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Section 13.7
Le Châtelier’s principle

❯ When a reaction takes place in a closed system, it reaches a condition where the concentra-
tions of the reactants and products remain constant over time

❯ Dynamic state: reactants and products are interconverted continually
❯ Forward rate 5 reverse rate

❯ The law of mass action: for the reaction

jA 1 kB m mC 1 nD

K 5
3C 4m 3D 4n
3A 4j 3B 4k 5 equilibrium constant

❯ A pure liquid or solid is never included in the equilibrium expression
❯  For a gas-phase reaction, the reactants and products can be described in terms of their 

partial pressures and the equilibrium constant is called Kp:

Kp 5 K 1RT2Dn

	  where Dn is the sum of the coefficients of the gaseous products minus the sum of the coef-
ficients of the gaseous reactants

Equilibrium position
❯ A set of reactant and product concentrations that satisfies the equilibrium constant expression

❯ There is one value of K for a given system at a given temperature
❯ There are an infinite number of equilibrium positions at a given temperature depending 

on the initial concentrations

❯ A small value of K means the equilibrium lies to the left; a large value of K means the equi-
librium lies to the right
❯ The size of K has no relationship to the speed at which equilibrium is achieved

❯ Q, the reaction quotient, applies the law of mass action to initial concentrations rather than 
equilibrium concentrations
❯ If Q . K, the system will shift to the left to achieve equilibrium
❯ If Q , K, the system will shift to the right to achieve equilibrium

❯ Finding the concentrations that characterize a given equilibrium position:
❯ Start with the given initial concentrations (pressures)
❯ Define the change needed to reach equilibrium
❯ Apply the change to the initial concentrations (pressures) and solve for the equilibrium 

concentrations (pressures)

Le Châtelier’s principle
❯ Enables qualitative prediction of the effects of changes in concentration, pressure, and tem-

perature on a system at equilibrium

❯ If a change in conditions is imposed on a system at equilibrium, the system will shift in a 
direction that compensates for the imposed change
❯  In other words, when a stress is placed on a system at equilibrium, the system shifts in the 

direction that relieves the stress
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 1. Characterize a system at chemical equilibrium with 
respect to each of the following:

a. the rates of the forward and reverse reactions

b. the overall composition of the reaction mixture

For a general reaction 3A 1
 g2 1 B 1

 g2 h 2C 1
 g2 , if 

one starts an experiment with only reactants present, 
show what the plot of concentrations of A, B, and C 
versus time would look like. Also sketch the plot 
illustrating the rate of the forward reaction and rate of 
the reverse reaction versus time.

 2. What is the law of mass action? Is it true that the value 
of K depends on the amounts of reactants and products 
mixed together initially? Explain. Is it true that reac-
tions with large equilibrium constant values are very 
fast? Explain. There is only one value of the equilib-
rium constant for a particular system at a particular 
temperature, but there is an infinite number of equilib-
rium positions. Explain.

 3. Consider the following reactions at some temperature:

 2NOCl 1 g2 m 2NO 1
 g2 1 Cl2 1 g2     K 5 1.6 3 1025

 2NO 1
 g2 m N2 1 g2 1 O2 1 g2     K 5 1 3 1031

For each reaction, assume some quantities of the 
reactants were placed in separate containers and 
allowed to come to equilibrium. Describe the relative 
amounts of reactants and products that would be present 
at equilibrium. At equilibrium, which is faster, the 
forward or reverse reaction in each case?

 4. What is the difference between K and Kp? When does K 
5 Kp for a reaction? When does K 	Kp for a reaction? 
If the coefficients in a reaction equation are tripled, how 
is the new value of K related to the initial value of K? If 
an equation for a reaction is reversed, how is the value 
of Kp for the reversed equation related to the value of Kp 
for the initial equation?

 5. What are homogeneous equilibria? Heterogeneous 
equilibria? What is the difference in writing K expres-
sions for homogeneous versus heterogeneous reactions? 
Summarize which species are included in the K 
expression and which species are not included.

 6. Distinguish between the terms equilibrium constant 
and reaction quotient. When Q 5 K, what does this 
say about a reaction? When Q , K, what does this say 
about a reaction? When Q . K, what does this say 
about a reaction?

 7. Summarize the steps for solving equilibrium problems 
(see the beginning of Section 13.6). In general, when 

solving an equilibrium problem, you should always set 
up an ICE table. What is an ICE table?

 8. A common type of reaction we will study is that having 
a very small K value (K ,, 1). Solving for equilibrium 
concentrations in an equilibrium problem usually 
requires many mathematical operations to be performed. 
However, the math  involved when solving equilibrium 
problems for reactions having small K values (K ,, 1) 
is simplified. What assumption is made when solving the 
equilibrium concentrations for reactions with small K 
values? Whenever assumptions are made, they must be 
checked for validity. In general, the “5% rule” is used to 
check the validity of assuming x (or 2x, 3x, and so on) is 
very small compared to some number. When x (or 2x, 
3x, and so on) is less than 5% of the number the 
assumption was made against, then the assumption is 
said to be valid. If the 5% rule fails, what do you do to 
solve for the equilibrium concentrations?

 9. What is Le Châtelier’s principle? Consider the reaction 
2NOCl(g) 34 2NO(g) 1 Cl2(g). If this reaction is at 
equilibrium, what happens when the  following changes 
occur?

a. NOCl(g) is added.

b. NO(g) is added.

c. NOCl(g) is removed.

d. Cl2(g) is removed.

e. The container volume is decreased.

For each of these changes, what happens to the value of 
K for the reaction as equilibrium is reached again? Give 
an example of a reaction for which the  addition or 
removal of one of the reactants or products has no effect 
on the  equilibrium position.
 In general, how will the equilibrium position of a 
gas-phase reaction be affected if the volume of the 
reaction vessel changes? Are there reactions that will 
not have their equilibria shifted by a change in volume? 
Explain. Why does changing the pressure in a rigid 
container by adding an inert gas not shift the equilib-
rium position for a gas-phase reaction?

 10. The only “stress” (change) that also changes the value 
of K is a change in temperature. For an exothermic 
reaction, how does the equilibrium position change as 
temperature increases, and what happens to the value  
of K? Answer the same questions for an endothermic 
reaction. If the value of K increases with a decrease in 
temperature, is the reaction exothermic or endothermic? 
Explain.
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 ii. Explain how you decided on the limits for the esti-
mated range.

 iii. Indicate what other information would enable you to 
narrow your estimated range.

 iv. Compare the estimated concentrations for a through 
d, and explain any differences.

a. If at equilibrium [A] 5 1 M, and then 1 mole of C is 
added, estimate the value for [A] once equilibrium is 
reestablished.

b. If at equilibrium [B] 5 1 M, and then 1 mole of C is 
added, estimate the value for [B] once equilibrium is 
reestablished.

c. If at equilibrium [C] 5 1 M, and then 1 mole of C is 
added, estimate the value for [C] once equilibrium is 
reestablished.

d. If at equilibrium [D] 5 1 M, and then 1 mole of C is 
added, estimate the value for [D] once equilibrium is 
reestablished.

 6. Consider the reaction A 1
 g2 1 B 1

 g2 m C 1
 g2 1 D 1

 g2 . A 
friend asks the following: “I know we have been told that if a 
mixture of A, B, C, and D is at equilibrium and more of A is 
added, more C and D will form. But how can more C and D 
form if we do not add more B?” What do you tell your friend?

 7. Consider the following statements: “Consider the reaction 
A(g) 1 B(g) m C(g), for which at equilibrium [A] 5 2 M, 
[B] 5 1 M, and [C] 5 4 M. To a 1-L container of the system at 
equilibrium, you add 3 moles of B. A possible equilibrium 
condition is [A] 5 1 M, [B] 5 3 M, and [C] 5 6 M because 
in both cases K 5 2.” Indicate everything that is correct in 
these statements and everything that is incorrect. Correct the 
incorrect statements, and explain.

 8. Le Châtelier’s principle is stated (Section 13.7) as follows: “If 
a change is imposed on a system at equilibrium, the position 
of the equilibrium will shift in a direction that tends to reduce 
that change.” The system N2 1g2 1 3H2 1g2 m 2NH3 1g2  is 
used as an example in which the addition of nitrogen gas at 
equilibrium results in a decrease in H2 concentration and an 
increase in NH3 concentration. In the experiment the volume 
is assumed to be constant. On the other hand, if N2 is added to 
the reaction system in a container with a piston so that the 
pressure can be held constant, the amount of NH3 actually 
could decrease and the concentration of H2 would increase as 
equilibrium is reestablished. Explain how this can happen. 
Also, if you consider this same system at equilibrium, the ad-
dition of an inert gas, holding the pressure constant, does af-
fect the equilibrium position. Explain why the addition of an 
inert gas to this system in a rigid container does not affect the 
equilibrium position.

 9. The value of the equilibrium constant K depends on which of 
the following (more than one answer may be correct)?

a. the initial concentrations of the reactants

b. the initial concentrations of the products

c. the temperature of the system

d. the nature of the reactants and products 

Explain.

Active Learning Questions
These questions are designed to be used by groups of students in 
class.

 1. Consider an equilibrium mixture of four chemicals (A, B, C, 
and D, all gases) reacting in a closed flask according to the 
equation:

A 1
 g2 1 B 1

 g2 m C 1
 g2 1 D 1

 g2
a. You add more A to the flask. How does the concentration 

of each chemical compare to its original concentration 
after equilibrium is reestablished? Justify your answer.

b. You have the original setup at equilibrium, and you add 
more D to the flask. How does the concentration of each 
chemical compare to its original concentration after equi-
librium is reestablished? Justify your answer.

 2. The boxes shown below represent a set of initial conditions for 
the reaction:

K = 25
+ +

Draw a quantitative molecular picture that shows what this 
system looks like after the reactants are mixed in one of the 
boxes and the system reaches equilibrium. Support your an-
swer with calculations.

+

 3. For the reaction H2 1 g2 1 I2 1 g2 m 2HI 1 g2 , consider two 
possibilities: (a) you mix 0.5 mole of each reactant, allow the 
system to come to equilibrium, and then add another mole of 
H2 and allow the system to reach equilibrium again, or (b) you 
mix 1.5 moles of H2 and 0.5 mole of I2 and allow the system to 
reach equilibrium. Will the final equilibrium mixture be differ-
ent for the two  procedures? Explain.

 4. Given the reaction A 1
 g2 1 B 1

 g2 m C 1
 g2 1 D 1

 g2 , consider 
the following situations:

 i. You have 1.3 M A and 0.8 M B initially.
 ii. You have 1.3 M A, 0.8 M B, and 0.2 M C initially.
 iii. You have 2.0 M A and 0.8 M B initially.

Order the preceding situations in terms of increasing equilib-
rium concentration of D. Explain your order. Then give the 
order in terms of increasing equilibrium concentration of B 
and explain.

 5. Consider the reaction A 1
 g2 1 2B 1

 g2 m C 1
 g2 1 D 1

 g2  in a 
1.0-L rigid flask. Answer the following questions for each 
situation (a–d):

 i. Estimate a range (as small as possible) for the 
requested substance. For example, [A] could be 
between 95 M and 100 M.

A discussion of the Active Learning  Questions can be found online in the  Instructor’s 
Resource Guide and on PowerLecture. The questions allow students to explore their 
understanding of concepts through discussion and peer teaching. The real value of 
these questions is the learning that occurs while students talk to each other about 
chemical concepts.
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 15. Consider the following reaction at some temperature:

H2O 1
 g2 1 CO 1

 g2 m H2 1 g2 1 CO2 1 g2    K 5 2.0

Some molecules of H2O and CO are placed in a 1.0-L con-
tainer as shown below.

When equilibrium is reached, how many molecules of H2O, 
CO, H2, and CO2 are present? Do this problem by trial and 
error—that is, if two molecules of CO react, is this equilib-
rium; if three molecules of CO react, is this equilibrium; and 
so on.

 16. Consider the following generic reaction:

2A2B 1
 g2 m 2A2 1 g2 1 B2 1 g2

Some molecules of A2B are placed in a 1.0-L container. As 
time passes, several snapshots of the reaction mixture are 
taken as illustrated below.

Which illustration is the first to represent an equilibrium mix-
ture? Explain. How many molecules of A2B reacted initially?

 17. Explain the difference between K, Kp, and Q.

 18. Consider the following reactions:

H2 1 g2 1 I2 1 g2 h 2HI 1 g2  and  H2 1 g2 1 I2 1s2 h 2HI 1 g2
List two property differences between these two reactions that 
relate to equilibrium.

 19. For a typical equilibrium problem, the value of K and the ini-
tial reaction conditions are given for a specific reaction, and 
you are asked to calculate the equilibrium concentrations. 
Many of these calculations involve solving a quadratic or  
cubic equation. What can you do to avoid solving a quadratic 
or cubic equation and still come up with reasonable equilib-
rium concentrations?

 20. Which of the following statements is(are) true? Correct the 
false statement(s).

a. When a reactant is added to a system at equilibrium at a 
given temperature, the reaction will shift right to reestab-
lish equilibrium.

b. When a product is added to a system at equilibrium at a 
given temperature, the value of K for the reaction will 
increase when equilibrium is reestablished.

A blue question or exercise number indicates that the answer to 
that question or exercise appears at the back of this book and a 
solution appears in the Solutions Guide, as found on PowerLecture.

Questions
 10. Consider an initial mixture of N2 and H2 gases that can be 

represented as follows:

The gases react to form ammonia gas (NH3) as represented by 
the following concentration profile:

Time

C
on

ce
nt

ra
ti

on

a. Label each plot on the graph as N2, H2, or NH3, and 
explain your answers.

b. Explain the relative shapes of the plots.

c. When is equilibrium reached? How do you know?

 11. Consider the following reaction:

H2O 1
 g2 1 CO 1

 g2 m H2 1 g2 1 CO2 1 g2
Amounts of H2O, CO, H2, and CO2 are put into a flask so that 
the composition corresponds to an equilibrium position. If the 
CO placed in the flask is labeled with radioactive 14C, will 14C 
be found only in CO molecules for an indefinite period of time? 
Explain.

 12. Consider the same reaction as in Question 11. In one experi-
ment 1.0 mole of H2O(g) and 1.0 mole of CO(g) are put into a 
flask and heated to 3508C. In a second experiment 1.0 mole of 
H2(g) and 1.0 mole of CO2(g) are put into another flask with 
the same volume as the first. This mixture is also heated to 
3508C. After equilibrium is reached, will there be any differ-
ence in the composition of the mixtures in the two flasks?

 13. Suppose a reaction has the equilibrium constant K 5 1.3 3 108. 
What does the magnitude of this constant tell you about the 
relative concentrations of products and reactants that will be 
present once equilibrium is reached? Is this reaction likely to be 
a good source of the products?

 14. Suppose a reaction has the equilibrium constant K 5 1.7 3 1028 
at a particular temperature. Will there be a large or small amount 
of unreacted starting material present when this reaction reaches 
equilibrium? Is this reaction likely to be a good source of prod-
ucts at this temperature?
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 27. At a particular temperature, a 3.0-L flask contains 2.4 moles of 
Cl2, 1.0 mole of NOCl, and 4.5 3 1023 mole of NO. Calculate 
K at this temperature for the following reaction:

2NOCl 1 g2 m 2NO 1
 g2 1 Cl2 1 g2

 28. At a particular temperature a 2.00-L flask at equilibrium con-
tains 2.80 3 1024 mole of N2, 2.50 3 1025 mole of O2, and 
2.00 3 1022 mole of N2O. Calculate K at this temperature for 
the reaction

2N2 1 g2 1 O2 1 g2 m 2N2O 1
 g2

If [N2] 5 2.00 3 1024 M, [N2O] 5 0.200 M, and [O2] 5 
0.00245 M, does this represent a system at equilibrium?

 29. The following equilibrium pressures at a certain temperature 
were observed for the reaction

2NO2 1 g2 m 2NO 1
 g2 1 O2 1 g2

 PNO2
5 0.55 atm

 PNO 5 6.5 3 1025 atm

 PO2
5 4.5 3 1025 atm

Calculate the value for the equilibrium constant Kp at this 
temperature.

 30. The following equilibrium pressures were observed at a cer-
tain temperature for the reaction

N2 1 g2 1 3H2 1 g2 m 2NH3 1 g2
 PNH3

5 3.1 3 1022 atm

 PN2
5 8.5 3 1021 atm

 PH2
5 3.1 3 1023 atm

Calculate the value for the equilibrium constant Kp at this 
temperature.

If PN2
5 0.525 atm, PNH3

5 0.0167 atm, and PH2
5 0.00761 

atm, does this represent a system at equilibrium?

 31. At 3278C, the equilibrium concentrations are [CH3OH] 5 
0.15 M, [CO] 5 0.24 M, and [H2] 5 1.1 M for the reaction

CH3OH 1
 g2 m CO 1

 g2 1 2H2 1 g2
Calculate Kp at this temperature.

 32. At 1100 K, Kp 5 0.25 for the reaction

2SO2 1 g2 1 O2 1 g2 m 2SO3 1 g2
What is the value of K at this temperature?

 33. Write expressions for K and Kp for the following reactions.

a. 2NH3 1 g2 1 CO2 1 g2 m N2CH4O 1s2 1 H2O 1
 g2

b. 2NBr3 1s2 m N2 1 g2 1 3Br2 1 g2
c. 2KClO3 1s2 m 2KCl 1s2 1 3O2 1 g2
d. CuO 1s2 1 H2 1 g2 m Cu 1l2 1 H2O 1

 g2
 34. Write expressions for Kp for the following reactions.

a. 2Fe 1s2 1 3
2O2 1 g2 m Fe2O3 1s2

b. CO2 1 g2 1 MgO 1s2 m MgCO3 1s2
c. C 1s2 1 H2O 1

 g2 m CO 1
 g2 1 H2 1 g2

d. 4KO2 1s2 1 2H2O 1
 g2 m 4KOH 1s2 1 3O2 1 g2

 35. For which reactions in Exercise 33 is Kp equal to K?

 36. For which reactions in Exercise 34 is Kp equal to K?

c. When temperature is increased for a reaction at equilib-
rium, the value of K for the reaction will increase.

d. When the volume of a reaction container is increased for 
a system at equilibrium at a given temperature, the reac-
tion will shift left to reestablish equilibrium.

e. Addition of a catalyst (a substance that increases the 
speed of the reaction) has no effect on the equilibrium 
position.

Exercises
In this section similar exercises are paired.

The Equilibrium Constant

 21. Write the equilibrium expression (K) for each of the following 
gas-phase reactions.

a. N2 1 g2 1 O2 1 g2 m 2NO 1
 g2

b. N2O4 1 g2 m 2NO2 1 g2
c. SiH4 1 g2 1 2Cl2 1 g2 m SiCl4 1 g2 1 2H2 1 g2
d. 2PBr3 1 g2 1 3Cl2 1 g2 m 2PCl3 1 g2 1 3Br2 1 g2

 22. Write the equilibrium expression (Kp) for each reaction in 
 Exercise 21.

 23. At a given temperature, K 5 1.3 3 1022 for the reaction

N2 1 g2 1 3H2 1 g2 m 2NH3 1 g2
Calculate values of K for the following reactions at this 
 temperature.

a. 1
2N2 1 g2 1 3

2H2 1 g2 m NH3 1 g2
b. 2NH3 1 g2 m N2 1 g2 1 3H2 1 g2
c. NH3 1 g2 m 1

2N2 1 g2 1 3
2H2 1 g2

d. 2N2 1 g2 1 6H2 1 g2 m 4NH3 1 g2
 24. For the reaction

H2 1 g2 1 Br2 1 g2 m 2HBr 1 g2
Kp 5 3.5 3 104 at 1495 K. What is the value of Kp for the fol-
lowing reactions at 1495 K?

a. HBr 1 g2 m 1
2H2 1 g2 1 1

2Br2 1 g2
b. 2HBr 1 g2 m H2 1 g2 1 Br2 1 g2
c. 1

2H2 1 g2 1 1
2Br2 1 g2 m HBr 1 g2

 25. For the reaction

2NO 1
 g2 1 2H2 1 g2 m N2 1 g2 1 2H2O 1

 g2
it is determined that, at equilibrium at a particular tempera-
ture, the concentrations are as follows: [NO(g)] 5 8.1 3 1023 
M, [H2(g)] 5 4.1 3 1025 M, [N2(g)] 5 5.3 3 1022 M, and 
[H2O(g)] 5 2.9 3 1023 M. Calculate the value of K for the re-
action at this temperature.

 26. At high temperatures, elemental nitrogen and oxygen react 
with each other to form nitrogen monoxide:

N2 1 g2 1 O2 1 g2 m 2NO 1
 g2

Suppose the system is analyzed at a particular temperature, 
and the equilibrium concentrations are found to be [N2] 5 
0.041 M, [O2] 5 0.0078 M, and [NO] 5 4.7 3 1024 M. Calcu-
late the value of K for the reaction.
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a. [CH3CO2C2H5] 5 0.22 M, [H2O] 5 0.10 M, 
[CH3CO2H] 5 0.010 M, [C2H5OH] 5 0.010 M

b. [CH3CO2C2H5] 5 0.22 M, [H2O] 5 0.0020 M, 
[CH3CO2H] 5 0.0020 M, [C2H5OH] 5 0.10 M

c. [CH3CO2C2H5] 5 0.88 M, [H2O] 5 0.12 M, 
[CH3CO2H] 5 0.044 M, [C2H5OH] = 6.0 M

d. [CH3CO2C2H5] 5 4.4 M, [H2O] 5 4.4 M, 
[CH3CO2H] 5 0.88 M, [C2H5OH] 5 10.0 M

e. What must the concentration of water be for a mixture 
with [CH3CO2C2H5] 5 2.0 M, [CH3CO2H] 5 0.10 M, and 
[C2H5OH] 5 5.0 M to be at equilibrium?

f. Why is water included in the equilibrium expression for 
this reaction?

 43. For the reaction

2H2O 1g2 m 2H2 1g2 1 O2 1g2
K 5 2.4 3 1023 at a given temperature. At equilibrium in a 
2.0-L container it is found that [H2O(g)] 5 1.1 3 1021 M and 
[H2(g)] 5 1.9 3 1022 M. Calculate the moles of O2(g) present 
under these conditions.

 44. The reaction

2NO 1
 g2 1 Br2 1 g2 m 2NOBr 1 g2

has Kp 5 109 at 258C. If the equilibrium partial pressure of Br2 
is 0.0159 atm and the equilibrium partial pressure of NOBr is 
0.0768 atm, calculate the partial pressure of NO at equilibrium.

 45. A 1.00-L flask was filled with 2.00 moles of gaseous SO2 and 
2.00 moles of gaseous NO2 and heated. After equilibrium was 
reached, it was found that 1.30 moles of gaseous NO was pres-
ent. Assume that the reaction

SO2 1 g2 1 NO2 1 g2 m SO3 1 g2 1 NO 1
 g2

occurs under these conditions. Calculate the value of the equi-
librium constant, K, for this reaction.

 46. A sample of S8(g) is placed in an otherwise empty rigid con-
tainer at 1325 K at an initial pressure of 1.00 atm, where it 
decomposes to S2(g) by the reaction

S8 1 g2 m 4S2 1 g2
At equilibrium, the partial pressure of S8 is 0.25 atm. Calcu-
late Kp for this reaction at 1325 K.

 47. At a particular temperature, 12.0 moles of SO3 is placed into a 
3.0-L rigid container, and the SO3 dissociates by the reaction

2SO3 1 g2 m 2SO2 1 g2 1 O2 1 g2
At equilibrium, 3.0 moles of SO2 is present. Calculate K for 
this  reaction.

 48. At a particular temperature, 8.0 moles of NO2 is placed into a 
1.0-L container and the NO2 dissociates by the reaction

2NO2 1 g2 m 2NO 1
 g2 1 O2 1 g2

At equilibrium the concentration of NO(g) is 2.0 M. Calculate 
K for this reaction.

 49. An initial mixture of nitrogen gas and hydrogen gas is reacted 
in a rigid container at a certain temperature by the reaction

3H2 1 g2 1 N2 1 g2 m 2NH3 1 g2

 37. Consider the following reaction at a certain temperature:

4Fe 1s2 1 3O2 1 g2 m 2Fe2O3 1s2
An equilibrium mixture contains 1.0 mole of Fe, 1.0 31023 
mole of O2, and 2.0 moles of Fe2O3 all in a 2.0-L container. 
Calculate the value of K for this reaction.

 38. In a study of the reaction

3Fe 1s2 1 4H2O 1
 g2 m Fe3O4 1s2 1 4H2 1 g2

at 1200 K it was observed that when the equilibrium partial 
pressure of water vapor is 15.0 torr, the total pressure at equi-
librium is 36.3 torr. Calculate the value of Kp for this reaction 
at 1200 K. (Hint: Apply Dalton’s law of partial pressures.)

Equilibrium Calculations

 39. The equilibrium constant is 0.0900 at 258C for the reaction

H2O 1
 g2 1 Cl2O 1

 g2 m 2HOCl 1 g2
For which of the following sets of conditions is the system at 
equilibrium? For those that are not at equilibrium, in which 
direction will the system shift?

a. A 1.0-L flask contains 1.0 mole of HOCl, 0.10 mole of 
Cl2O, and 0.10 mole of H2O.

b. A 2.0-L flask contains 0.084 mole of HOCl, 0.080 mole 
of Cl2O, and 0.98 mole of H2O.

c. A 3.0-L flask contains 0.25 mole of HOCl, 0.0010 mole 
of Cl2O, and 0.56 mole of H2O.

 40. The equilibrium constant is 0.0900 at 258C for the reaction

H2O 1
 g2 1 Cl2O 1

 g2 m 2HOCl 1 g2
For which of the following sets of conditions is the system at 
equilibrium? For those that are not at equilibrium, in which 
direction will the system shift?

a. PH2O 5 1.00 atm, PCl2O 5 1.00 atm, PHOCl 5 1.00 atm

b. PH2O 5 200. torr, PCl2O 5 49.8 torr, PHOCl 5 21.0 torr

c. PH2O 5 296 torr, PCl2O 5 15.0 torr, PHOCl 5 20.0 torr

 41. At 9008C, Kp 5 1.04 for the reaction

CaCO3 1s2 m CaO 1s2 1 CO2 1 g2
At a low temperature, dry ice (solid CO2), calcium oxide, and 
calcium carbonate are introduced into a 50.0-L reaction cham-
ber. The temperature is raised to 9008C, resulting in the dry ice 
converting to gaseous CO2. For the following mixtures, will 
the initial amount of calcium oxide increase, decrease, or re-
main the same as the system moves toward equilibrium at 
9008C?

a. 655 g CaCO3, 95.0 g CaO, PCO2
5 2.55 atm

b. 780 g CaCO3, 1.00 g CaO, PCO2
5 1.04 atm

c. 0.14 g CaCO3, 5000 g CaO, PCO2
5 1.04 atm

d. 715 g CaCO3, 813 g CaO, PCO2
5 0.211 atm

 42. Ethyl acetate is synthesized in a nonreacting solvent (not 
water) according to the following reaction:

CH3CO2H 1 C2H5OH m CH3CO2C2H5 1 H2O    K 5 2.2
Acetic acid Ethanol Ethyl acetate

For the following mixtures (a–d), will the concentration of 
H2O increase, decrease, or remain the same as equilibrium is 
established?
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a. 2.0 moles of pure NOCl in a 2.0-L flask

b. 1.0 mole of NOCl and 1.0 mole of NO in a 1.0-L flask

c. 2.0 moles of NOCl and 1.0 mole of Cl2 in a 1.0-L flask

 58. At a particular temperature, K 5 4.0 3	1027 for the reaction

N2O4 1 g2 m 2NO2 1 g2
In an experiment, 1.0 mole of N2O4 is placed in a 10.0-L ves-
sel. Calculate the concentrations of N2O4 and NO2 when this 
reaction reaches equilibrium.

 59. At a particular temperature, K 5 2.0 3 1026 for the reaction

2CO2 1 g2 m 2CO 1
 g2 1 O2 1 g2

If 2.0 moles of CO2 is initially placed into a 5.0-L vessel, cal-
culate the equilibrium concentrations of all species.

 60. Lexan is a plastic used to make compact discs, eyeglass lenses, 
and bullet-proof glass. One of the compounds used to make 
Lexan is phosgene (COCl2), an extremely poisonous gas. Phos-
gene decomposes by the reaction

COCl2 1 g2 m CO 1
 g2 1 Cl2 1 g2

for which Kp 5 6.8 3 1029 at 1008C. If pure phosgene at an 
initial pressure of 1.0 atm decomposes, calculate the equilib-
rium pressures of all species.

 61. At 258C, Kp 5 2.9 3 1023 for the reaction

NH4OCONH2 1s2 m 2NH3 1 g2 1 CO2 1 g2
In an experiment carried out at 258C, a certain amount of 
NH4OCONH2 is placed in an evacuated rigid container and 
allowed to come to equilibrium. Calculate the total pressure in 
the container at equilibrium.

 62. A sample of solid ammonium chloride was placed in an evacu-
ated container and then heated so that it decomposed to ammo-
nia gas and hydrogen chloride gas. After heating, the total 
pressure in the container was found to be 4.4 atm. Calculate Kp 
at this temperature for the decomposition reaction

NH4Cl 1s2 m NH3 1 g2 1 HCl 1 g2

Le Châtelier’s Principle

 63. Suppose the reaction system

UO2 1s2 1 4HF 1 g2 m UF4 1 g2 1 2H2O 1
 g2

has already reached equilibrium. Predict the effect that each of 
the following changes will have on the equilibrium position. 
Tell whether the equilibrium will shift to the right, will shift to 
the left, or will not be affected.

a. Additional UO2(s) is added to the system.

b. The reaction is performed in a glass reaction vessel; 
HF(g) attacks and reacts with glass.

c. Water vapor is removed.

 64. Predict the shift in the equilibrium position that will occur for 
each of the following reactions when the volume of the reac-
tion container is increased.

a. N2 1 g2 1 3H2 1 g2 m 2NH3 1 g2
b. PCl5 1 g2 m PCl3 1 g2 1 Cl2 1 g2
c. H2 1 g2 1 F2 1 g2 m 2HF 1 g2
d. COCl2 1 g2 m CO 1

 g2 1 Cl2 1 g2
e. CaCO3 1s2 m CaO 1s2 1 CO2 1 g2

At equilibrium, the concentrations are [H2] 5 5.0 M, [N2] 5 
8.0 M, and [NH3] 5 4.0 M. What were the concentrations of 
nitrogen gas and hydrogen gas that were reacted initially?

 50. Nitrogen gas (N2) reacts with hydrogen gas (H2) to form am-
monia (NH3). At 2008C in a closed container, 1.00 atm of nitro-
gen gas is mixed with 2.00 atm of hydrogen gas. At equilibrium, 
the total pressure is 2.00 atm. Calculate the partial pressure of 
hydrogen gas at equilibrium, and calculate the Kp value for this 
reaction.

 51. At a particular temperature, K 5 3.75 for the reaction

SO2 1 g2 1 NO2 1 g2 m SO3 1 g2 1 NO 1
 g2

If all four gases had initial concentrations of 0.800 M, calcu-
late the equilibrium concentrations of the gases.

 52. At a particular temperature, K 5 1.00 3 102 for the reaction

H2 1 g2 1 I2 1 g2 m 2HI 1 g2
In an experiment, 1.00 mole of H2, 1.00 mole of I2, and 
1.00 mole of HI are introduced into a 1.00-L container. Calcu-
late the concentrations of all species when equilibrium is 
reached.

 53. At 22008C, Kp 5 0.050 for the reaction

N2 1 g2 1 O2 1 g2 m 2NO 1
 g2

What is the partial pressure of NO in equilibrium with N2 and 
O2 that were placed in a flask at initial pressures of 0.80 and 
0.20 atm, respectively?

 54. At 258C, K 5 0.090 for the reaction

H2O 1
 g2 1 Cl2O 1

 g2 m 2HOCl 1 g2
Calculate the concentrations of all species at equilibrium for 
each of the following cases.

a. 1.0 g H2O and 2.0 g Cl2O are mixed in a 1.0-L flask.

b. 1.0 mole of pure HOCl is placed in a 2.0-L flask.

 55. At 1100 K, Kp 5 0.25 for the reaction

2SO2 1 g2 1 O2 1 g2 m 2SO3 1 g2
Calculate the equilibrium partial pressures of SO2, O2, and 
SO3 produced from an initial mixture in which PSO2

 5 PO2
 5 

0.50 atm and PSO3
5 0. (Hint: If you don’t have a graphing 

calculator, then use the method of successive approximations 
to solve, as discussed in Appendix 1.4.)

 56. At a particular temperature, Kp 5 0.25 for the reaction

N2O4 1 g2 m 2NO2 1 g2
a. A flask containing only N2O4 at an initial pressure of 

4.5 atm is allowed to reach equilibrium. Calculate the 
equilibrium partial pressures of the gases.

b. A flask containing only NO2 at an initial pressure of 
9.0 atm is allowed to reach equilibrium. Calculate the 
equilibrium partial pressures of the gases.

c. From your answers to parts a and b, does it matter from 
which direction an equilibrium position is reached?

 57. At 358C, K 5 1.6 3 1025 for the reaction

2NOCl 1 g2 m 2NO 1
 g2 1 Cl2 1 g2

Calculate the concentrations of all species at equilibrium for 
each of the following original mixtures.
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 70. Ammonia is produced by the Haber process, in which nitrogen 
and hydrogen are reacted directly using an iron mesh impreg-
nated with oxides as a catalyst. For the reaction

N2 1 g2 1 3H2 1 g2 m 2NH3 1 g2
equilibrium constants (Kp values) as a function of temperature 
are

3008C,  4.34 3 1023

5008C,  1.45 3 1025

6008C,  2.25 3 1026

Is the reaction exothermic or endothermic?

Additional Exercises
 71. Calculate a value for the equilibrium constant for the reaction

O2 1 g2 1 O 1
 g2 m O3 1 g2

given

 NO2 1 g2 mhv
NO 1

 g2 1 O 1
 g2      K 5 6.8 3 10249

 O3 1 g2 1 NO 1
 g2 m NO2 1 g2 1 O2 1 g2     K 5 5.8 3 10234

(Hint: When reactions are added together, the equilibrium ex-
pressions are multiplied.)

 72. Given the following equilibrium constants at 4278C,

Na2O 1s2 m 2Na 1l2 1 1
2O2 1 g2     K1 5 2 3 10225

NaO 1
 g2 m Na 1l2 1 1

2O2 1 g2      K2 5 2 3 1025

Na2O2 1s2 m 2Na 1l2 1 O2 1 g2     K3 5 5 3 10229

NaO2 1s2 m Na 1l2 1 O2 1 g2      K4 5 3 3 10214

determine the values for the equilibrium constants for the fol-
lowing reactions:

a. Na2O 1s2 1 1
2O2 1 g2 m Na2O2 1s2

b. NaO 1
 g2 1 Na2O 1s2 m Na2O2 1s2 1 Na 1l2

c. 2NaO 1
 g2 m Na2O2 1s2

(Hint: When reaction equations are added, the equilibrium ex-
pressions are multiplied.)

 73. Consider the decomposition of the compound C5H6O3 as 
follows:

C5H6O3 1 g2 h C2H6 1 g2 1 3CO 1
 g2

When a 5.63-g sample of pure C5H6O3(g) was sealed into an 
otherwise empty 2.50-L flask and heated to 200.8C, the pres-
sure in the flask gradually rose to 1.63 atm and remained at 
that value. Calculate K for this reaction.

 74. At 258C, Kp < 1 3 10231 for the reaction

N2 1 g2 1 O2 1 g2 m 2NO 1
 g2

a. Calculate the concentration of NO, in molecules/cm3, 
that can exist in equilibrium in air at 258C. In air, 
PN2

5 0.8 atm and PO2
5 0.2 atm.

b. Typical concentrations of NO in relatively pristine envi-
ronments range from 108 to 1010 molecules/cm3. Why is 
there a discrepancy between these values and your answer 
to part a?

 65. An important reaction in the commercial production of hydro-
gen is

CO 1
 g2 1 H2O 1

 g2 m H2 1 g2 1 CO2 1 g2
How will this system at equilibrium shift in each of the five 
following cases?

a. Gaseous carbon dioxide is removed.

b. Water vapor is added.

c. In a rigid reaction container, the pressure is increased by 
adding helium gas.

d. The temperature is increased (the reaction is exothermic).

e. The pressure is increased by decreasing the volume of 
the reaction container.

 66. What will happen to the number of moles of SO3 in equilib-
rium with SO2 and O2 in the reaction

2SO3 1 g2 m 2SO2 1 g2 1 O2 1 g2
in each of the following cases?

a. Oxygen gas is added.

b. The pressure is increased by decreasing the volume of the 
reaction container.

c. In a rigid reaction container, the pressure is increased by 
adding argon gas.

d. The temperature is decreased (the reaction is 
endothermic).

e. Gaseous sulfur dioxide is removed.

 67. In which direction will the position of the equilibrium

2HI 1 g2 m H2 1 g2 1 I2 1 g2
be shifted for each of the following changes?

a. H2(g) is added.

b. I2(g) is removed.

c. HI(g) is removed.

d. In a rigid reaction container, some Ar(g) is added.

e. The volume of the container is doubled.

f. The temperature is decreased (the reaction is exothermic).

 68. Hydrogen for use in ammonia production is produced by the 
reaction

CH4 1 g2 1 H2O 1
 g2          CO 1

 g2 1 3H2 1 g2Ni catalyst 
w888888888888x

7508C

What will happen to a reaction mixture at equilibrium if

a. H2O(g) is removed?

b. the temperature is increased (the reaction is endothermic)?

c. an inert gas is added to a rigid reaction container?

d. CO(g) is removed?

e. the volume of the container is tripled?

 69. Old-fashioned “smelling salts” consist of ammonium carbon-
ate, (NH4)2CO3. The reaction for the decomposition of am-
monium carbonate

1NH42 2CO3 1s2 m 2NH3 1 g2 1 CO2 1 g2 1 H2O 1
 g2

is endothermic. Would the smell of ammonia increase or de-
crease as the temperature is increased?
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 83. Chromium(VI) forms two different oxyanions, the orange di-
chromate ion, Cr2O7

22, and the yellow chromate ion, CrO4
22. 

(See the following photos.) The equilibrium reaction between the 
two ions is

Cr2O7
22 1aq2 1 H2O 1l2 m 2CrO4

22 1aq2 1 2H1 1aq2
Explain why orange dichromate solutions turn yellow when 
sodium hydroxide is added.

 84. The synthesis of ammonia gas from nitrogen gas and hydro-
gen gas represents a classic case in which a knowledge of ki-
netics and equilibrium was used to make a desired chemical 
reaction economically feasible. Explain how each of the fol-
lowing conditions helps to maximize the yield of ammonia.

a. running the reaction at an elevated temperature

b. removing the ammonia from the reaction mixture as it 
forms

c. using a catalyst

d. running the reaction at high pressure

 85. Suppose K 5 4.5 3 10 23 at a certain temperature for the 
reaction

PCl5 1 g2 m PCl3 1 g2 1 Cl2 1 g2
If it is found that the concentration of PCl5 is twice the concen-
tration of PCl3, what must be the concentration of Cl2 under 
these conditions?

 86. For the reaction below, Kp 5 1.16 at 800.8C.

CaCO3 1s2 m CaO 1s2 1 CO2 1 g2
If a 20.0-g sample of CaCO3 is put into a 10.0-L container and 
heated to 800.8C, what percentage by mass of the CaCO3 will 
react to reach equilibrium?

 87. Many sugars undergo a process called mutarotation, in which 
the sugar molecules interconvert between two isomeric forms, 
finally reaching an equilibrium between them. This is true for 
the simple sugar glucose, C6H12O6, which exists in solution in 
isomeric forms called alpha-glucose and beta-glucose. If a so-
lution of glucose at a certain temperature is analyzed, and it is 
found that the concentration of alpha-glucose is twice the con-
centration of beta-glucose, what is the value of K for the inter-
conversion reaction?

 88. Peptide decomposition is one of the key processes of diges-
tion, where a peptide bond is broken into an acid group and an 
amine group. We can describe this reaction as follows:

Peptide 1aq2 1 H2O 1l2 m acid group 1aq2 1 amine group 1aq2

 75. The gas arsine, AsH3, decomposes as follows:

2AsH3 1 g2 m 2As 1s2 1 3H2 1 g2
In an experiment at a certain temperature, pure AsH3(g) was 
placed in an empty, rigid, sealed flask at a pressure of 392.0 torr. 
After 48 hours the pressure in the flask was observed to be con-
stant at 488.0 torr.

a. Calculate the equilibrium pressure of H2(g).

b. Calculate Kp for this reaction.

 76. At a certain temperature, K 5 9.1 3 1024 for the reaction

FeSCN21 1aq2 m Fe31 1aq2 1 SCN2 1aq2
Calculate the concentrations of Fe31, SCN2, and FeSCN21 in 
a solution that is initially 2.0 M FeSCN21.

 77. At a certain temperature, K 5 1.1 3 103 for the reaction

Fe31 1aq2 1 SCN2 1aq2 m FeSCN21 1aq2
Calculate the concentrations of Fe31, SCN2, and FeSCN21 at 
equilibrium if 0.020 mole of Fe(NO3)3 is added to 1.0 L of 
0.10 M KSCN. (Neglect any volume change.)

 78. For the reaction

PCl5 1 g2 m PCl3 1 g2 1 Cl2 1 g2
at 600. K, the equilibrium constant, Kp, is 11.5. Suppose that 
2.450 g PCl5 is placed in an evacuated 500.-mL bulb, which is 
then heated to 600. K.

a. What would be the pressure of PCl5 if it did not 
dissociate?

b. What is the partial pressure of PCl5 at equilibrium?

c. What is the total pressure in the bulb at equilibrium?

d. What is the percent dissociation of PCl5 at equilibrium?

 79. At 258C, gaseous SO2Cl2 decomposes to SO2(g) and Cl2(g) to 
the extent that 12.5% of the original SO2Cl2 (by moles) has de-
composed to reach equilibrium. The total pressure (at equilib-
rium) is 0.900 atm. Calculate the value of Kp for this system.

 80. For the following reaction at a certain temperature

H2 1 g2 1 F2 1 g2 m 2HF 1 g2
it is found that the equilibrium concentrations in a 5.00-L rigid 
container are [H2] 5 0.0500 M, [F2] 5 0.0100 M, and [HF] 5 
0.400 M. If 0.200 mole of F2 is added to this equilibrium mix-
ture, calculate the concentrations of all gases once equilibrium 
is reestablished.

 81. Novelty devices for predicting rain contain cobalt(II) chloride 
and are based on the following equilibrium:

CoCl2 1s2 1 6H2O 1
 g2 m CoCl2

# 6H2O 1s2
 Purple Pink

What color will such an indicator be if rain is imminent?

 82. Consider the reaction

Fe31 1aq2 1 SCN2 1aq2 m FeSCN21 1aq2
How will the equilibrium position shift if

a. water is added, doubling the volume?

b. AgNO3(aq) is added? (AgSCN is insoluble.)

c. NaOH(aq) is added? [Fe(OH)3 is insoluble.]

d. Fe(NO3)3(aq) is added?
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 95. In a given experiment, 5.2 moles of pure NOCl was placed in 
an otherwise empty 2.0-L container. Equilibrium was estab-
lished by the following reaction:

2NOCl 1 g2 m 2NO 1
 g2 1 Cl2 1 g2    K 5 1.6 3 1025

a. Using numerical values for the concentrations in the 
Initial row and expressions containing the variable x in 
both the Change and Equilibrium rows, complete the fol-
lowing table summarizing what happens as this reaction 
reaches equilibrium. Let x 5 the concentration of Cl2 that 
is present at equilibrium.

NOCl NO Cl2

Initial

Change

Equilibrium 2.6 2 2x

b. Calculate the equilibrium concentrations for all species.

 96. For the reaction N2O4(g) m  2NO2(g), Kp 5 0.25 at a cer-
tain temperature. If 0.040 atm of N2O4 is reacted initially, cal-
culate the equilibrium partial pressures of NO2(g) and N2O4(g).

 97. Consider the following exothermic reaction at equilibrium:

N2 1 g2 1 3H2 1 g2 m 2NH3 1 g2
Predict how the following changes affect the number of moles 
of each component of the system after equilibrium is reestab-
lished by completing the table below. Complete the table with 
the terms increase, decrease, or no change.

N2 H2 NH3

Add N2(g)

Remove H2(g)

Add NH3(g)

Add Ne(g)
(constant V)

Increase the temperature

Decrease the volume 
(constant T)

Add a catalyst

 98. For the following endothermic reaction at equilibrium:

2SO3 1 g2 m 2SO2 1 g2 1 O2 1 g2
which of the following changes will increase the value of K?

a. increasing the temperature

b. decreasing the temperature

c. removing SO3(g) (constant T)

d. decreasing the volume (constant T)

e. adding Ne(g) (constant T)

f. adding SO2(g) (constant T)

g. adding a catalyst (constant T)

If we place 1.0 mole of peptide into 1.0 L water, what will be 
the equilibrium concentrations of all species in this reaction? 
Assume the K value for this reaction is 3.1 3 1025.

 89. The creation of shells by mollusk species is a fascinating pro-
cess. By utilizing the Ca21 in their food and aqueous environ-
ment, as well as some complex equilibrium processes, a hard 
calcium carbonate shell can be produced. One important equi-
librium reaction in this complex process is

HCO3
2 1aq2 m H1 1aq2 1 CO3

22 1aq2    K 5 5.6 3 10211

If 0.16 mole of HCO3
2 is placed into 1.00 L of solution, what 

will be the equilibrium concentration of CO3
2 2?

 90. Methanol, a common laboratory solvent, poses a threat of 
blindness or death if consumed in sufficient amounts. Once in 
the body, the substance is oxidized to produce formaldehyde 
(embalming fluid) and eventually formic acid. Both of these 
substances are also toxic in varying levels. The equilibrium 
between methanol and formaldehyde can be described as 
follows:

CH3OH 1aq2 m H2CO 1aq2 1 H2 1aq2
Assuming the value of K for this reaction is 3.7 3 10210, what 
are the equilibrium concentrations of each species if you start 
with a 1.24 M solution of methanol? What will happen to the 
concentration of methanol as the formaldehyde is further con-
verted to formic acid?

ChemWork Problems
These multiconcept problems (and additional ones) are found inter-
actively online with the same type of assistance a student would get 
from an instructor.

 91. For the reaction:

3O2 1 g2 m 2O3 1 g2
K 5 1.8 3 1027 at a certain temperature. If at equilibrium 
[O2] 5 0.062 M, calculate the equilibrium O3 concentration.

 92. An equilibrium mixture contains 0.60 g solid carbon and the 
gases carbon dioxide and carbon monoxide at partial pressures 
of 2.60 atm and 2.89 atm, respectively. Calculate the value of 
Kp for the reaction C(s) 1 CO2(g) m  2CO(g).

 93. At a particular temperature, 8.1 moles of NO2 gas is placed 
in a 3.0-L container. Over time the NO2 decomposes to NO 
and O2:

2NO2 1 g2 m 2NO 1
 g2 1 O2 1 g2

At equilibrium the concentration of NO(g) was found to be 
1.4 mol/L. Calculate the value of K for this reaction.

 94. A sample of solid ammonium chloride was placed in an evacu-
ated chamber and then heated, causing it to decompose ac-
cording to the following reaction:

NH4Cl 1s2 m NH3 1 g2 1 HCl 1 g2
In a particular experiment, the equilibrium partial pressure of 
NH3(g) in the container was 2.9 atm. Calculate the value of Kp 
for the decomposition of NH4Cl(s) at this temperature.
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 106. At 1258C, Kp 5 0.25 for the reaction

2NaHCO3 1s2 m Na2CO3 1s2 1 CO2 1 g2 1 H2O 1
 g2

A 1.00-L flask containing 10.0 g NaHCO3 is evacuated and 
heated to 1258C.

a. Calculate the partial pressures of CO2 and H2O after equi-
librium is established.

b. Calculate the masses of NaHCO3 and Na2CO3 present at 
equilibrium.

c. Calculate the minimum container volume necessary for 
all of the NaHCO3 to decompose.

 107. A mixture of N2, H2, and NH3 is at equilibrium [according to the 
equation N2 1 g2 1 3H2 1 g2 m 2NH3 1 g2 ] as depicted below:

N2

H2

NH3

The volume is suddenly decreased (by increasing the external 
pressure) and a new equilibrium is established as depicted 
below:

a. If the volume of the final equilibrium mixture is 1.00 L, 
determine the value of the equilibrium constant, K, for the 
reaction. Assume temperature is constant.

b. Determine the volume of the initial equilibrium mixture 
assuming a final equilibrium volume of 1.00 L and 
assuming a constant temperature.

 108. Consider the decomposition equilibrium for dinitrogen 
pentoxide:

2N2O5(g) 34 4NO2(g)	1	O2(g)

At a certain temperature and a total pressure of 1.00 atm, the 
N2O5 is 0.50% decomposed (by moles) at equilibrium.

a. If the volume is increased by a factor of 10.0, will the 
mole percent of N2O5 decomposed at equilibrium be 
greater than, less than, or equal to 0.50%? Explain your 
answer.

b. Calculate the mole percent of N2O5 that will be decom-
posed at equilibrium if the volume is increased by a factor 
of 10.0.

Challenge Problems
 99. A 1.604-g sample of methane (CH4) gas and 6.400 g oxygen 

gas are sealed into a 2.50-L vessel at 4118C and are allowed to 
reach equilibrium. Methane can react with oxygen to form gas-
eous carbon dioxide and water vapor, or methane can react with 
oxygen to form gaseous carbon monoxide and water vapor. At 
equilibrium, the pressure of oxygen is 0.326 atm, and the pres-
sure of water vapor is 4.45 atm. Calculate the pressures of car-
bon monoxide and carbon dioxide present at equilibrium.

 100. A 4.72-g sample of methanol (CH3OH) was placed in an oth-
erwise empty 1.00-L flask and heated to 250.8C to vaporize 
the methanol. Over time, the methanol vapor decomposed by 
the following reaction:

CH3OH 1
 g2 m CO 1

 g2 1 2H2 1 g2
After the system has reached equilibrium, a tiny hole is drilled 
in the side of the flask allowing gaseous compounds to effuse 
out of the flask. Measurements of the effusing gas show that it 
contains 33.0 times as much H2(g) as CH3OH(g). Calculate K 
for this reaction at 250.8C.

 101. At 358C, K 5 1.6 3 1025 for the reaction

2NOCl 1 g2 m 2NO 1
 g2 1 Cl2 1 g2

If 2.0 moles of NO and 1.0 mole of Cl2 are placed into a 1.0-L 
flask, calculate the equilibrium concentrations of all species.

 102. Nitric oxide and bromine at initial partial pressures of 98.4 
and 41.3 torr, respectively, were allowed to react at 300. K. At 
equilibrium the total pressure was 110.5 torr. The reaction is

2NO 1
 g2 1 Br2 1 g2 m 2NOBr 1 g2

a. Calculate the value of Kp.

b. What would be the partial pressures of all species if NO 
and Br2, both at an initial partial pressure of 0.30 atm, 
were  allowed to come to equilibrium at this temperature?

 103. At 258C, Kp 5 5.3 3 105 for the reaction

N2 1 g2 1 3H2 1 g2 m 2NH3 1 g2
When a certain partial pressure of NH3(g) is put into an other-
wise empty rigid vessel at 258C, equilibrium is reached when 
50.0% of the original ammonia has decomposed. What was the 
original partial pressure of ammonia before any decomposi-
tion occurred?

 104. Consider the reaction

P4 1 g2 h 2P2 1 g2
where Kp 5 1.00 3 1021 at 1325 K. In an experiment where 
P4(g) is placed into a container at 1325 K, the equilibrium 
mixture of P4(g) and P2(g) has a total pressure of 1.00 atm. 
Calculate the equilibrium pressures of P4(g) and P2(g). Calcu-
late the fraction (by moles) of P4(g) that has dissociated to 
reach equilibrium.

 105. The partial pressures of an equilibrium mixture of N2O4(g) 
and NO2(g) are PN2O4

5 0.34 atm and PNO2
5 1.20 atm at a 

certain temperature. The volume of the container is doubled. 
Calculate the partial pressures of the two gases when a new 
equilibrium is established.

Unless otherwise noted, all art on this page is © Cengage Learning 2014.

650 Chapter 13 Chemical Equilibrium

11097_Ch13_0606-0651.indd   650 10/1/12   3:14 PM

Copyright 2012 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).

Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



K 5 400. at 35.08C. If 2.00 moles each of NH3, H2S, and 
NH4HS are placed in a 5.00-L vessel, what mass of NH4HS 
will be present at equilibrium? What is the pressure of H2S at 
equilibrium?

 116. Given K 5 3.50 at 458C for the reaction

A 1
 g2 1 B 1

 g2 m C 1
 g2

and K 5 7.10 at 458C for the reaction

2A 1
 g2 1 D 1

 g2 m C 1
 g2

what is the value of K at the same temperature for the reaction

C 1
 g2 1 D 1

 g2 m 2B 1
 g2

What is the value of Kp at 458C for the reaction? Starting with 
1.50 atm partial pressures of both C and D, what is the mole 
fraction of B once equilibrium is reached?

 117. In a solution with carbon tetrachloride as the solvent, the com-
pound VCl4 undergoes dimerization:

2VCl4 m V2Cl8

When 6.6834 g VCl4 is dissolved in 100.0 g carbon tetrachlo-
ride, the freezing point is lowered by 5.978C. Calculate the 
value of the equilibrium constant for the dimerization of VCl4 
at this temperature. (The density of the equilibrium mixture is 
1.696 g/cm3, and Kf 5 29.88C kg/mol for CCl4.)

 118. The hydrocarbon naphthalene was frequently used in mothballs 
until recently, when it was discovered that human inhalation of 
naphthalene vapors can lead to hemolytic anemia. Naphthalene 
is 93.71% carbon by mass, and a 0.256-mole sample of naph-
thalene has a mass of 32.8 g. What is the molecular formula of 
naphthalene? This compound works as a pesticide in mothballs 
by sublimation of the solid so that it fumigates enclosed spaces 
with its vapors according to the equation

Naphthalene 1s2 m naphthalene 1 g2
K 5 4.29 3 1026 1at 298 K2

If 3.00 g solid naphthalene is placed into an enclosed space with 
a volume of 5.00 L at 258C, what percentage of the naphthalene 
will have sublimed once equilibrium has been established?

Marathon Problem
This problem is designed to incorporate several concepts and tech-
niques into one situation.

 119. A gaseous material XY(g) dissociates to some extent to pro-
duce X(g) and Y(g):

XY 1
 g2 m X 1

 g2 1 Y 1
 g2

A 2.00-g sample of XY (molar mass 5 165 g/mol) is placed in 
a container with a movable piston at 258C. The pressure is 
held constant at 0.967 atm. As XY begins to dissociate, the 
piston moves until 35.0 mole percent of the original XY has 
dissociated and then remains at a constant position. Assuming 
ideal behavior, calculate the density of the gas in the container 
after the piston has stopped moving, and determine the value 
of K for this reaction of 258C.

Marathon Problems can be used in class by groups of students to 
help facilitate problem-solving skills.

 109. An 8.00-g sample of SO3 was placed in an evacuated con-
tainer, where it decomposed at 6008C according to the following 
reaction:

SO3 1 g2 m SO2 1 g2 1 1
2O2 1 g2

At equilibrium the total pressure and the density of the gas-
eous mixture were 1.80 atm and 1.60 g/L, respectively. Calcu-
late Kp for this reaction.

 110. A sample of iron(II) sulfate was heated in an evacuated con-
tainer to 920 K, where the following reactions occurred:

 2FeSO4 1s2 m Fe2O3 1s2 1 SO3 1 g2 1 SO2 1 g2
 SO3 1 g2 m SO2 1 g2 1 1

2O2 1 g2
After equilibrium was reached, the total pressure was 0.836 
atm and the partial pressure of oxygen was 0.0275 atm. Calcu-
late Kp for each of these reactions.

 111. At 5000 K and 1.000 atm, 83.00% of the oxygen molecules in 
a sample have dissociated to atomic oxygen. At what pressure 
will 95.0% of the molecules dissociate at this temperature?

 112. A sample of N2O4(g) is placed in an empty cylinder at 258C. 
After equilibrium is reached the total pressure is 1.5 atm and 
16% (by moles) of the original N2O4(g) has dissociated to 
NO2(g).

a. Calculate the value of Kp for this dissociation reaction at 
258C.

b. If the volume of the cylinder is increased until the total 
pressure is 1.0 atm (the temperature of the system remains 
constant), calculate the equilibrium pressure of N2O4(g) 
and NO2(g).

c. What percentage (by moles) of the original N2O4(g) is dis-
sociated at the new equilibrium position (total pressure 5	
1.00 atm)?

 113. A sample of gaseous nitrosyl bromide (NOBr) was placed in a 
container fitted with a frictionless, massless piston, where it 
decomposed at 258C according to the following equation:

2NOBr 1 g2 m 2NO 1
 g2 1 Br2 1 g2

The initial density of the system was recorded as 4.495 g/L.  
After equilibrium was reached, the density was noted to be 
4.086 g/L.

a. Determine the value of the equilibrium constant K for 
the reaction.

b. If Ar(g) is added to the system at equilibrium at constant 
temperature, what will happen to the equilibrium position? 
What happens to the value of K? Explain each answer.

 114. The equilibrium constant Kp for the reaction

CCl4 1 g2 m C 1s2 1 2Cl2 1 g2
at 7008C is 0.76. Determine the initial pressure of carbon tet-
rachloride that will produce a total equilibrium pressure of 
1.20 atm at 7008C.

Integrative Problems
These problems require the integration of multiple concepts to find 
the solutions.

 115. For the reaction

NH3 1 g2 1 H2S 1 g2 m NH4HS 1s2
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