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Chapter 9

How Chemicals React
THE MAIN IDEA

Atoms change partners during a 
chemical reaction.

9.8 Chemical Equilibrium

The arrow of a chemical equation indicates the direction 
of the reaction. In the equation for the formation of water, 
for example, the arrow indicates that hydrogen and oxygen 
combine to form water:

The reverse reaction is also possible; that is, water can trans-
form back into hydrogen and oxygen:

Most chemical reactions are reversible, but the extent 
of the reverse reaction depends very much on conditions. 
Under usual conditions, water does not readily convert to 
oxygen and hydrogen. When electricity passes through water, 
however, the water readily transforms into O2 and H2 (Figure 
9.26).
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<  Figure  9.26
In principle, applying a strong electric current 
to the ocean for an incredibly long time would 
cause all the water to be converted into gas-
eous hydrogen and oxygen. The first strike of 
a match, however, would initiate a massive 
explosion as the two gases exothermically 
convert back into water. The point being that 
chemical reactions are reversible—some 
more readily than others.
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Consider nitrogen dioxide, NO2, which is a brown gas and 
one of the toxic components of air pollution. At room temperature 
nitrogen dioxide molecules join to become colorless dinitrogen 
tetroxide, N2O4:

Once dinitrogen tetroxide molecules are formed, they can break 
apart to re-form nitrogen dioxide:

Of course, once the nitrogen dioxide molecules are re-formed, they 
can get together to re-form the dinitrogen tetroxide. The net result 
is two competing reactions that keep occurring simultaneously. We 
can depict this using double arrows:

Initially, we may start with pure nitrogen dioxide. Soon, 
however, the percentage of nitrogen dioxide decreases and the 
percentage of dinitrogen tetroxide increases. This shift in amounts 
continues to a point where the two reactions balance each other 
and the percentages of NO2 and N2O4 settle to constant values. At 
room temperature this is about 31% NO2 and 69% N2O4. At this 
point, the forward and reverse reactions have achieved chemical 
equilibrium, where the rate at which products are formed is equal 
to the rate at which they are converted back into reactants (Figure 
9.27).

Chemists do not usually express the balance of reactants 
and products at equilibrium in terms of percentages. Rather, they 
use equilibrium constants. An equilibrium constant is a number 
that relates the amounts of reactants to products at equilibrium. 
For example, consider the reaction in which a moles of reactant A 
and b moles of reactant B react to give c moles of product C and d 
moles of product D at equilibrium:

Because the reaction is at equilibrium, there is no net change in the 
amounts of chemical reactants and products—A, B, C, and D—at 
any time. Therefore, we can use a number—we call an equilibrium 
constant, Keq—with the following mathematical form to express the 
relative concentrations of reactants and products at equilibrium:

Equilibrium constants provide valuable information in a 
shorthand format. Can you see that, since an equilibrium constant 
is a ratio of products to reactants, a value of Keq greater than 1 means 

^  Figure 9.27
The gases NO2 and N2O4 in 
this bottle are in equilibrium 
at 16% NO2 and 84% N2O4. 
Although the nonchanging 
brown color seems to indi-
cate no activity in the flask, 
individual molecules are 
continuously converting 
back and forth with a bal-
ance between forward and 
reverse reactions.
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Does chemical equilibrium 
mean the amounts of reactants 
and products are the same?

READING CHECK

products are favored over reactants? Can you also see that if Keq is 
less than 1, reactants are favored at equilibrium? In other words, a 
large Keq means products are favored while a small Keq means the 
reactants are favored.

To help with understanding chemical equilibrium, let’s step 
back and use an analogy. Chemical equilibrium is like a store in 
which there is a steady flow of customer traffic (Figure 9.28). Think 
of people inside the store as product molecules and those outside 
as reactant molecules. The steady customer flow means that the 
number of people entering the store in any given time interval 
equals the number of people leaving. As a result, the number of 
people inside the store never changes. The individual people in the 
store change as Ms. X and Mr. Y enter and Mr. A and Ms. B leave, but 
the total number inside remains constant.

In the same way, the number of N2O4 molecules in the flask 
of Figure 9.27 stays constant because the rate at which N2O4 mol-
ecules convert to NO2 molecules equals the rate at which N2O4 
molecules are formed from NO2 molecules.

Chemical equilibrium does NOT mean that the amounts 
of reactants and products are equal. Just as the equilibrium point 
in our store analogy might be 10 people in the store and 100 on 
the sidewalk, the NO2/N2O4 reaction reaches an equilibrium point 
when the NO2:N2O4 ratio is 31:69. The important thing to remember 
is that chemical equilibrium is a dynamic state. Although the con-
centrations of products and reactants remain constant, individual 
molecules are continuously changing back and forth.

If the store holds a big sale, the equilibrium of customers is 
affected. At the beginning of the sale, the rate at which people enter 
the store will be greater than the rate at which they leave. Hence the 
number of people inside the store increases. There is a limit to the 
number of customers that the store can hold, however. Eventually, 
a doorman is hired to allow people to enter only at the rate people 

<  Figure  9.28
If customers enter and leave the 
department store at the same rate, 
then the number of customers 
within the store remains constant. 
This is an example of customer 
equilibrium.
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leave. Thus, a new equilibrium is established. In this case, however, 
there are now more people in the store than there were before the 
sale. A new “customer equilibrium” has been achieved, which was 
the objective of the sale.

Likewise, we find that chemical equilibria are affected by 
prevailing conditions. The formal statement of this is known as  
Le Chatelier’s principle:

If a stress is applied to a system in chemical equilibrium, 
the system changes to relieve the stress.

For example, when dinitrogen tetroxide is exposed to energy, it 
tends to break down into nitrogen dioxide. Increasing the tempera-
ture of a flask of NO2 and N2O4 increases the rate of nitrogen dioxide 
formation until a new equilibrium is reached. At this higher-tem-
perature equilibrium, nitrogen dioxide, NO2, predominates and the 
overall color of the reaction mixture is darker brown. This is one of 
the reasons air pollution becomes particularly noticeable on warm 
days; the higher the temperature, the greater the concentration of 
brown nitrogen dioxide (Figure 9.29).

C O N C E P T   C H E C K
After a mixture of nitrogen dioxide and dinitrogen tetroxide initially at room temperature is brought to 
100°C and kept at that temperature for a few minutes, which is greater—the rate of nitrogen dioxide 
formation or the rate of dinitrogen tetroxide formation?

CHECK  YOUR  ANSWER   Neither! After a few minutes a new equilibrium is achieved. It’s like the 
store holding a sale. Initially, equilibrium is lost as more customers pile in. Eventually, however, the 
store becomes so packed that the rate at which people come in matches the rate at which they go 
out. Similarly, with the application of heat, the rate of NO2 formation will initially be greater than 
the rate of N2O4 formation. As the N2O4 becomes depleted, however, the rate of NO2 formation 
decreases to the point that the forward and reverse reactions become matched as they were before.

^  Figure 9.29
Lower temperatures favor the forma-
tion of colorless dinitrogen tetroxide, 
and the mixture is a much lighter 
brown as seen in the ampoule at 0°C. 
With higher temperatures, the for-
mation of brown nitrogen dioxide is 
favored and the mixture turns darker 
brown as seen in the ampoule at 50°C.

^  Figure 9.30
(a) Much of the brown color of air pollution is from the nitrogen dioxide, NO2, it contains. (b) Prior to air pollution 
measures, brown colored skies were a particular challenge during the warmer summer months as shown in this 
archived photo of downtown Cleveland, Ohio, in 1973.
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Pressure as well as temperature can affect the chemical 
equilibrium of reacting gases. As we saw in studying the gas laws, 
we can increase the pressure of a gas by decreasing the volume of 
its container. This brings the gaseous molecules closer together, 
which has the effect of increasing the number of collisions among 
the molecules (Figure 9.31).

Take a container filled with an equilibrium mixture of NO2 
gas and N2O4 gas and squeeze it to a smaller volume. The rate at 
which the molecules collide with one another increases. This is 
advantageous for the formation of colorless N2O4, which requires 
the coming together (collision) of two NO2 molecules. Under higher 
pressures, therefore, the rate of N2O4 formation becomes greater 
than the rate of NO2 formation and the gaseous mixture becomes 
lighter in color, as shown in Figure 9.32. 

<  Figure  9.31
Gas particles at higher pres-
sures are closer together, 
which increases the rate at 
which they collide with one 
another.

^  Figure 9.32
(a) A syringe containing an equilibrium mixture of nitrogen dioxide and dinitrogen tetroxide. (b) Compressing the 
gas initially shows a deepening of the brown color as brown NO2 molecules are bunched together. (c) The higher 
proportion of NO2 molecules, however, favors a greater number of collisions among these molecules, which upon 
colliding convert to the colorless N2O4 molecules. This is evidenced by a rapid lightening of the brown color soon 
after the NO2 molecules have been compressed.

C O N C E P T   C H E C K
Would an increase in pressure favor the formation of gaseous sulfur trioxide, SO3, from gaseous sulfur 
dioxide, SO2, and oxygen, O2?

CHECK  YOUR  ANSWER   Yes. an increase in pressure favors a greater number of collisions, which 
has a greater benefit for the formation of SO3. Incidentally, SO2 is an industrial pollutant. In the 
atmosphere it transforms into SO3, as shown above. The SO3 then reacts with water to form sulfuric 
acid, H2SO4—a prime component of acid rain.


