may occur. The standard Fe3+(aq)/Fe2+(aq) electrode
contains both ions at a concentration of 1 mol dm–3.

Measuring E* values by making an electrochemical cell
1 Measuring E*(Ag+(aq)/Ag(s))
We will now see how the standard electrode potential of a redox couple may be
found by experiment. Figure 7.4 shows the electrochemical cell composed of the
standard hydrogen and standard silver ion/silver electrodes. All measurements are
made at 25 °C. The two electrodes are connected by:

1 a wire through which electrons can pass;
Electron flow

+0.80 V
Voltmeter

H2 gas
(1 atm )

Fig. 7.4 Electrochemical cell
used in the determination of
E*(Ag+(aq)/Ag(s) ).

H+ ions
(1 mol dm–3 )

Salt bridge
containing
saturated
KNO3 (aq)

Ag(s)

Cotton
wool
plug

Ag+ ions
(1 mol dm–3 )

Redox couples

2 a salt bridge (a glass tube that contains a saturated solution of an ionic salt, such
as KNO3) which completes the electrical circuit.
If we measure the voltage of the cell (the cell potential) using a high-resistance
voltmeter, we will not be using up any electrical current produced by the cell, and
very little chemical reaction takes place. Under these conditions, the measured
voltage does not fall during the measurement.
Which electrode is connected to the positive terminal of the voltmeter? By trial
and error, it is found that only if the Ag+(aq)/Ag(s) electrode is connected to the
positive terminal is the cell potential positive. (A voltage of +0.80 V is actually
obtained; if the connections were reversed, the voltage reading would be –0.80 V.)
Because of this, the Ag+(aq)/Ag(s) electrode is said to be the cell cathode (+) and
the hydrogen electrode the cell anode (–).
Electrons flow from the anode to the cathode. This means that the hydrogen
electrode is losing electrons (oxidation); this is only possible if the H+(aq)/H2(g)
redox couple is undergoing the reaction:
H2(g) → 2H+(aq) + 2e–

The electrons then pass through the circuit and move to the cathode where they
cause the Ag+(aq)/Ag(s) redox couple to be reduced within the Ag+(aq)/Ag(s)
electrode:
Ag+(aq) + e– → Ag(s)

The overall cell reaction is:
H2(g) + 2Ag+(aq) → 2H+(aq) + 2Ag(s)

(The same reaction occurs outside a cell, if hydrogen gas is bubbled into a solution
containing silver ions. However, in that case heat – not electricity – is made.)
The cell diagram for any electrochemical cell follows the pattern:
reactant → product
(–) anode
(in which oxidation takes place)

reactant → product
(+) cathode
(in which reduction takes place)

where || symbolizes the salt bridge. In our case:
Pt | H2(g) | H+(aq) || Ag+(aq) | Ag(s)
goes to

goes to

which shows that H2(g) is oxidized to H+(aq) (the product at the anode), while
Ag+(aq) is reduced to Ag(s) (the product at the cathode).
The standard potential of the cell, E* = +0.80 V, is related to the standard
electrode potentials for each redox couple by the following equation:
E* = E *
R – E*
L

which applies to all cells, and in which E*
R is the standard electrode potential of the
right-hand electrode (cathode) and E*L the standard electrode potential of the lefthand electrode (anode) as they appear in the cell diagram. Here, E*R = E*(Ag+(aq)/
Ag(s)) and E*L = E*(H+(aq),H2(g)) = 0 (by definition). Thus:
+0.80 V = E*(Ag+(aq)/Ag(s)) – 0

and E*(Ag+(aq)/Ag(s)) = + 0.80 V.
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2 Finding E*(Zn2+(aq)/Zn(s))

Suppose we wanted to measure E*(Zn2+(aq)/Zn(s)). Our first step is to set up the
electrochemical cell, consisting of the SHE and standard (Zn2+(aq)/Zn(s)) electrode
(consisting of pure Zn metal dipped into 1 mol dm–3 Zn2+(aq)) connected by a salt
bridge.
If the standard Zn2+(aq)/Zn(s) electrode is connected to the negative pole of the
voltmeter, the voltage reading is found to be +0.76 V. The positive voltage shows that
the Zn2+(aq)/Zn(s) electrode is the anode. At the anode, the Zn2+(aq)/Zn(s) redox
couple undergoes oxidation:
Zn(s) → Zn2+(aq) + 2e–

The electrons cause the H+(aq)/H2(g) redox couple to be reduced within the cathode
of the SHE:
2H+(aq) + 2e– → H2(g)

The overall cell reaction is
Zn(s) + 2H+(aq) → Zn2+(aq) + H2(g)

The cell diagram is
Zn(s) | Zn2+(aq) || Pt | H+(aq) | H2(g)

The cell potential is +0.76 V:
E* = E*R – E*L
0.76 = E*(H+(aq),H2(g)) – E*(Zn2+(aq)/Zn(s))
0.76 = 0 – E*(Zn2+(aq)/Zn(s))

or,
E*(Zn2+(aq)/Zn(s)) = –0.76 V

We have now looked at two electrochemical cells. In the first, where the E* of
the redox couple under investigation proved to be positive, the H+(aq)/H2(g) couple
undergoes oxidation (Fig. 7.5(a)). In the second, where the E* of the redox couple
under investigation proved to be negative, the H+(aq)/H2(g) couple undergoes
reduction (Fig. 7.5(b)). Generalizing:
1 A negative E* means that a redox couple is a stronger reducing agent than the
H+(aq)/H2(g) couple.
2 A positive E* means that a redox couple is a weaker reducing agent than the
H+(aq)/H2(g) couple.
The reverse statements apply to the oxidizing power of these redox couples.

(a)

Fig. 7.5 The flow of electrons
in cells involving the SHE in
which (a) Zn2+(aq)/Zn(s), and
(b) Ag+(aq)/Ag(s) form the
other electrode.

+0.80 V

(b)

+0.76 V

Anode (–)

Cathode (+)

Anode (–)

Cathode (+)

H+(aq)/H2(g)

Ag+(aq)/Ag(s)

Zn2+(aq)/Zn(s)

H+(aq)/H2(g)

H2(g) + 2Ag+(aq)→2H+(aq) + 2Ag(s)

Zn(s) + 2H+(aq)→Zn2+(aq) + H2(g)

Redox couples

Table 7.1 Standard electrode potentials

Strong
Oxidizing
Agents

Strong
Reducing
Agents
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Redox couple

Reaction equation when redox
couple is reduced

E* at 25 °C/V

F2(g)/F–(aq)
Cl2(g)/Cl–(aq)
Br2(l)/Br–(aq)
Ag+(aq)/Ag(s)
Fe3+(aq)/Fe2+(aq)
I2(s)/I–(aq)
Cu2+(aq)/Cu(s)
H+(aq)/H2(g)
Fe2+(aq)/Fe(s)
Cr3+(aq)/Cr(s)

F2(g) + 2e– → 2F–(aq)
Cl2(g) + 2e– → 2Cl–(aq)
Br2(l) + 2e– → 2Br–(aq)
Ag+(aq) + e– → Ag(s)
Fe3+(aq) + e– → Fe2+(aq)
I2(s) + 2e– → 2I–(aq)
Cu2+(aq) + 2e– → Cu(s)
2H+(aq) + 2e– → H2(g)
Fe2+(aq) + 2e– → Fe(s)
Cr3+(aq) + 3e– → Cr(s)

+2.87
+1.36
+1.09
+0.80
+0.77
+0.54
+0.34
0 (by definition)
–0.44
–0.74

Zn2+(aq)/Zn(s)
Mg2+(aq)/Mg(s)
Na+(aq)/Na(s)

Zn2+(aq) + 2e– → Zn(s)
Mg2+(aq) + 2e– → Mg(s)
Na+(aq) + e– → Na(s)

–0.76
–2.37
–2.71

Key points about the standard electrode potentials of
redox couples

Electrochemical
cells and E*
A cell, consisting of
the SHE (as anode) and
the standard Cu2+(aq)/
Cu(s) electrode, gives a
standard cell potential of
+0.34 V at 25 °C.
(i)

Write down the cell
diagram.

(ii)

Calculate E*(Cu2+(aq)/
Cu(s)).

(iii) Write down the
overall reaction that
occurs in the cell.

1 E* values are also known as standard reduction potentials. Table 7.1 shows
selected E* values which were measured at 25°C. Note that the redox couples
are listed with the oxidized species first (e.g. Na+(aq)/Na(s), not Na(s)/Na+(aq)).
2 Measurements of E* may be carried out at other temperatures. E* values do
vary with temperature, apart from E* (H+(aq)/H2), which by agreement is set to
zero at all temperatures.
3 Some E* values, such as E*(Na+(aq)/Na(s)), cannot be found using simple
electrochemical cells, and are calculated from other data.
4 Strictly speaking, E* values apply to couples, and not to single species. For
example, we cannot speak of E*(Na). The fact that E*(Na+(aq)/Na(s)) = –2.71
V, shows specifically that sodium has a strong tendency to form Na+ ions in
solution (and not to form, say, Na–).
5 E* values may be used to predict whether or not redox reactions are allowed to
occur. (Using the language of Unit 15, we would say that a reaction that is allowed
to occur has a large value for the equilibrium constant Kc.) This is discussed in
the next section, but note that E* values do not permit any predictions to be
made about the rate of a reaction.
BOX

7.3

Dry cells
The trouble with ‘wet’ cells is that the solutions (the electrolyte) might leak out. In the dry
cell, the electrolyte is a damp paste. This type of cell is used in torches, walkmans and
clocks. Many dry cells use the reactions of zinc and manganese(IV) oxide:
Zn(s) → Zn2+(aq) + 2e–
MnO2(s) + H2O(l) + e– → MnO(OH)(s) + OH–(aq)

(oxidation)
(reduction)

Other reactions occur, but we will not discuss them here. A diagram of a dry cell is shown
in Fig. 7.6.

Carbon rod
(positive contact)

MnO2
C
NH4Cl

Zinc casing
(negative contact)
Fig. 7.6 A dry cell.
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Predicting whether reactions can occur
Standard electrode potentials (E* values) may be used to decide whether redox
reactions are allowed to occur. The key point to remember here is that the halfreaction having the more positive electrode potential occurs as a reduction, while the
half-reaction having the more negative electrode potential occurs as an oxidation.
To help you apply this easily:
Write down both half-reactions, with the half-reaction possessing the more negative
(or least positive) E* value at the top. Then draw anticlockwise arrows to predict
whether the overall reaction can occur.
Example

7.3

Will hydrogen gas reduce Fe3+(aq) to Fe2+(aq)?
Answer
Write down both half-reactions, with the half-reaction possessing the more
negative (or least positive) potential at the top:
2H+(aq) + 2e– → H2(g)
E* = 0.00 V
Fe3+(aq) + e– → Fe2+(aq)
E* = +0.77 V
Draw anticlockwise arrows:
2H+(aq) + 2e– → H2(g)
Fe3+(aq) + e– → Fe2+(aq)

E* = 0.00 V
E* = +0.77 V

The direction in which the arrows point shows that H2 changes to H+ and that
Fe3+ changes to Fe2+. The predicted overall reaction is therefore:
H2(g) + 2Fe3+(aq) → 2Fe2+(aq) + 2H+(aq)
Comments
The conclusion that we can draw from this is that hydrogen gas is capable of
reducing Fe3+(aq) to Fe2+(aq) at room temperature.
Note, however, that we cannot predict how fast (or slow!) the reaction will be.
The reaction may be so slow that nothing will appear to happen.
In addition, our predictions only apply to solutions, since E* values cannot be
obtained for dry gases or solids.

Example

7.4

Will bromine water (Br2(aq)) react with an aqueous solution of potassium
chloride (Cl–(aq))?
Answer
Following the same procedure as above:
Br2(aq) + 2e– → 2Br–(aq) E* = +1.09 V
Cl2(aq) + 2e– → 2Cl–(aq) E* = +1.36 V
In this case, the direction of the arrows shows that Br2(aq) and Cl–(aq) stay as
they are. The conclusion is that there is no reaction at room temperature.

Activity series of metals

EXERCISE 7I

Predicting reactions
Using the standard reduction potentials in Table 7.1, determine whether the following
reactions may occur:
Br2(aq) + I–(aq) → I2(aq) + 2Br–(aq)

(i)

(ii) Cu(s) + 2H (aq) → Cu (aq) + H2(g)
+

7·6

2+

(iii) Zn(s) + 2Fe3+(aq) → Zn2+(aq) + 2Fe2+(aq)
(iv) 2Fe3+(aq) + 2I–(aq) → 2Fe2+(aq) + I2(aq).

Activity series of metals

The more negative the standard electrode potential, E*, of a redox couple
Mn+(aq)/M(s), the more powerful a reducing agent is that metal. This means it is a
more reactive metal because it loses electrons more easily. We can arrange the metals
in order of reducing power, producing an activity series of metals (Table 7.2). The
metals at the top of the series are more reactive than those below.
A metal in solution can react with a metal ion that appears below it in the table.
Hydrogen is included so that the reactivity of metals with aqueous acids may be
worked out; when a metal above hydrogen is added to an acidic solution, a reaction
will occur and hydrogen gas is given off.
Never mix strongly reducing metals, such as potassium, with acid solutions – the
reactions are extremely violent.
Table 7.2 The activity series of metals

Reduction half-reaction

E* (Mn+(aq)/M(s))/V

K (aq) + e → K(s)
+

–

–2.92

Ca2+(aq) + 2e– → Ca(s)

–2.87

Na+(aq) + e– → Na(s)

–2.71

Mg2+(aq) + 2e– → Mg(s)

–2.37

Al3+(aq) + 3e– → Al(s)

–1.67

Zn2+(aq) + 2e– → Zn(s)

–0.76

Fe2+(aq) + 2e– → Fe(s)

–0.44

Ni2+(aq) + 2e– → Ni(s)

–0.25

Sn (aq) + 2e → Sn(s)

–0.14

Pb2+(aq) + 2e– → Pb(s)

–0.13

2+

–

2H+(aq) + 2e– → H2(g)

0

Cu2+(aq) + 2e– → Cu(s)

+0.34

Ag+(aq) + e– → Ag(s)

+0.80

Au (aq) + e → Au(s)

+1.68

+

–

EXERCISE 7J

Activity series of metals
Write redox equations for any reactions that might occur when the following substances are mixed:
(i)

magnesium and silver nitrate
solution
(ii) copper and lead(II) nitrate
solution

(iii) nickel and copper(II) sulfate
solution
(iv) zinc and dilute hydrochloric acid
(H+(aq))

(v) copper and dilute sulfuric acid
(H+(aq)).
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Corrosion of iron

Rusting
Many metals, including iron, react with air and/or water (corrode). The reactivity of
metals with air or water can be predicted using reduction potentials. For a neutral
solution:
2H2O(l) + 2e– → H2(g) + 2OH–(aq)

E* = –0.42 V

In the case of iron:
Fe2+(aq) + 2e– → Fe(s)
Fe3+(aq) + e– → Fe2+(aq)

E* = –0.44 V
E* = +0.77 V

Therefore pure water has only a slight tendency to oxidize Fe(s) to Fe2+(aq).
However, if oxygen is present, the following half-reaction can occur in neutral
solution (pH = 7; see page 151)
O2(g) + 4H+(aq) + 4e– → 2H2O(l)

E* = +0.82

Check, by using anticlockwise arrows, that this couple can oxidize Fe to Fe2+ and then
from Fe2+ to Fe3+.
Both oxygen and water can therefore oxidize Fe to Fe2+ and oxygen is further
capable of oxidizing Fe2+ to Fe3+. These reactions are known as rusting.
Rust is a brown, insoluble compound of formula Fe2O3 · xH2O (the x in the
formula indicates that it has a variable composition) which is formed when iron
reacts with air and water. Rusting requires the presence of oxygen, water and ionic
substances dissolved in the water (electrolytes). In the absence of any one of these,
little rusting will occur.

EXERCISE

7K

Rusting
(i)

Explain why iron nails do not rust if they are placed in a sealed tube containing boiled
water.

(ii) Why do cars that are kept by the sea rust more rapidly?
(iii) Rusting occurs much more quickly in areas that are polluted. Can you give a reason
for this?

Rust prevention
The following methods may be adopted in order to prevent corrosion of iron or steel:
1 Protection of the surface of the metal from air and water by painting, oiling,
greasing or coating with a plastic.
2 Coat the metal with a more reactive metal (one with a more negative value for
E*) so that, even if the coating is scratched, the more reactive metal will lose
electrons in preference to the metal that has been coated. Zinc is often used to
coat metals such as iron; this is achieved by dipping the iron in molten zinc, or by
electroplating the iron. Zinc exposed to the air becomes covered with a film of

Redox reactions in nature

zinc oxide, which protects it from further corrosion – the zinc becomes passive.
Covering a metal with a zinc layer is known as galvanizing.
3 It is not practical to galvanize large objects, such as ships or pipes. Instead a block
of a reactive metal, such as magnesium (or zinc), is attached to the large object
and, again, preferentially loses electrons to oxygen. This method of protecting
the metal is known as sacrificial protection.

7·8

Redox reactions in nature

Nitrogen fixation
Living organisms need nitrogen to make proteins, the ‘building bricks’ of plants and
animals. Although nitrogen gas is abundant, making up approximately four-fifths of
the atmosphere, most living organisms cannot obtain it directly from the air because
it is an unreactive gas. Nitrogen becomes available to plants and animals via the
nitrogen cycle (Fig. 7.7).
Atmospheric nitrogen is particularly unreactive; however, it is oxidized to NO
when lightning flashes. Oxygen in the atmosphere oxidizes NO to NO2, which reacts
with rain water to form the acids HNO2 and HNO3. These acids react with metal
oxides and carbonates in the soil, to form nitrate and nitrite salts.
Plants obtain nitrogen in the form of nitrate and ammonium ions. Nitrates are
very soluble in water and reach the roots of plants easily; the nitrate ion is then taken
up and reduced to ammonia by the plant. Nitrogen-fixing bacteria that live in the
soil, or in nodules on the roots of plants, convert (i.e. biologically fix) atmospheric
nitrogen into ammonium salts. Animals eat plants and, when both of these
organisms die, their organic matter eventually decays into ammonium compounds.
Nitrifying and denitrifying bacteria convert ammonium compounds into NO3– and
NO2–, then N2O and N2. In this way nitrogen is returned to the atmosphere and the
cycle is complete.
N2

Lightning + O2

+ H2

NO

NO2
H2O

Nitrogen
fixing
bacteria

Industry
NH3

Denitrifying
bacteria

Fertilizer
Animal and
plant waste

Ammonium compounds
Fig. 7.7 The nitrogen cycle.

Oxidation
nitrifying
bacteria

Nitrite
NO–2

Nitrate
NO–3
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Tinning
Steel food cans coated
with tin used to be
common. Unfortunately,
when damaged they
corrode more rapidly
than if the coating was
not present – explain this
phenomenon.
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BOX

7.4

Another test for nitrates
If a substance is suspected to contain a nitrate ion (NO–3 ), the presence of the ion can
be detected by heating the nitrate with sodium hydroxide solution and Devarda’s alloy.
Devarda’s alloy is a roughly equal mixture of aluminium and copper, to which a little zinc
is added. If a nitrate is present it is reduced and ammonia is evolved. Ammonia can be
detected by its choking smell or, because it is an alkaline gas, it turns damp red litmus
paper blue. The detection of ammonia confirms that a nitrate was present.
One redox equation for the reaction is
8Al(s) + 3NO–3 (aq) + 5OH–(aq) + 18H2O(l) → 8Al(OH)4–(aq) + 3NH3(g)
See also the brown ring test on page 89.

EXERCISE

7M

Nitrogen cycle
Work out the oxidation
numbers of all the
nitrogen-containing
species in the previous
section. Construct an
‘oxidation state’ ladder
for nitrogen, using these
species.

The availability of nitrogen to plants (and therefore to animals) is vital for
producing food. This is why fertilizers, ammonium and nitrate salts, are produced
industrially to help supply nitrogen to crops.
The Haber–Bosch process is an industrial process whereby nitrogen gas is
reduced to ammonia using an iron catalyst, and is the first step in the production of
fertilizers:
3H2(g) + N2(g)

2NH3(g)

This is a very expensive process, requiring high temperatures and pressures,
and the expense is one of the reasons why Third World countries find difficulty in
feeding their populations. Biological nitrogen fixation, however, requires only solar
energy as its power source and chemists are currently trying to find catalysts that can
act in the same way as nitrogen-fixing bacteria.

Electron transport in living systems
Both photosynthesis and respiration are energy conversion processes and involve
redox reactions.
Photosynthesis is a process that occurs when plants take in carbon dioxide
and water to make sugar. Photosynthesis needs solar energy and is catalysed by
chlorophyll, the green substance in leaves; oxygen is also produced:
6CO2(g) + 6H2O(l) → C6H12O6(s) + 6O2(g)

For more about photosynthesis, see page 395.
Respiration is a reaction that supplies living organisms with the energy they need.
It is the opposite reaction to photosynthesis:
C6H12O6(s) + 6O2(g) → 6CO2(g) + 6H2O(l)

Note that energy is stored in glucose during photosynthesis and released again
during respiration.
Respiration involves a series of redox reactions, some of which involve the
participation of iron-containing substances called cytochromes. Cytochromes
are electron carriers. They accept electrons from better reducing agents and give
electrons to better oxidizing agents. The iron ‘flips’ back and forth between Fe3+ (the
oxidized form) and Fe2+ (the reduced form). A similar set of cytochromes are used
for the transport of electrons when green plants undergo photosynthesis.

Revision questions
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Revision questions
7.1 What are the oxidation numbers of the named element
in the following compounds?
(i) C in CF4
(iii) S in SO42–
(v) N in Mg3N2.
(ii) Mn in MnO2
(iv) Sn in SnCl4
7.2 Use standard electrode potentials to predict whether
copper metal could reduce aqueous iron(III) ions to iron(II)
at room temperature.
7.3 Using standard electrode potentials, predict if reactions
could occur in the following situations. Write balanced
redox equations for those reactions that could occur at
room temperature.
(i) An iron nail is placed in an aqueous solution of
copper(II) sulfate (CuSO4(aq)).
(ii) A silver ring is placed in an aqueous solution of zinc
nitrate (Zn(NO3)2(aq)).
7.4 In the equation

MnO4–(aq) + 8H3O+(aq) + 5Au(s) → Mn2+(aq)
+ 12H2O(l) + 5Au+(aq)
(i) Which species is oxidized and what is its change in
oxidation number?
(ii) Which species is reduced?
(iii) Which species is acting as an oxidizing agent?
7.5 When an aqueous solution of iron(III) ions is reacted
with sulfur dioxide gas (this forms an acid solution), aqueous
iron(II) ions and the sulfate ion (SO42–) are produced. Write a
balanced overall redox equation for the reaction.
7.6 In the following cell, all solutions are of concentration
1 mol dm–3 and at 25°C:

Al3+
(aq)

Fe(s)

Salt
bridge

7.7 Tarnished silver jewellery occurs because the silver
metal reacts with hydrogen sulfide in the presence of air to
form silver sulfide (Ag2S). The silver object can be ‘cleaned’
by dipping it into an aqueous solution of sodium chloride,
contained in an aluminium metal container.
(i) Write down symbols for the ions contained in silver
sulfide.
(ii) Using the standard electrode potentials for silver and
aluminium, work out if a reaction occurs between the
species present in the container.
(iii) Why is this a more desirable way of cleaning the silver
than using silver polish?
7.8 Write a balanced redox equation for the oxidation of
concentrated hydrochloric acid (H+, Cl–) to chlorine (Cl2)
by solid manganese(IV) oxide (MnO2). The manganese(IV)
oxide is reduced to Mn2+(aq).
7.9 In basic solution, zinc metal is oxidized by the nitrate
ion (NO3–(aq)) to [Zn(OH)4]2–(aq). The nitrate ion is reduced to
ammonia. Write a balanced ionic equation for this reaction.
7.10 In the reaction

Ni2+(aq) + Zn(s) → Ni(s) + Zn2+(aq)
which species is (i) the oxidizing agent, (ii) the reducing
agent?
7.11 Chromium plated steel (steel is mostly iron) is often
used in motor car bumpers. If the bumper is scratched,
will the chromium continue to protect the bumper against
rusting?

V
Al(s)

(i) Mark in the direction of electron flow.
(ii) Give equations for the processes occurring at each of
the electrodes.
(iii) Calculate E cell.
(iv) Draw a cell diagram for the system.

Fe2+
(aq)

Extension material to support this unit is available on our website. The subject
of electrolysis is discussed in Appendix 7.
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reactions of, 91
strong, 289
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activation energy, 247
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acyl group, 340
acylation of benzene, 325
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air, 160B
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chemical properties, 333
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oxidation of, 335–336
table of, 331T
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alcometer, see breathalyser
aldehydes, 334–337
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alloys, 28, 204
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use by Rutherford, 30
aluminium in drinking water, 8,
147, 148, 414
aluminium ion, reactions of, 96
aluminium oxide in
chromatography, 361
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rocket exhausts, 239
amalgams, 28

amide, 340
amine, infrared absorptions in,
383, 385
amines, 341, 342
basic properties, 341
amino acids, 343
table of, 343T
ammonia
as a weak base, 294
dissolution in water, 89
equilibrium in Haber–Bosch
process, 281
ammonium chloride, 356
ammonium cyanate, 307
ammonium salts, tests for, 90
amount of substance, 4, 119
Amphetamine, 430
amphoteric, 212
hydroxides, 97
oxides, 212
anaesthetic, 330
anhydride, 340
anhydrous, 127
aniline, 346
anions, 48B, 59, 82
anode
in electrochemical cell, 109
anthracene, 327
antibiotic, 428
antifreeze, 332
antiseptics, 346B
aralkyl groups, 347
arenes, 326
argon, see Group 18 elements
aromatic hydrocarbons, 322
aromatic compounds in oil, 313
Arrhenius
activation energy, 247
equation, 252B
aryl group, 324
astatine, see Group 17 elements
atmospheric pressure, 157B
atom, insides of, 30
composition of nucleus, 30
electronic structure of, 39
in elements, 18
atomic absorption spectrometer,

373, 397, 423
atomic mass of elements, 34, 33T
atomic mass scale, 31
atomic number, 31
atomic radius of s-block
elements, 197B
atomic structure, 29
ATP/ADP, 21B, 231
auto-ignition temperature, 168B
autoionization constant see ionic
product constant
Avogadro, life of, 133B
Avogadro’s law (principle),
133B, 159
Avogadro’s constant, 120
experiment to estimate value,
123, 124
axes of graphs, labelling of, 5
azo compounds, 347
B
Baeyer test, 319
baking powder, see sodium
hydrogencarbonate
balance, analytical, 5, 139B
Balmer series, 375
barium, see Group 2 elements
barium chloride, use in tests, 89
bases, 91
strong, 294
weak, 294
basic oxides from metals, 17
basic solution definition, 287
basicity constant, 294
Becquerel, Antoine Henry, 399
Beer–Lambert law, 392–395
benzene
structure, 322, 323
bonding in, 323B
infrared spectrum of , 383
numbering substituents of,
326
properties of, 324, 325
sources of, 325
benzoic acid, 346
benzyl alcohol, 347, 348B
benzyl compounds, 347
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beryllium
bonding in compounds,
63–65
see Group 2 elements
beta particles, 400, 402
bicarbonates, 94
bidentate ligand, 208
BAC (blood alcohol
concentration), 420, 423
Bohr model of atom, 38
Bohr radius, 38, 43
boiling, 157, 166
boiling point, 166
of hydrides, 79B
boiling temperature, see boiling
point
bomb calorimeter, 230
bond dissociation enthalpies,
236, 237T
bonding
covalent, 52–56
hydrogen, 77–80
ionic, 47–52
metallic, 72–73
bonding pair effect on shape, 67
bonds
chemical, 46
energetics of , 236
bonds – continued
multiple, 54, 55
relationship between length
and strength, 237
relationship between type and
strength, 237
strength of, 80T, 237T
boron, bonding in compounds,
63, 64
Bosch, Carl, 281
Boyle’s law, 159
breathalyser, 106B, 426
bromides, test for, 88, 203
bromine, see Group 17 elements
bromopropane
hydrolysis of, 249
reaction order of, 261
brown ring test, 89
Buchner funnel, 351B
buckminsterfullerene, 74
bucky ball, see
buckminsterfullerene
buffer capacity, 300
buffer solutions, 297
calculation of pH in, 299–300
burette, 141
but-1-ene, formula, 316T
butane, formula, 308T
C
caesium
see Group 1 elements
caffeine, 360B
calcium hydroxide, dissolution
of, 91
calculators, 3
carbohydrates, 337B

fermentation of, 332
carbon
see Group 14 elements
use in adsorption, 164
carbon dioxide
buffering action of, 305
properties of, 199T
reaction with water, 95
supercritical, 360B
carbon monoxide, 209B
carbon tetrachloride, see
tetrachloromethane
carbonates, reactions with acids,
94
carbonic acid, 291T
carbonyl compounds, 334
infrared absorption of, 384
carboxylic acids, 338, 339
acid strengths, 338
infrared absorptions in, 385
reactions of, 339
table of, 338T
carvone, 335
catalysis, 249, 262
catechol, 345
catenation, 307
elements other than carbon,
198
of carbon, 198
cathode
in electrochemical cell, 109
cations, 48, 59, 82
cell
diagram, 109
dry, 111B
electrochemical, 107
potential, 109
to measure electrode
potentials, 108–110
cellulose, 337B
hydrogen bonding in, 80
Celsius scale, 154
centrifuge, 350
CFCs, 410
chain reaction
of chemical reaction, 260
chalcogens, 192
changes in state (phase), 155
Charles’ law, 158
chelate, 208, 209
chemical change, see chemical
reaction
chemical equilibrium, see
dynamic equilibrium
chemical formulae, 20–24
chemical kinetics, 241
chemical oxygen demand, see
COD
chemical reactions, description,
19
chemical shifts (NMR), 386–387
chemiluminescence, 377
Chernobyl, 405
chiral centre, 342
chloride test for, 87, 203

chlorination of water, 411
chlorine, see Group 17 elements
chloroalkanes, 314, 315
chlorofluorocarbon compounds,
see CFCs
chloroform, 330
chlorophyll, 116, 395
chromatogram, 361
chromatography, 360–364
column, 361
gas, 363
paper, 361
thin-layer, 362
chromium, see first transition
series
cis-platin, 424, 430
coal, 313
coal gas, 313
coal tar, 313, 327, 346B
cobalt, see first transition series
COD, 413
coke, 313
colloid, 190
colour, 377
colour cheese, 378
combustion
complete, 314
enthalpy change in, 230
incomplete, 314
of alkanes, 314
of alkenes, 318
of benzene, 324
common ion effect, 179
explanation from first
principles, 283
complex ions, 207–209
naming of, 207B
complexing agent, 8B
compounds, definition, 16
concentration, 4
as mole fraction, 150
as percentage composition,
149
molar, 135, 136
of ions, 137
parts per billion, 146, 147B
parts per million, 146, 147B
pure solids and liquids, 137B
condensation, 155
condensation reaction, 336
condenser, 352
conduction of ionic salts, 51
conjugate acid, 295
conjugate base, 291
conservation of energy, 215
conservation of mass, 19
cooling packs, 217
cooling curve, 156
coordinate bonding, 56–57
coordination number, 207, 208
copper, see first transition series
copper ions, reaction with
hydroxide, 96
corrosion, rusting, 114
covalent compounds
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bonding in, 52–56
properties of, 55–56
cracking, 313
Crick, F., 79
critical pressure, 168
critical temperature, 168
crystalline structure of metals,
72
crystallization, 352
cumene, 345
Curie, Marie, 353B, 399
Curl, Robert, 75
cycloalkanes, 313B
cytochromes, 116
D
Dalton, John
gas law, 160
atomic theory, 27B
life of, 27B
symbols for elements, 27B
dative bonding, see coordinate
bonding
d-block elements, 193, 204
see also transition metals
decane, isomers of, 309
decay constant in radioactivity,
403
degenerate, 206
dehydration, 127
delocalization, 60, 323, 323B
denatured, 79
denatured alcohol, 333
density, 5
detergency, 174–175
detergents, 175B
deuterium, 33T
Devarda’s alloy, 116B
diamagnetic, 205
diamond, 74
diatomic molecules, 52
oxygen, 18
Diazepam, 430
diazonium salt, 347
dichromate ion
spectrum of , 379
use in redox titrations, 143
diffusion, 155
dinitrophenylhydrazine (2,4),
336
diol, 330, 331
dipeptide, 344
diphenylamine, 143
dipolar ion, 343
dipole, 58
measurement of, 70B
temporary, 76
dipoles, molecules with, 71, 72,
75T
direct blue 2B, 347
disaccharides, 337B
dissociation constant, see acidity
and basicity constants
dissolution, 82
dissolved oxygen, 413
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and Henry’s law, 185
dissolving
as a physical change, 19
ionic compound in water, 51
distillate, 354
distillation, 352
distribution ratio, 182
distribution ratio
explanation from first
principles, 284
in solvent extraction, 359B
DNA, 409
hydrogen bonding in, 79, 80
DNP, 337
d-orbitals, 42–43
double bond in alkenes, 315
double helix in DNA, 80
drinking water quality, 413, 414
dry ice, 199B
ductile, 17
dyes, 347
dynamic equilibrium
and dissolution, 176
and vapour pressure, 166
in chemical reactions, 265
E
EDTA, 209
Kc in reactions with Mg and
Na, 271
eicosane, isomers of, 309
electrochemical cell, see cell
electromagnetic radiation, see
light
electron density
in hydrogen, 55B
in hydrogen fluoride, 72
in sodium chloride, 50B
electronegativity, 57, 58B
electronic spectra, 376
electronic structure of atoms of
elements, 39T
electrons, 30
electrostatic forces, 50
elemental analysis, 322B
elements
basic forms of matter, 16
standard states, 217
elute, 362
emission spectra, 41, 368
empirical formula, 125
emulsification, 174
emulsions, 191
en, see ethylenediamine
enantiomers, 342
endothermic reaction, 216
endpoint, 141, 303
energy, 4
conservation of, 215
definition, 15
different types of, 15, 16
in molecules, 369
energy levels and transitions,
368–369
enthalpy

change, 216–217
meaning of, 215
of combustion, 230
of formation, 226
of fusion, 225T
of lattice formation, 233
of vaporization, 225T, 456G
special kinds of enthalpy
change, 225T
enzymes, 332
effect upon reaction rate, 250
Epsom salts, 127
equations
balancing, 24–26
ionic, 83
thermochemical, 216
writing, 24–26
equilibrium of chemical
reactions, 265
equilibrium constants
and catalysts, 278, 279T
and rate constants, 268
definition, 267
effect of altering conditions
upon, 278, 279T
explanation of variation of
Kc(T) with temperature,
278
in terms of pressure, 268
meaning, 269
table of, 270
equilibrium law, 267
equilibrium reaction, 265
equivalence point, 140, 303
error
random, 6
systematic, 7
esterification, 339
esters, 339
infrared absorptions in, 384
ethanal
infrared absorptions in, 384
ethane, formula, 308T
ethanoic acid, 338T
as a weak base, 90, 290
ethanol, 332, 333
content in spirits, 149B
infrared absorptions in, 384
reactions of, 348B
vapour pressure of, 166
ethene
formula, 316T
from cracking, 313
shape of, 315
ethers, 329T
ethoxyethane as a solvent for
extraction, 357, 358
ethyl mercaptan, 314B
ethylene glycol, 331
ethylenediamine, 208
eutrophication, 412
evaporation, 155
excited state, 369, 455G
exothermic reaction, 216
explosives, 233B

extensive property, description
of, 20
exhaust gases, infrared of, 411
F
fats, 340B
fatty acids, 92, 175B, 339B, 340B
Fehling’s solution, 336
fermentation, 332
ferromagnetic, 205
filter paper, folding, 351B
filtrate, 350
filtration, 350
gravity, 350, 351B
vacuum, 351B
first-order reactions, 250, 255,
257, 424
fissile, 406
fission, see nuclear fission
flame colours, of Group 1
elements, 195T
flame tests, 97, 194, 196
flammability, 168B
flash point, 168B
fluorescence, 376
fluorine, see Group 17 elements
foods, energy values of, 230T
force, 4
forensic chemistry, 422
formaldehyde, 334
formalin, 334
formic acid, 338T
formula
of magnesium oxide, 124
calculation of, simplest, 125
formula mass, see molecular
mass
formulae, constructing, 20–24
fossil fuel, 410
fraction of oil, 313
fractional distillation, 354
of alcohol/water mixture, 332
of oil, 312, 313
fractionating column, 313
fractions of oil, 313, 354
francium, see Group 1 elements
free radicals, 408
and chlorination of methane,
260
freezing, 155
freezing point, 156
frequency, 366
Friedel–Craft reaction, 325
fructose, 337B
fuel cell,
to measure alcohol vapour,
106B
fuels, energetics of, 230, 238, 434
functional groups table, 329T
fused ring compounds, 327
G
gallium, 213B
galvanizing, 115
gamma radiation, 400, 403

gas masks, 165
GC, 363–364
GC-MS, 364B
germanium, see Group 14
elements
glucose, 332, 337B
glucose for energy, 116
glycerol, 340B
glycine, 343
glycogen, 337B
glycol, 331
graphite, 74
gravimetric analysis, 145
gravity filtration, see filtration
greenhouse effect, 410
ground state, 369, 455G
Group 18 elements, 203, 204B
Group 1 elements, 193–195
Group 2 elements, 196–197
Group 14 elements, 198–201
Group 17 elements, 202–203
Groups in periodic table, 192,
210
gunpowder, 233B
H
H, see enthalpy
Haber–Bosch process, 116, 205,
281
Haber, Fritz, 281
haemoglobin, 209B
half-life, 258
and drugs, 424
and radionuclides, 401T,
404
halogenation, 314
of benzene, 324, 325
halogenoalkanes, 314, 330
halogens, 202
see Group 17 elements
halothane, 330
hard water, 197B, 357
hardening, 340B
hardness of water, 197B
heating and cooling curves, 156
heavy metals, 410, 412
helium see Group 18 elements
Henderson–Hasselbalch
equation, 300–301
Henry’s law, 183
explanation from first
principles, 284
Hess’s Law, 220
use in calculations, 221
heterogeneous catalysis, 262
HFCs, 410
Hindenburg, 92
Hiroshima, 399
homogeneous catalysis, 262
homologous series, 308
hormones, 344
Hund’s rule, 45
hydrated, 82, 127
hydration, 127
of ethene, 332
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hydrazine, 336
hydrazones, 336
hydrocarbons, 308
infrared absorptions in,
383–384
hydrochloric acid, 86
hydrogen
energy density, 434
explosion of, 92, 93, 271
isotopes of, 32, 33T
hydrogen atom, emission
spectrum of, 373–375
hydrogen bonding
amines with water, 341
carbonyl group with water,
334
effect of temperature upon,
277
in alcohols, 331
in carboxylic acids, 338
see also bonding
hydrogen chloride
fountain experiment, 186
ir spectrum of , 381
reaction with water, 86
Hydrogen Economy, 433
hydrogen iodide, energetics of
formation, 220
hydrogen ion, 86
hydrogen peroxide, rate of
decomposition, 244
hydrogen sulfide, from sulfides,
94
hydrogencarbonates, reactions
of, 94
hydrolysis
of esters, 339
of Group 14 tetrachlorides,
201
of haloalkanes, 330
of salts, 296
hydronium ion, 52B, 86
hydrophilic group, 174
hydrophobic group, 174
hydroxide ion, reactions of,
95–96
hydroxides, precipitation of, 96
I
ice, arrangement of molecules
in, 78B
ideal gas, 157
behaviour , deviations from,
164
equation, 162
immiscibility, 171
immiscible liquids, 353
vapour pressure of, 356
indicator
ferroin, 144
redox, 143
self, 142
to determine endpoint, 141
indicators, see acid–base
indicators

induced dipole, 76
inductive effect, 342
inert gases, see noble gases
inert pair effect, 199, 200B
infrared spectra/spectroscopy,
379
initial rate method, 255
insoluble, 350
insulators, 201
intensive property, description
of, 20
intermolecular bonding, 75, 80B
intermolecular forces, 55, 75
intramolecular bonding, 75, 80B
iodides, test for, 88, 202
iodine
131
I radionuclide, 401T
see Group 17 elements
solid structure, 76B
ion exchange, 357
to soften water, 197B
ionic compounds, 47
properties of, 51
when likely to occur, 52
ionic equations, 84
ionic micelles, 191
ionic product constant, 285
units of, 14
ionic radius of s-block elements,
197
ionization, 35
ionization constant, see acidity
constant
ionization energy, 40, 52
across a period, 211
of Group 1 elements, 195
ionisation enthalpies, see
ionization energies
ions, 48B
iron, see first transition series
iron pyrites, 412
iron(II) ions, reactions of, 96
iron(III) ions, reactions of, 96
island of stability, 213B
isoelectronic, 210
isomerism
geometric, 317
optical, 342, 343
structural, 317B
isomers
aldehydes and ketones, 334
of chloropropane, 315
structural, 309
isotopes, 32, 33T
chlorine, 34T
natural abundance of, 33,
34T
isotopic mass, 34
K
Kekulé structures, 322, 323, 323B
Kekulé, F, 322, 327B
keratin, 344–345
ketones, 334–337
kinetic molecular theory, 153

of gases, 161–162
Kroto, Harry, 75
krypton, see Group 18 elements
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L
lanthanoids, 193
latent heat of fusion and
evaporation, see enthalpy
of fusion and enthalpy of
evaporation
lattice enthalpy, 233, 234
law of conservation of mass, see
conservation of mass
Le Chatelier’s Principle, 278
lead
reactions of ion, 96
see Group 14 elements
lethal dose, 426
Lewis structure, 52
Lewis symbols, 46, 47
Lewis, Gilbert N., 61B
ligand, 206
light, 366
limiting reagent, 131–133
linear macromolecules, 319
Lister, J., 346B
lithium, see Group 1 elements
lithium aluminium hydride, 336
litmus, 301
logarithms, 2
London dispersion forces, 76,
76B, 77
lone pairs, 56
effect on shape , 67
LP gas, 314B
lustrous, in metals, 17
Lyman series, 373–375

in the Periodic Table, 212B
properties, 17
methane
chlorination of, 260
formula, 308T
in North Sea gas, 27
shape, 66, 309
methanol, 333
methyl orange, 302
methylated spirits, 333
microwave spectroscopy, 70B
miscibility, 171
mixtures, 16, 17
moderator, 406
molar mass, 120, 121T
molar solubility, 176
molar volume, 159
of H2, CO2, NH3, 160
mole fraction
to express concentration, 150,
169
molecular formula, calculation
of, 124
molecular mass, 35
calculation of, 118
molecular speeds of gas
molecules, 161–162
molecule
diatomic, 52
of chlorine, 52–53
molecules, as combinations of
atoms, 18
moles, 119–124
monodentate, 208
monomers, 319
monosaccharides, 337B
moving phase, 361

M
magnesium, see Group 2
elements
magnesium ions, reactions of, 96
magnet moment, 386
malleable, in metals, 17
manganate(VII) ion, spectrum
of, 377
manganese, see first transition
series
mass, 15
from equations, 127–128
mass number, 31
mass spectrometer, 35
matter, 15
forms of, 16
melanin, 395
melting, 155–156
melting point, 156
melting temperature, see melting
point
Mendeleev, Dimitri, 192, 213B
metal extraction, effect of
temperature upon, 277
metalloids, 18, 198, 212B
metals
extraction, 277

N
naming compounds, 22B
napthalene, 327
neon, see Group 18 elements
Nernst, W., 281
neutral solution, definition of,
286
neutralization, 92
energetics of, 225T, 293
neutron activation analysis,
409B
neutrons, 30
and beta emission, 402
nickel, see first transition series
nitrates
brown ring test for, 89
Devarda’s test for, 116
in drinking water, 408, 414
nitration of benzene, 324
nitriles, 329T
infrared absorptions in, 384
nitrogen cycle, 115
nitrogen dioxide
dimerization of, 277
in environment, 409
reaction with water, 95
nitrogen fixation, 115, 116
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NMR, 386–392
noble gases, 203
discovery of, 204B
electronic structure of, 47T
stability of, 46
see Group 18 elements
nodules, 115
non-metals
in the periodic table, 212B
properties, 17,18
non-polar solvents, 56, 170
normal boiling point, 166
normal melting point, 458G
nuclear fission, 405
nuclear waste, 408
nucleus, 30
nuclide, 400
nutrition, 231
nylon, 340B
O
octane number of petrol, 314B
octanol, 423
octet
expanded, 64
lack of, 63
of electrons, 46
rule, 63
oil, 312, 313
oils, 340B
oleic acid, 123, 339B
oligosaccharides, 337B
optical brighteners, 379
optical isomerism, 317B, 342
optically active, 342
orbitals, 43, 44
order of reaction, 250
finding, 255
organic chemistry, 199, 307
organic compounds, analysis
of, 322B
osmosis, 187
osmotic pressure, 187
oxalate, oxidation of, 143
oxalic acid, 98, 338
oxidation
as electron loss, 101
definition of, 100–102
from oxidation number
change, 102
ladders, 103
oxidation number, 102
of elements, 102B
oxidation state, see oxidation
number
oxides of Group 1 elements, 194
oxidizing agent, 104
oxyacetylene, 321
oxygen, in water, 184, 413
ozone, 73B, 408, 409B
absorption spectrum, 409B
layer in atmospshere, 408
P
paraffins, 307

paramagnetic, 205
partition, see distribution ratio
Pascal’s triangle, 388
passivity of zinc, 115
Pauling, Linus, 58B, 61B
p-block elements, 193
PCBs, 412B
penicillin, 432
peptides, 344
percent transmittance, 371
percentage composition, by mass
of element, 124
percentage yield, calculation of,
130, 131
periodic law, 213B
Periodic Table
description of, 192, 193
of Mendeleev, 213B
periods, in periodic table, 193,
211, 212
peroxides of Group 1 elements,
194
petrol, quality of, 314B
pH, 150–151, 286–293
pH meter, 150, 286
phenanthrene, 327
phenol
as antiseptic, 346B
reactions of, 348B
phenols, 345
phenyl group, 324
phosphates, 412
phosphorus, bonding in
fluorides, 65
photochemical reaction, 260, 314
photographic films, 203
photons, 366
photosynthesis, 116, 413
and light absorption, 395
physical changes, description
of, 19
pi bond, 320B
pKa, 290
pKb, 294
pKw, 285
Planck constant, 367
plane polarized light, 342, 342B
plasma, 408
pnicogens, 192
polar
covalent molecules, 57
substances and rules of
solubility, 170
water as a solvent, 51
polarization, 59
polarity of solvents 171T
Polaroid, 342B
pollutant
concentration of in water, 147
definition, 407
polyamide, 340B
polyaromatic hydrocarbons, 327
polyatomic ions, 60
polychlorinated biphenyls, see
PCBs

polydentate ligand, 209
polymerization condensation,
340B
polymerization of alkenes,
319–320
polymers, 319
polypeptide, 344
polysaccharides, 337B
p-orbitals, 44
porphine, 209B
potassium
dichromate ion, spectrum of ,
379
dichromate, use in redox
titrations, 143
hydroxide, dissolution of, 91
permanganate, use in redox
titrations, 142, 143
see Group 1 elements
precipitation, 85
and solubility product, 179
of hydroxides, 96
precision, 7
and standard deviation, 8
pressure
of gases, 157
partial, 160
propane as fuel, 314B
formula, 308T
propanoic acid, 338T
propene, formula, 316T
propionic acid, 338T
proteins, 340B, 344, 345
hydrogen bonding in, 79
structure of, 345
protons, 30
purity, importance in chemistry,
17B
PVC, 320
Q
quantitative analysis, 322B
quantum theory, 38B
quartz, 200T
R
radiation (nuclear), 400T
radioactivity, 399
radioisotopes, 401
radionuclides, 401
radium
radioactivity and 226Ra, 402
see Group 2 elements
radon, 414, 415
see Group 18 elements
rain water, pH of, 151, 286
Ramsey, William, 205B
rate constant, 250
rate expressions, 250
rate of reaction, variation with
concentration, 244, 246
Rayleigh, Lord, 205B
reaction intermediates, 260
reaction mechanism
and kinetics, 261

reaction rates, 241
factors affecting, 245
recrystallization, 353B
redox
couples, 107
definition of, 100, 101
half-reaction, 101
titrations, 142
redox equations, 104–106
reducing agent, 104
as Group 1 elements, 193
reduction
as electron gain, 101
definition of, 100–102
from oxidation number
change, 102
resonance, 60, 61, 386
hybrid, 61
respiration, 116
respiratory exchange ratio, 231
retention factor, 362
retention time, 363
reversible reactions, 265
Rf value, 362
rust prevention, 114, 115
rusting, see corrosion
Rutherford, 30
S
sacrificial protection, 115
salt bridge, 108
salts, 91–92
hydrolysis of, 295
SATP, 157
saturated hydrocarbons, 314
saturated solution, 170
s-block elements, 193
scandium, see d-block elements
scientific notation, 1
seawater, composition of, 83B
semiconductors, 201, 201B
semimetals, see metalloids
semipermeable membrane, 187
separating funnel, 353
separation techniques, 364T
shapes
of molecules, 65–70
of transition metal complexes,
208
SHE, 107, 108
shielding, 388
sigma bond, 320B
significant figures, 10–11, 11B,
12B
silica, see silicon dioxide
silicon
see Group 14 elements
silicon chips, 202
silicon dioxide
properties of, 199T
structure, 199
silver bromide, 88, 202
silver chloride, 87, 202
silver iodide, 88, 202
silver mirror, 336
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silver nitrate, use in tests, 87, 88,
202
silver oxide, 97
Smalley, Richard, 75
smog, 411
soap
and hard water, 198B
as a colloidal solution, 191
cleaning action of, 175B
sodium
aluminosilicate, 357
borohydride, 336
chloride, see sodium chloride
dichromate, in breathalyser,
106B
hydrogencarbonate,
decomposition of, 94, 195
see Group 1 elements
sodium chloride, 20
bonding in, 47, 48
crystals, 50
electron density in, 50B
softness of water, 197B, 357
solubilization, 174
solubilities
of ionic compounds, 85, 176
of organic liquids, 171T,
172T
solubility, 170
and chain length, 174
of sparingly soluble salts, 176
rules of , 170
solubility constant, see solubility
product
solubility of gases, 184T,
183–184
solubility product, 178, 178T
and precipitation, 179
solute, 19, 170
solutions, 170
solvation, 52B, 87
solvent, 19, 170, 357–358
solvent extraction, 183, 357
calculations involving, 359B
sonorous, in metals, 17
s-orbitals, 43, 44
Soxhlet extraction, 360
specific heat capacity, 459G
spectator ions, 84
spectra, 369
spectrometers, 369
spectroscope, 459G
spectroscopy, 366
speed of gas molecules, 162
spin–spin splitting, 387
spontaneous fission, 405
stalagmite, 197B
stalactite, 197B
standard deviation, 8
standard electrode, 107–108
standard electrode potential, 107
use to predict reaction
outcomes, 112
values, 111T
standard enthalpy changes, see

enthalpy
standard hydrogen electrode,
see SHE
standard notation, 1
standard reduction potential,
111
see also standard electrode
potential
standard solution, 138
standard states, 108, 217
starch, 337B
state symbols, 26–27
stationary phase, 361
steam distillation, 356
stearic acid, 339B
stereoisomerism, 317B
STM (scanning tunnelling
microscope), 18
STP, 157
strong bases, 294
strontium, see Group 2 elements
structural formula of alkanes,
308
structural isomerism, 317B,
326, 334
styrene, 320
subatomic particles, 29, 31T
sublimation, 355, 356
sucrose, 337B
rate of hydrolysis, 254
sugars, 337B
sulfanilamides, 428
sulfates, test for, 89
sulfides, reactions with acids,
94
sulfites, reactions with acids, 94
sulfur
rhombic, 73B
monoclinic, 73B
plastic, 73B
sulfur dioxide
production using acid, 94
reaction with water, 95
sulfuric acid, 88
care in diluting, 88
supercritical fluid, 360B
superoxides of Group 1
elements, 194
supersaturated solution, 217
surface tension of water, 78B
suspension, 190
symbols of elements, 21B
synthesis gas, 313
T
temperature, 154B
effect upon reaction rate,
246–247
termination reaction, 260
tetraatomic phosphorus
molecules, 19B, 73B
tetrachloromethane, 330
tetraethyl lead in petrol, 314B
tetramethylsilane, 387
thalidomide, 426B

thermochemical equation, 216
thermodynamically allowed
reactions, 271
Thomson, J.J., 29, 30
tin, see Group 14 elements
titanium see first transition
series
titration, 141
acid–base, 141–142
redox, 142, 143
variation of pH in, 303
TLC, 362, 363
Tollen’s reagent, 336
torr (unit), 157
transition series, 204
complexes of, 206
electronic structure of , 42T
first transition series, 204–208
ions, colours of, 206
transition state, 249B
transuranium elements, 401
tridentate, 208
trifluorotrichloroethane, use in
extraction, 397
triol, 330
tripeptide, 344
tritium, 32
Tyndall effect, 190
U
unit cell of sodium chloride, 50
units
base units and SI prefixes, 4T
deriving units, 5
universal gas constant, 162
and osmosis, 189
universal indicator, 301
unsaturated hydrocarbons, 318
uranium, isotopes of , 33T, 405
urea, 307
UV light, classification of, 409
UV-visible spectra, 369
V
vacuum filtration, see filtration
valence electrons in metals, 72
valency (valence), definition,
22, 54
Valium, 430
van der Waals’ forces, 55, 75
van der Waals’, Johannes, 75
vanadium, see first transition
series
vaporization and equilibrium
law, 283
vapour pressure, 165
of ethanol and water, 166
saturated (equilibrium), 166
vinegar, 338
vinyl chloride, 320
volume of one mole of gas, 159
volumetric analysis, 140–144
volumetric flask, 139, 139B
VSEPR theory, 65–70
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W
Warfarin, 424
washing soda, 127
water
composition of natural
waters, 83B
drinking quality, 411–414
pH of, 286
vapour pressure of, 166
water of crystallization, 127
Watson, J., 79
wavelength, 366
wavenumber, 380
wave–particle duality, 43
weak acids, 290
weak bases, 294
weighing bottle, 139B
weight, 15
Wöhler, F., 307
Wilkins, M., 79
work, definition, 15
X
xenon, see Group 18 elements
X-ray diffraction, 50, 70B, 155
xylenes, 326
Y
yeast, 332
Z
Zeolites, 358B
zeroth-order, 250, 425
zinc, see d-block elements
zinc ions, reactions of, 96
zwitterion, 343
zymase, 332

