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Learning Objectives

❯ Classify a particular change 
within a redox reaction as either 
oxidation or reduction. (8.1)

❯ Identify an oxidation–reduction 
reaction. (8.1)

❯ Identify the oxidizing agent and 
the reducing agent in a redox 
reaction. (8.2)

❯ Balance redox equations. (8.3)

❯ Identify and write the half-
reactions in an electrochemical 
cell. (8.3)

❯ Describe the reactions that occur 
when iron rusts. (8.4)

❯ Explain why an explosive reaction 
is so energetic. (8.4)

❯ Write equations for reactions in 
which oxygen is an oxidizing 
agent. (8.5)

❯ List some of the common oxidizing 
agents encountered in daily life. 
(8.5)

❯ Identify some common reducing 
agents. (8.6)

❯ Write the overall equations for 
the metabolism of glucose and for 
photosynthesis. (8.7)

❯ Use a balanced reaction to 
calculate the atom economy and E 
factor of the reaction

❯ Describe the role of catalysts in 
minimizing waste in the chemical 
and allied industries.
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Corrosion is a fundamental process that takes place over time. The cost to the 
economy of the United States has been estimated to be approximately 3.1% of 
the gross domestic product, or more than $275 billion each year. The estimated 
corrosion cost to the Department of Defense is about $20 billion annually. 
Producing and purifying metals for various applications consumes energy, and 
corrosion is nature’s way of returning these metals to their native energy levels. 
Metal corrosion nearly always involves redox reactions. Other redox reactions 
are desirable, or even necessary, to life itself. In this chapter, we will examine 
the nature of redox reactions, and we will look at some of their applications in 
life and in modern technology.

BURN AND UNBURN From the conversion of sunlight  

to food to looking up a recipe on a smart phone to cook the food, to 

metabolizing the food to gain energy so we can look up the next recipe, 

to the simple act of breathing oxygen in and carbon dioxide out, we 

depend on an important group of reactions called oxidation–reduction 

reactions, or redox reactions (a shortening of reduction–oxidation). 

These reactions are extremely diverse: charcoal burns, iron rusts, bleach 

removes stains. Redox reactions are employed in pollution remediation, 

wastewater treatment, and determination of blood-sugar levels by diabet-

ics. Even the generation of a shock of 600 volts by an electric eel is due 

to redox processes.

OXIDATION AND 

REDUCTION

Have You Ever Wondered?

1. Why are copper roofs green?

2. How does an electric eel create electricity?

3. Why does a battery go dead?

4. Why are some batteries rechargeable but others  

are not?

 5. Why do we not see more “rust bucket” ships?

6. Does hydrogen have a promising future as a fuel?
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Oxidation and reduction always take place together. They represent  

opposite directions of a single process, a redox reaction. When one substance 

is oxidized, another is reduced. In other words, you can’t have one without the 

other (Figure 8.1). However, it is sometimes convenient to discuss only a part of 

the process—the oxidation part or the reduction part.

Reduced forms of matter—foods, coal, and gasoline—are high in energy. 

Oxidized forms—carbon dioxide and water—are low in energy. The energy in 

foods and fossil fuels is released when these materials are oxidized. In this chap-

ter, we examine the processes of oxidation and reduction in some detail to better 

understand the chemical reactions that keep us alive and maintain our civilization.

▲ Figure 8.1 Oxidation and reduction always occur together. Pictured on the left is a reaction called the ammonium dichromate 
volcano. In the reaction, the ammonium ion (NH4

+ ) is oxidized and the dichromate ion (Cr2O7 2- ) is reduced. Considerable heat 
and light are evolved. The equation for the reaction is

(NH4) Cr2O7 ¡ Cr2O3 + N2 + 4 H2O
The water is driven off as vapor, and the nitrogen gas escapes, leaving pure Cr2O3 as the visible product (right).

8.1 Oxidation and Reduction: Four Views
Learning Objectives ❯ Classify a particular change within a redox reaction as either 
oxidation or reduction. ❯ Identify an oxidation–reduction reaction.

One of the most important redox reactions is combustion, that is, the burning of a 
substance in oxygen. The term oxidation came from the observation that during 
combustion, oxygen was added. The opposite process would require the removal of 
oxygen, and thus, it was called reduction.

Originally, the term oxidation was limited to reactions involving combination 
with oxygen. As chemists came to realize that combination with chlorine (or bro-
mine or another active nonmetal) was not all that different from combination with 
oxygen, they broadened the definition of oxidation to include reactions involving 
these other substances—as we shall shortly see.

Let’s take a look at the simplest combustion reaction, the combustion (oxygen 
present) of hydrogen to form water.

2 H2 + O2 ¡ 2 H2O

In this reaction, oxygen is added to hydrogen, oxidizing it. At the same time, the 
oxygen is reduced. Whenever oxidation occurs, reduction must also occur in an 
exactly equivalent amount, and vice versa.
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244 . CHAPTER 8 Oxidation and Reduction

Because oxidation and reduction are chemical opposites and constant compan-
ions, their definitions are linked. We can view oxidation and reduction in four dif-
ferent ways (Figure 8.2).

Oxidation

Lose hydrogen

Lose electrons

Increase
oxidation number

Decrease
oxidation number

Gain oxygen

Gain hydrogen

Lose oxygen

Gain electrons

Reduction

O

H

e–

e–

▶ Figure 8.2 Four different views 
of oxidation and reduction.

 1. Oxidation is a gain of oxygen atoms.

  Reduction is a loss of oxygen atoms.

At high temperatures (such as those in automobile engines), nitrogen, which is nor-
mally quite unreactive, combines with oxygen to form nitric oxide.

N2 + O2 ¡ 2 NO

Nitrogen gains oxygen atoms; there are no O atoms in the N2 molecule and one O 
atom in each of the NO molecules. Therefore, nitrogen is oxidized.

Now consider what happens when methane is burned to form carbon dioxide 
and water. Both carbon and hydrogen gain oxygen atoms, and so both elements are 
oxidized.

CH4 CO2 2 H2O

This C atom has two O

atoms attached

This C atom has no O

atom attached

These H atoms have no O

atoms attached

These H atoms are attached

to an O atom

2 O2+ +

When lead dioxide is heated at high temperatures, it decomposes as follows:

This Pb atom has two
O atoms attached

This Pb atom has only
one O atom attached

2 PbO2 2 PbO O2
+

The lead dioxide loses oxygen, so it is reduced.

CONCEPTUAL Example 8.1 Redox Processes—Gain or Loss of  
 Oxygen Atoms

In each of the following changes, is the reactant undergoing oxidation or reduction? 
(These are not complete chemical equations.)

 a. Pb ¡ PbO2 b. SnO2 ¡ SnO

 c. KClO3 ¡ KCl d. Cu2O ¡ 2 CuO

Solution

a. Lead gains oxygen atoms (it has none on the left and two on the right); it is  
oxidized.

b. Tin loses an oxygen atom (it has two on the left and only one on the right); it is 
reduced.
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A second view of oxidation and reduction involves hydrogen atoms.

2. Oxidation is a loss of hydrogen atoms.
Reduction is a gain of hydrogen atoms.
Look once more at the burning of methane:

CH4 + 2 O2 ¡ CO2 + 2 H2O

The oxygen gains hydrogen to form water, so the oxygen is reduced. Methane loses 
hydrogen and is oxidized. (We see that the carbon and hydrogen atoms in CH4 also 
gain oxygen, so our two views of oxidation and reduction are consistent with one 
another.)

Methyl alcohol 1CH3OH2 , when passed over hot copper gauze, forms formal-
dehyde and hydrogen gas.

H2

The C and O atoms have
four H atoms attached

The C and O atoms have
only two H atoms attached

CH3OH CH2O +

Because the methyl alcohol loses hydrogen, it is oxidized in this reaction.
Methyl alcohol can be made by reaction of carbon monoxide with hydrogen.

CO + 2 H2 ¡ CH3OH

Because the carbon monoxide gains hydrogen atoms, it is reduced.
Biochemists often find the gain or loss of hydrogen atoms a useful way to 

look at oxidation–reduction processes. For example, a substance called NAD+  is 
changed to NADH in a variety of biochemical redox reactions. The actual molecules 
are rather complex, but we can write the equation for the oxidation of ethyl alcohol 
to acetaldehyde, one step in the metabolism of the alcohol, as follows.

CH3CH2OH + NAD+
¡ CH3CHO + NADH + H+

We can see that ethyl alcohol is oxidized (loses hydrogen) and NAD+  is reduced 
(gains hydrogen).

c. There are three O atoms on the left and none on the right. The compound loses 
oxygen; it is reduced.

d. The two copper atoms on the left share a single oxygen atom, that is, half an 
oxygen atom each. On the right, each Cu atom has an O atom all to itself. Cu 
has gained oxygen; it is oxidized.

EXERCISE 8.1 
In each of the following changes, is the reactant undergoing oxidation or reduction? 
(These are not complete chemical equations.)

 a. 3 Fe ¡ Fe3O4 b. NO ¡ NO2

 c. CrO3 ¡ Cr2O3 d. C3H6O ¡ C3H6O2

CONCEPTUAL Example 8.2 Redox Processes—Gain or Loss of  
 Hydrogen Atoms

In each of the following changes, is the reactant undergoing oxidation or reduction? 
(These are not complete chemical equations.)

a. C2H6O ¡ C2H4O b. C2H2 ¡ C2H6

Solution

a. There are six H atoms in the reactant on the left and only four in the product on 
the right. The reactant loses H atoms; it is oxidized.

b. There are two H atoms in the reactant on the left and six in the product on the 
right. The reactant gains H atoms; it is reduced.
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A third view of oxidation and reduction involves gain or loss of electrons.

 3. Oxidation is a loss of electrons.
Reduction is a gain of electrons.

  When magnesium metal reacts with chlorine, magnesium ions and chloride 
ions are formed.

Mg + Cl2 ¡ Mg2+
+ 2 Cl-

Because the magnesium atom loses electrons (two), it is oxidized, and because the 
chlorine atoms gain electrons (one each), they are reduced.

A redox reaction also takes place when zinc is placed in an acidic solution.

Zn + 2 H+
¡  Zn2+

+ H2

In this reaction, it can be seen that zinc loses two electrons, which means it is oxi-
dized. Each of the two hydrogen atoms, on the other hand, gains an electron and is 
thus reduced.

There are two popular mnemonics for remembering the link between oxida-
tion/reduction and electron loss/gain:

EXERCISE 8.2 
In each of the following changes, is the reactant undergoing oxidation or reduction? 
(These are not complete chemical equations.)

 a. C3H6O ¡ C3H8O b. C3H6 ¡ C3H4

LEO the lion says GER
Loss of  
 Electrons Is  
  Oxidation
Gain of  
 Electrons Is  
  Reduction

OIL RIG
Oxidation  
 Is  
  Loss of Electrons
Reduction  
 Is  
  Gain of Electrons

CONCEPTUAL Example 8.3 Redox Processes—Gain or Loss of Electrons

In each of the following changes, is the reactant undergoing oxidation or reduction? 
(These are not complete chemical equations.)

 a. Zn ¡ Zn2+
 b. Fe3+

¡ Fe2+

 c. S2-
¡ S  d. F2 ¡ 2 F-

Solution

a. In forming a 2+ ion, a Zn atom loses two electrons: Zn ¡ Zn2+
+ 2 e- , so 

zinc is oxidized.

b. To change from a 3+ ion to a 2+ ion, Fe gains an electron: Fe3+
+ 1e-

¡ Fe2+ . 
This means that Fe ion is reduced.

c. To change from an S2-  ion to an atom with no charge, S loses two electrons: 
S2-

¡ S + 2e- . So, the sulfide ion is oxidized.

d. Here two F-  ions are formed from neutral diatomic F2, so an electron is gained 
by each fluorine atom in F2 : F2 + 2e-

¡ 2 F- . In other words, F is reduced.

EXERCISE 8.3 
In each of the following changes, is the reactant undergoing oxidation or reduction? 
(These are not complete chemical equations.)

 a. Cr6+
¡ Cr3+

 b. Sn2+
¡ Sn4+

 c. 2 H+
¡ H2 d. Hg2+

¡ Hg

At this stage, it would be highly beneficial to introduce the concept of oxidation 
numbers (or oxidation states) and how it is applied. The fourth view of oxida-
tion and reduction involves an increase or decrease in oxidation number (see 
Figure 8.3).

4. Oxidation increases the oxidation number.
Reduction decreases the oxidation number.
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▲ Figure 8.3 An increase in 
oxidation number means a loss of 
electrons and is therefore oxida-
tion. A decrease in oxidation 
number means a gain of electrons 
and is therefore reduction.
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For monoatomic ions, the oxidation number can be defined as the number of 
unit charges on the atom. For instance, in Fe3+  and S2-  the oxidation numbers of 
iron and sulfur atoms are +3 and -2, respectively.

As you already know from Chapter 4, for an atom in a molecule (or a poly-
atomic ion), the situation is a little more complicated due to the sharing of electrons 
through bonds. This means that usually the oxidation number for atoms within 
a molecule is the charge that an atom would have if the bonding was ionic and not 
covalent.

When an oxidation number increases, the actual or perceived charge of an atom 
becomes more positive or less negative as a result of an electron (or electrons) being 
lost. The opposite is true for a reduction: The charge of an atom becomes less posi-
tive or more negative as a result of an electron (or electrons) being gained.

The following set of rules generally yields correct oxidation numbers:

 1. An atom in its elemental form has an oxidation number of 0.

 2. An atom in a monoatomic ion has an oxidation number equal to the charge of 
the ion.

 3. Hydrogen and oxygen in compounds have oxidation numbers of +1 and 
-2, respectively. (Exceptions: -1 for oxygen in peroxides, e.g., H2O2; -1 for  
hydrogen in hydrides, e.g., CaH2)

 4. The sum of the oxidation numbers of the atoms in a polyatomic ion (or mol-
ecule) equals the charge of the ion (or molecule).

Note the placement of the sign (+ or -): 
Fe3+  (sign after the number in the charge of an ion)
and: +3 (sign before the number in the oxidation number)

CONCEPTUAL Example 8.4 Determining Oxidation Numbers in  
 Molecules and Polyatomic Ions

What are the oxidation numbers of atoms in the following molecules and ions?

 a. SO2 b. HNO2 c. NH4
+
 d. Cr2O7 2-  

Solution

a. Step 1: Place boxes above elements.  Multiply each box by the number 
of atoms of that element in a molecule.  Boxes will hold oxidation 
numbers.

Step 2: Set up an “equation” in which the sum of the oxidation numbers 
of all atoms equals 0.

Step 3: Follow oxidation number assignment rules for oxygen (–2).

S

2

O2

+

S

2 0

O2

+ =

S

2 0

O2

+ =–2

S

2 0

O2

+ =+4 –2 Step 4: Determine the oxidation number for sulfur (+4).

b. Step 1: Place boxes above elements.  Multiply each box by the 
number of atoms of that element in a molecule.  Boxes will hold 
oxidation numbers.

Step 2: Set up an “equation” in which the sum of the oxidation 
numbers of all atoms equals 0.

Step 3: Follow oxidation number assignment rules for 
oxygen (–2) and hydrogen (+1).

N

2

O2

+
H

+

N

2 0

O2

+ =
H

+

N

2 0

O2

+ =–2

H

+

N

2 0

O2

+ =+3 –2

H

++1

+1

Step 4: Determine the oxidation number for nitrogen (+3).
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