
 Chapter in Review  669

CHAPTER 15 IN REVIEW

TERMS

Section 15.3
rate law (637)
rate constant (k) (637)
reaction order (n) (637)
overall order (640)

Section 15.4
integrated rate law (642)
half-life (t1>2) (646)

Section 15.5
Arrhenius equation (650)
activation energy (Ea) (650)
frequency factor (A) (650)
activated complex  

(transition state) (651)
exponential factor (652)
Arrhenius plot (653)
collision model (655)
orientation factor (655)
collision frequency (655)

Section 15.6
reaction mechanism (656)
elementary step (657)
reaction intermediate (657)
molecularity (657)
unimolecular (657)
bimolecular (657)
termolecular (657)
rate-determining step (658)

Section 15.7
catalyst (661)
homogeneous catalysis (663)
heterogeneous catalysis (663)
hydrogenation (664)
enzyme (664)
active site (664)
substrate (664)

CONCEPTS

Reaction Rates, Orders, and Rate Laws 
(15.1–15.3)
■ The rate of a chemical reaction is a measure of how fast a reaction 

occurs. The rate reflects the change in the concentration of a reac-
tant or product per unit time and is usually reported in units of M>s.

■ Reaction rates generally depend on the concentration of the reac-
tants. The rate of a first-order reaction is directly proportional to 
the concentration of the reactant, the rate of a second-order reac-
tion is proportional to the square of the concentration of the reac-
tant, and the rate of a zero-order reaction is independent of the 
concentration of the reactant.

■ For a reaction with more than one reactant, the order with respect 
to each reactant is, in general, independent of the order with 
respect to other reactants. The rate law shows the relationship 
between the rate and the concentrations of each reactant and 
must be determined experimentally.

Integrated Rate Laws and Half-Life (15.4)
■ The rate law for a reaction describes the relationship between the 

rate of the reaction and the concentrations of the reactants.
■ The integrated rate law for a reaction describes the relationship 

between the concentration of a reactant and time.
■ The integrated rate law for a zero-order reaction shows that the con-

centration of the reactant varies linearly with time. For a first-order 
reaction, the natural log of the concentration of the reactant varies 
linearly with time, and for a second-order reaction, the inverse of 
the concentration of the reactant varies linearly with time.

■ The half-life of a reaction can be derived from the integrated rate 
law and represents the time required for the concentration of a 
reactant to fall to one-half of its initial value. The half-life of a first-
order reaction is independent of initial concentration of the reac-
tant. The half-life of a zero-order or second-order reaction depends 
on the initial concentration of reactant.

The Effect of Temperature on Reaction Rate (15.5)
■ The rate constant of a reaction generally depends on temperature 

and can be expressed by the Arrhenius equation, which consists of 
a frequency factor and an exponential factor.

■ The frequency factor represents the number of times that the 
reactants approach the activation barrier per unit time. The expo-
nential factor is the fraction of approaches that are successful in 
surmounting the activation barrier and forming products.

■ The exponential factor depends on both the temperature and 
the activation energy, a barrier that the reactants must over-
come to become products. The exponential factor increases 
with increasing temperature but decreases with increasing acti-
vation energy.

■ We can determine the frequency factor and activation energy for a 
reaction by measuring the rate constant at different temperatures 
and constructing an Arrhenius plot.

■ For reactions in the gas phase, Arrhenius behavior can be mod-
eled with the collision model. In this model, reactions occur 
as a result of sufficiently energetic collisions. The colliding 
molecules must be oriented in such a way that the reaction 
can occur. The frequency factor contains two terms: p, which 
represents the fraction of collisions that have the proper ori-
entation, and z, which represents the number of collisions per 
unit time.

Reaction Mechanisms (15.6)
■ Most chemical reactions occur not in a single step, but in several 

steps. The series of individual steps by which a reaction occurs is 
the reaction mechanism.

■ In order for a proposed reaction mechanism to be valid, it must 
fulfill two conditions: (a) the steps must sum to the overall reac-
tion, and (b) the mechanism must predict the experimentally 
observed rate law.

■ For mechanisms with a slow initial step, we derive the rate law 
from the slow step.

■ For mechanisms with a fast initial step, we first write the rate law 
based on the slow step but then assume that the fast steps reach 
equilibrium, so we can write concentrations of intermediates in 
terms of the reactants.

Catalysis (15.7)
■ A catalyst is a substance that increases the rate of a chemical reac-

tion by providing an alternative mechanism that has a lower acti-
vation energy for the rate-determining step.

■ Catalysts can be homogeneous or heterogeneous. A homogeneous 
catalyst exists in the same phase as the reactants and forms a 
homogeneous mixture with them. A heterogeneous catalyst exists 
in a different phase than the reactants.

■ Enzymes are biological catalysts capable of increasing the rate of 
specific biochemical reactions by many orders of magnitude.



670 CHAPTER 15 Chemical Kinetics

EQUATIONS AND RELATIONSHIPS
The Rate of Reaction (15.2)

For a reaction, aA + bB¡ cC + dD, the rate is defined as:

Rate = -
1
a

 
Δ[A]
Δt

= -
1
b

 
Δ[B]
Δt

= +
1
c

 
Δ[C]
Δt

= +
1
d

 
Δ[D]
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The Rate Law (15.3)

 Rate = k[A]n (single reactant)
 Rate = k[A]m [B]n (multiple reactants)

Integrated Rate Laws and Half-Life (15.4)

Reaction 
Order Integrated Rate Law Units of k

Half-Life 
Expression

0 [A]t = -kt + [A]0 M # s-1
t1>2 =

[A]0
2k

1  ln [A]t = -kt +  ln [A]0 s-1 t1>2 =
0.693
k

2 1
[A]t

= kt +
1

[A]0
M-1 # s-1 t1>2 =

1
k[A]0

Arrhenius Equation (15.5)

k = Ae-Ea>RT

ln k = -
Ea

R
 a1
T
b + ln A (linearized form)

ln
k2

k1
=

Ea

R
 a 1
T1
-

1
T2
b  (two-point form)

k = pze-Ea>RT (collision theory)

Rate Laws for Elementary Steps (15.6)

Elementary Step Molecularity Rate Law

A¡ products 1 Rate = k[A]

A + A¡ products 2 Rate = k[A]2

A + B¡ products 2 Rate = k[A][B]

A + A + A¡ products 3 (rare) Rate = k[A]3

A + A + B¡ products 3 (rare) Rate = k[A]2[B]

A + B + C¡ products 3 (rare) Rate = k[A][B][C]

LEARNING OUTCOMES

Chapter Objectives Assessment

Express reaction rates (15.2) Example 15.1 For Practice 15.1 Exercises 25–34

Analyze reactions in terms of the rate law (rate constant  
and reaction order) (15.3)

Example 15.2 For Practice 15.2 Exercises 35–46

Analyze graphical reaction data using the integrated  
rate law to determine the reaction order and the rate 
constant (15.4)

Examples 15.3–15.5 For Practice 15.3–15.5 Exercises 47–52

Perform half-life calculations (15.4) Example 15.6 For Practice 15.6 Exercises 53–58

Perform rate calculations involving the Arrhenius  
equation (15.5)

Examples 15.7, 15.8 For Practice 15.7, 15.8 Exercises 59–74

Determine whether a reaction mechanism is valid (15.6) Exercises 75–78

Describe the affects of catalysts on rates of reaction (15.7) Exercises 79–82

 1.  Explain why lizards become sluggish in cold weather. How is 
this phenomenon related to chemistry?

 2.  Why are reaction rates important (both practically and 
theoretically)?

 3.  What units are typically used to express the rate of a reaction?

 4.  Why is the reaction rate for reactants defined as the negative of 
the change in reactant concentration with respect to time, 
whereas for products it is defined as the change in reactant con-
centration with respect to time (with a positive sign)?

 5.  Explain the difference between the average rate of reaction and 
the instantaneous rate of reaction.

 6.  Consider a simple reaction in which reactant A forms products:

A¡ products

  What is the rate law if the reaction is zero order with respect to 
A? First order? Second order? For each case, explain how a dou-
bling of the concentration of A would affect the rate of 
reaction.

 7.  How is the order of a reaction generally determined?

EXERCISES

REVIEW QUESTIONS

Mastering Chemistry provides end-of-chapter exercises, feedback-enriched tutorial  
problems, animations, and interactive activities to encourage problem-solving practice and  
deeper understanding of key concepts and topics.
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 16.  Explain the difference between a normal chemical equation for 
a chemical reaction and the mechanism of that reaction.

 17.  In a reaction mechanism, what is an elementary step? Write 
down the three most common elementary steps and the corre-
sponding rate law for each one.

 18.  What are the two requirements for a proposed mechanism to be 
valid for a given reaction?

 19.  What is an intermediate within a reaction mechanism?

 20.  What is a catalyst? How does a catalyst increase the rate of a 
chemical reaction?

 21.  Explain the difference between homogeneous catalysis and het-
erogeneous catalysis.

 22.  What are the four basic steps involved in heterogeneous 
catalysis?

 23.  What are enzymes? What is the active site of an enzyme? What 
is a substrate?

 24.  What is the general two-step mechanism by which most 
enzymes work?

 8.  For a reaction with multiple reactants, how is the overall order 
of the reaction defined?

 9.  Explain the difference between the rate law for a reaction and 
the integrated rate law for a reaction. What relationship does 
each kind of rate law express?

 10.  Write integrated rate laws for zero-order, first-order, and second-
order reactions of the form A¡ products.

 11.  What does the term half-life mean? Write the expressions for the 
half-lives of zero-order, first-order, and second-order reactions.

 12.  How do reaction rates typically depend on temperature? What 
part of the rate law is temperature dependent?

 13.  Explain the meaning of each term within the Arrhenius equa-
tion: activation energy, frequency factor, and exponential fac-
tor. Use these terms and the Arrhenius equation to explain why 
small changes in temperature can result in large changes in 
reaction rates.

 14.  What is an Arrhenius plot? Explain the significance of the slope 
and intercept of an Arrhenius plot.

 15.  Explain how a chemical reaction occurs according to the colli-
sion model. Explain the meaning of the orientation factor in 
this model.

PROBLEMS BY TOPIC
Reaction Rates
 25.  Consider the reaction: 
  MISSED THIS? Read Section 15.2; Watch KCV 15.2, IWE 15.1

2 HBr( g)¡ H2( g) + Br2( g)

a. Express the rate of the reaction in terms of the change in con-
centration of each of the reactants and products.

b. In the first 25.0 s of this reaction, the concentration of HBr 
dropped from 0.600 M to 0.512 M. Calculate the average rate 
of the reaction during this time interval.

c. If the volume of the reaction vessel in part b was 1.50 L, what 
amount of Br2 (in moles) was formed during the first 15.0 s of 
the reaction?

 26.  Consider the reaction:

2 N2O( g)¡ 2 N2( g) + O2( g)

a. Express the rate of the reaction in terms of the change in con-
centration of each of the reactants and products.

b. In the first 15.0 s of the reaction, 0.015 mol of O2 is produced 
in a reaction vessel with a volume of 0.500 L. What is the 
average rate of the reaction during this time interval?

c. Predict the rate of change in the concentration of N2O dur-
ing this time interval. In other words, what is Δ[N2O]>Δt?

 27.  For the reaction 2 A( g) + B( g)¡ 3 C( g), 
MISSED THIS? Read Section 15.2; Watch KCV 15.2, IWE 15.1

a. determine the expression for the rate of the reaction 
in terms of the change in concentration of each of the  
reactants and products.

b. when A is decreasing at a rate of 0.100 M>s, how fast is B 
decreasing? How fast is C increasing?

 28.  For the reaction A( g) + 1
2  B( g)¡ 2 C( g),

a. determine the expression for the rate of the reaction in terms 
of the change in concentration of each of the reactants and 
products.

b. when C is increasing at a rate of 0.025 M>s, how fast is B 
decreasing? How fast is A decreasing?

 29.  Consider the reaction: 
  MISSED THIS? Read Section 15.2; Watch KCV 15.2, IWE 15.1

Cl2( g) + 3 F2( g)¡ 2 ClF3( g)

  Complete the table.

𝚫[Cl2] ,𝚫t 𝚫[F2] ,𝚫t 𝚫[ClF3] ,𝚫t Rate

-0.012 M>s
 30.  Consider the reaction:

8 H2S( g) + 4 O2( g)¡ 8 H2O( g) + S8( g)

  Complete the table.

𝚫[H2S] ,𝚫t 𝚫[O2] ,𝚫t 𝚫[H2O] ,𝚫t 𝚫[S8] ,𝚫t Rate

-0.080 M>s
 31.  Consider the reaction: 
  MISSED THIS? Read Section 15.2; Watch KCV 15.2, IWE 15.1

C4H8( g)¡ 2 C2H4( g)

The tabulated data were collected for the concentration of C4H8 
as a function of time:

Time (s) [C4H8] (M)

 0 1.000

10 0.913

20 0.835

30 0.763

40 0.697

50 0.637

a. What is the average rate of the reaction between 0 and 10 s? 
Between 40 and 50 s?

b. What is the rate of formation of C2H4 between 20 and 30 s?
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  Use the graph to calculate each quantity:

a. the average rate of the reaction between 10 and 20 s
b. the instantaneous rate of the reaction at 30 s
c. the instantaneous rate of formation of O2 at 50 s
d. If the initial volume of the H2O2 is 1.5 L, what total amount 

of O2 (in moles) is formed in the first 50 s of reaction?

The Rate Law and Reaction Orders
 35.  This graph shows a plot of the rate of a reaction versus the con-

centration of the reactant A for the reaction A¡ products. 
  MISSED THIS? Read Section 15.3; Watch KCV 15.3
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a. What is the order of the reaction with respect to A?
b. Make a rough sketch of a plot of [A] versus time.
c. Write a rate law for the reaction including an estimate for the 

value of k.

 36.  This graph shows a plot of the rate of a reaction versus the con-
centration of the reactant.
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a. What is the order of the reaction with respect to A?
b. Make a rough sketch of a plot of [A] versus time.
c. Write a rate law for the reaction including the value of k.

 37.  What are the units of k for each type of reaction? 
  MISSED THIS? Read Section 15.3

a. first-order reaction
b. second-order reaction
c. zero-order reaction

 38.  This reaction is first order in N2O5 :

N2O5( g)¡ NO3( g) + NO2( g)

  The rate constant for the reaction at a certain temperature is 
0.053>s.

a. Calculate the rate of the reaction when [N2O5] = 0.055 M.
b. What would the rate of the reaction be at the concentration 

indicated in part a if the reaction were second order? Zero 
order? (Assume the same numerical value for the rate con-
stant with the appropriate units.)

 32.  Consider the reaction:

NO2( g)¡ NO( g) +
1
2

 O2( g)

  The tabulated data were collected for the concentration of NO2 
as a function of time:

Time (s) [NO2] (M)

  0 1.000
 10 0.951
 20 0.904
 30 0.860
 40 0.818
 50 0.778

 60 0.740

 70 0.704

 80 0.670

 90 0.637

100 0.606

a. What is the average rate of the reaction between 10 and 20 s?  
Between 50 and 60 s?

b. What is the rate of formation of O2 between 50 and 60 s?

 33.  Consider the reaction: 
  MISSED THIS? Read Section 15.2; Watch KCV 15.2, IWE 15.1

H2( g) + Br2( g)¡ 2 HBr( g)

  The graph shows the concentration of Br2 as a function of time.
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a. Use the graph to calculate each quantity:

 i. the average rate of the reaction between 0 and 25 s
 ii. the instantaneous rate of the reaction at 25 s
iii. the instantaneous rate of formation of HBr at 50 s

b. Make a rough sketch of a curve representing the concentra-
tion of HBr as a function of time. Assume that the initial con-
centration of HBr is zero.

 34.  Consider the reaction:

2 H2O2(aq)¡ 2 H2O(l) + O2( g)

  The graph shows the concentration of H2O2 as a function of time.
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 45.  The tabulated data were collected for this reaction: 
  MISSED THIS? Read Section 15.3; Watch KCV 15.3, IWE 15.2

2 NO2( g) + F2( g)¡ 2 NO2F( g)

[NO2] [F2] (M) Initial Rate (M>s)

0.100 0.100 0.026
0.200 0.100 0.051
0.200 0.200 0.103
0.400 0.400 0.411

  Write an expression for the reaction rate law and calculate the 
value of the rate constant, k. What is the overall order of the 
reaction?

 46.  The tabulated data were collected for this reaction:

CH3Cl( g) + 3 Cl2( g)¡ CCl4( g) + 3 HCl( g)

[CH3Cl] (M) [Cl2] (M) Initial Rate (M>s)

0.050 0.050 0.014

0.100 0.050 0.029

0.100 0.100 0.041

0.200 0.200 0.115

  Write an expression for the reaction rate law and calculate the 
value of the rate constant, k. What is the overall order of the 
reaction?

The Integrated Rate Law and Half-Life
 47.  Indicate the order of reaction consistent with each observation. 
  MISSED THIS? Read Section 15.4; Watch KCV 15.4

a. A plot of the concentration of the reactant versus time yields 
a straight line.

b. The reaction has a half-life that is independent of initial 
concentration.

c. A plot of the inverse of the concentration versus time yields a 
straight line.

 48.  Indicate the order of reaction consistent with each 
observation.

a. The half-life of the reaction gets shorter as the initial concen-
tration is increased.

b. A plot of the natural log of the concentration of the reactant 
versus time yields a straight line.

c. The half-life of the reaction gets longer as the initial concen-
tration is increased.

 49.  The tabulated data show the concentration of AB versus time 
for this reaction: 

  MISSED THIS? Read Section 15.4; Watch KCV 15.4

AB( g)¡ A( g) + B( g)

Time (s) [AB] (M)

0 0.950

50 0.459

100 0.302

150 0.225

200 0.180

250 0.149

300 0.128

350 0.112

400 0.0994

450 0.0894

500 0.0812

  Determine the order of the reaction and the value of the rate 
constant. Predict the concentration of AB at 25 s.

 39.  A reaction in which A, B, and C react to form products is first 
order in A, second order in B, and zero order in C. 

  MISSED THIS? Read Section 15.3; Watch KCV 15.3

a. Write a rate law for the reaction.
b. What is the overall order of the reaction?
c. By what factor does the reaction rate change if [A] is doubled 

(and the other reactant concentrations are held constant)?
d. By what factor does the reaction rate change if [B] is doubled 

(and the other reactant concentrations are held constant)?
e. By what factor does the reaction rate change if [C] is doubled 

(and the other reactant concentrations are held constant)?
f. By what factor does the reaction rate change if the concentra-

tions of all three reactants are doubled?

 40.  A reaction in which A, B, and C react to form products is zero 
order in A, one-half order in B, and second order in C.

a. Write a rate law for the reaction.
b. What is the overall order of the reaction?
c. By what factor does the reaction rate change if [A] is doubled 

(and the other reactant concentrations are held constant)?
d. By what factor does the reaction rate change if [B] is doubled 

(and the other reactant concentrations are held constant)?
e. By what factor does the reaction rate change if [C] is doubled 

(and the other reactant concentrations are held constant)?
f. By what factor does the reaction rate change if the concentra-

tions of all three reactants are doubled?

 41.  Consider the data showing the initial rate of a reaction  
(A¡ products) at several different concentrations of A. 
What is the order of the reaction? Write a rate law for the reac-
tion, including the value of the rate constant, k. 

  MISSED THIS? Read Section 15.3; Watch KCV 15.3, IWE 15.2

[A] (M) Initial Rate (M>s)

0.100 0.053
0.200 0.210
0.300 0.473

 42.  Consider the data showing the initial rate of a reaction (A¡
products) at several different concentrations of A. What is the 
order of the reaction? Write a rate law for the reaction, includ-
ing the value of the rate constant, k.

[A] (M) Initial Rate (M>s)

0.15 0.008
0.30 0.016
0.60 0.032

 43.  Consider the tabulated data showing the initial rate of a reac-
tion (A¡ products) at several different concentrations of A. 
What is the order of the reaction? Write a rate law for the reac-
tion, including the value of the rate constant, k. 

  MISSED THIS? Read Section 15.3; Watch KCV 15.3, IWE 15.2

[A] (M) Initial Rate (M>s)

0.12 0.0078
0.16 0.0104
0.20 0.0130

 44.  Consider the tabulated data showing the initial rate of a reac-
tion (A¡ products) at several different concentrations of A. 
What is the order of the reaction? Write a rate law for the reac-
tion, including the value of the rate constant, k.

[A] (M) Initial Rate (M>s)

0.12 3.89 * 10 - 4

0.18 8.75 * 10 - 4

0.28 2.12 * 10 - 3
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 53.  This reaction was monitored as a function of time: 
  MISSED THIS? Read Section 15.4; Watch KCV 15.4, IWE 15.4

A¡ B + C

  A plot of ln[A] versus time yields a straight line with slope 
-0.0045>s.

a. What is the value of the rate constant (k) for this reaction at 
this temperature?

b. Write the rate law for the reaction.
c. What is the half-life?
d. If the initial concentration of A is 0.250 M, what is the  

concentration after 225 s?

 54.  This reaction was monitored as a function of time:

AB¡ A + B

  A plot of 1>[AB] versus time yields a straight line with a slope of 
+0.55>M # s.

a. What is the value of the rate constant (k) for this reaction at 
this temperature?

b. Write the rate law for the reaction.
c. What is the half-life when the initial concentration is  

0.55 M?
d. If the initial concentration of AB is 0.250 M and the reaction 

mixture initially contains no products, what are the concen-
trations of A and B after 75 s?

 55.  The decomposition of SO2Cl2 is first order in SO2Cl2 and has a 
rate constant of 1.42 * 10-4s-1 at a certain temperature. 

  MISSED THIS? Read Section 15.4; Watch KCV 15.4, IWE 15.4

a. What is the half-life for this reaction?
b. How long will it take for the concentration of SO2Cl2 to 

decrease to 25% of its initial concentration?
c. If the initial concentration of SO2Cl2 is 1.00 M, how long will 

it take for the concentration to decrease to 0.78 M?
d. If the initial concentration of SO2Cl2 is 0.150 M, what  

is the concentration of SO2Cl2 after 2.00 * 102 s? After 
5.00 * 102 s?

 56.  The decomposition of XY is second order in XY and has a rate 
constant of 7.02 * 10-3M-1 # s-1 at a certain temperature.

a. What is the half-life for this reaction at an initial concentra-
tion of 0.100 M?

b. How long will it take for the concentration of XY to 
decrease to 12.5% of its initial concentration when the ini-
tial concentration is 0.100 M? When the initial concentra-
tion is 0.200 M?

c. If the initial concentration of XY is 0.150 M, how long will it 
take for the concentration to decrease to 0.062 M?

d. If the initial concentration of XY is 0.050 M, what is the con-
centration of XY after 5.0 * 101 s? After 5.50 * 102 s?

 57.  The half-life for the radioactive decay of U-238 is 4.5 billion 
years and is independent of initial concentration. How long 
will it take for 10% of the U-238 atoms in a sample of U-238 to 
decay? If a sample of U-238 initially contained 1.5 * 1018 
atoms when the universe was formed 13.8 billion years ago, 
how many U-238 atoms does it contain today? 

  MISSED THIS? Read Section 15.4; Watch KCV 15.4, IWE 15.4

 58.  The half-life for the radioactive decay of C-14 is 5730 years and is 
independent of the initial concentration. How long does it take 
for 25% of the C-14 atoms in a sample of C-14 to decay? If a sam-
ple of C-14 initially contains 1.5 mmol of C-14, how many mil-
limoles are left after 2255 years?

 50.  The tabulated data show the concentration of N2O5 versus time 
for this reaction:

N2O5( g)¡ NO3( g) + NO2( g)

Time (s) [N2O5] (M)

  0 1.000

 25 0.822

 50 0.677

 75 0.557

100 0.458

125 0.377

150 0.310

175 0.255

200 0.210

  Determine the order of the reaction and the value of the rate 
constant. Predict the concentration of N2O5 at 250 s.

 51.  The tabulated data show the concentration of cyclobutane 
(C4H8) versus time for this reaction: 

  MISSED THIS? Read Section 15.4; Watch KCV 15.4

C4H8¡ 2 C2H4

Time (s) [C4H8] (M)

0 1.000

10 0.894

20 0.799

30 0.714

40 0.638

50 0.571

60 0.510

70 0.456

80 0.408

90 0.364

100 0.326

  Determine the order of the reaction and the value of the rate 
constant. What is the rate of reaction when [C4H8] = 0.25 M?

 52.  The reaction A¡ products was monitored as a function of 
time. The results are shown here.

Time (s) [A] (M)

  0 1.000

 25 0.914

 50 0.829

 75 0.744

100 0.659

125 0.573

150 0.488

175 0.403

200 0.318

  Determine the order of the reaction and the value of the rate 
constant. What is the rate of reaction when [A] = 0.10 M ?
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The Effect of Temperature and the Collision Model
 59.  The diagram shows the energy of a reaction as the reaction  

progresses. Label each blank box in the diagram. 
  MISSED THIS? Read Section 15.5; Watch KCV 15.5

Reaction progress

E
ne

rg
y

a. reactants b. products
c. activation energy (Ea)
d. enthalpy of reaction (ΔHrxn)

 60.  A chemical reaction is endothermic and has an activation 
energy that is twice the value of the enthalpy change of the 
reaction. Draw a diagram depicting the energy of the reaction 
as it progresses. Label the position of the reactants and products 
and indicate the activation energy and enthalpy of reaction.

 61.  The activation energy of a reaction is 56.8 kJ>mol, and the fre-
quency factor is 1.5 * 1011>s. Calculate the rate constant of the 
reaction at 25 °C. 

  MISSED THIS? Read Section 15.5; Watch KCV 15.5

 62.  The rate constant of a reaction at 32 °C is 0.055>s. If the fre-
quency factor is 1.2 * 1013>s, what is the activation barrier?

 63.  The rate constant (k) for a reaction was measured as a function of 
temperature. A plot of ln k versus 1>T (in K) is linear and has a 
slope of -7445 K. Calculate the activation energy for the reaction. 

  MISSED THIS? Read Section 15.5

 64.  The rate constant (k) for a reaction was measured as a function 
of temperature. A plot of ln k versus 1>T (in K) is linear and has a 
slope of -1.01 * 104 K. Calculate the activation energy for the 
reaction.

 65.  The data shown here were collected for the first-order reaction: 
  MISSED THIS? Read Section 15.5

N2O( g)¡ N2( g) + O( g)

  Use an Arrhenius plot to determine the activation barrier and 
frequency factor for the reaction.

Temperature (K) Rate Constant (1>s)

800 3.24 * 10 - 5

900 0.00214

1000 0.0614

1100 0.955

 66.  The tabulated data show the rate constant of a reaction measured 
at several different temperatures. Use an Arrhenius plot to deter-
mine the activation barrier and frequency factor for the reaction.

Temperature (K) Rate Constant (1>s)

300 0.0134

310 0.0407

320 0.114

330 0.303

340 0.757

 67.  The tabulated data were collected for the second-order reaction: 
  MISSED THIS? Read Section 15.5

Cl( g) + H2( g)¡ HCl( g) + H( g)

  Use an Arrhenius plot to determine the activation barrier and 
frequency factor for the reaction.

Temperature (K) Rate Constant (L ,mol # s)

 90 0.00357

100 0.0773

110 0.956

120 7.781

 68.  The tabulated data show the rate constant of a reaction mea-
sured at several different temperatures. Use an Arrhenius plot to 
determine the activation barrier and frequency factor for the 
reaction.

Temperature (K) Rate Constant (1>s)

310 0.00434

320 0.0140

330 0.0421

340 0.118

350 0.316

 69.  A reaction has a rate constant of 0.0117>s at 400.0 K and 0.689>s  
at 450.0 K. 

  MISSED THIS? Read Section 15.5; Watch IWE 15.8

a. Determine the activation barrier for the reaction.
b. What is the value of the rate constant at 425 K?

 70.  A reaction has a rate constant of 0.000122>s at 27 °C and 0.228>s  
at 77 °C.

a. Determine the activation barrier for the reaction.
b. What is the value of the rate constant at 17 °C?

 71.  If a temperature increase from 10.0 °C to 20.0 °C doubles the 
rate constant for a reaction, what is the value of the activation 
barrier for the reaction? 

  MISSED THIS? Read Section 15.5; Watch IWE 15.8

 72.  If a temperature increase from 20.0 °C to 35.0 °C triples the rate 
constant for a reaction, what is the value of the activation bar-
rier for the reaction?

 73.  Consider these two gas-phase reactions: 
  MISSED THIS? Read Section 15.5

a. AA( g) + BB( g)¡ 2 AB( g)
b. AB( g) + CD( g)¡ AC( g) + BD( g)

  If the reactions have identical activation barriers and are carried 
out under the same conditions, which one would you expect to 
have the faster rate?

 74.  Which of these two reactions would you expect to have the 
smaller orientation factor? Explain.

a. O( g) + N2( g)¡ NO( g) + N( g)
b. NO( g) + Cl2( g)¡ NOCl( g) + Cl( g)

Reaction Mechanisms
 75.  Consider this overall reaction, which is experimentally 

observed to be second order in AB and zero order in C: 
  MISSED THIS? Read Section 15.6; Watch KCV 15.6, IWE 15.9

AB + C¡ A + BC

  Is the following mechanism valid for this reaction?

AB + AB¡
k1

AB2 + A   Slow

AB2 + C¡
k2

AB + BC   Fast
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a. What is the overall reaction?
b. Identify the intermediates in the mechanism.
c. What is the predicted rate law?

Catalysis
 79.  Many heterogeneous catalysts are deposited on high-surface- 

area supports. Why? MISSED THIS? Read Section 15.7

 80.  Suppose that the reaction A¡ products is exothermic and 
has an activation barrier of 75 kJ>mol. Sketch an energy dia-
gram showing the energy of the reaction as a function of the 
progress of the reaction. Draw a second energy curve showing 
the effect of a catalyst.

 81.  Suppose that a catalyst lowers the activation barrier of a reaction 
from 125 kJ>mol to 55 kJ>mol. By what factor would you expect 
the reaction rate to increase at 25 °C? (Assume that the frequency 
factors for the catalyzed and uncatalyzed reactions are identical.) 

  MISSED THIS? Read Sections 15.5, 15.7

 82.  The activation barrier for the hydrolysis of sucrose into glucose 
and fructose is 108 kJ>mol. If an enzyme increases the rate of 
the hydrolysis reaction by a factor of 1 million, how much lower 
must the activation barrier be when sucrose is in the active site 
of the enzyme? (Assume that the frequency factors for the cata-
lyzed and uncatalyzed reactions are identical and a temperature 
of 25 °C.)

 76.  Consider this overall reaction, which is experimentally 
observed to be second order in X and first order in Y:

X + Y¡ XY
a. Does the reaction occur in a single step in which X and Y 

collide?
b. Is this two-step mechanism valid?

2 XΔ
k1

k2

X2   Fast

X2 + Y¡
k3

XY + X   Slow

 77.  Consider this three-step mechanism for a reaction: 
  MISSED THIS? Read Section 15.6; Watch KCV 15.6, IWE 15.9

Cl2( g)Δ
k1

k2

2 Cl( g)   Fast

Cl( g) + CHCl3( g)¡
k3

HCl( g) + CCl3( g)   Slow

Cl( g) + CCl3( g)¡
k4

CCl4( g)   Fast

a. What is the overall reaction?
b. Identify the intermediates in the mechanism.
c. What is the predicted rate law?

 78.  Consider this two-step mechanism for a reaction:

NO2( g) + Cl2( g)¡
k1

ClNO2( g) + Cl( g)   Slow

NO2( g) + Cl( g)¡
k2

ClNO2( g)   Fast

CUMULATIVE PROBLEMS

 83.  The tabulated data were collected for this reaction at 500 °C:

CH3CN( g)¡ CH3NC( g)

Time (h) [CH3CN] (M)

0.0 1.000

5.0 0.794

10.0 0.631

15.0 0.501

20.0 0.398

25.0 0.316

a. Determine the order of the reaction and the value of the rate 
constant at this temperature.

b. What is the half-life for this reaction (at the initial 
concentration)?

c. How long will it take for 90% of the CH3CN to convert to 
CH3NC ?

 84.  The tabulated data were collected for this reaction at a certain 
temperature:

X2Y¡ 2 X + Y

Time (h) [X2Y] (M)

0.0 0.100

1.0 0.0856

2.0 0.0748

3.0 0.0664

4.0 0.0598

5.0 0.0543

a. Determine the order of the reaction and the value of the rate 
constant at this temperature.

b. What is the half-life for this reaction (at the initial 
concentration)?

c. What is the concentration of X after 10.0 hours?

 85.  Consider the reaction:
A + B + C¡ D

  The rate law for this reaction is:

Rate = k
[A][C]2

[B]1>2
  Suppose the rate of the reaction at certain initial concentra-

tions of A, B, and C is 0.0115 M>s. What is the rate of the reac-
tion if the concentrations of A and C are doubled and the 
concentration of B is tripled?

 86.  Consider the reaction:
2 O3( g)¡ 3 O2( g)

  The rate law for this reaction is:

Rate = k
[O3]2

[O2]

  Suppose that a 1.0-L reaction vessel initially contains 1.0 mol of 
O3 and 1.0 mol of O2. What fraction of the O3 will have reacted 
when the rate falls to one-half of its initial value?

 87.  At 700 K, acetaldehyde decomposes in the gas phase to methane 
and carbon monoxide. The reaction is:

CH3CHO( g)¡ CH4( g) + CO( g)

  A sample of CH3CHO is heated to 700 K, and the pressure is 
measured as 0.22 atm before any reaction takes place. The kinet-
ics of the reaction are followed by measurements of total pres-
sure, and these data are obtained:

t (s) 0 1000 3000 7000

P Total (atm) 0.22 0.24 0.27 0.31

  Find the rate law, the rate constant, and the total pressure after 
2.00 * 104 s.
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c. Which step is rate limiting?
d. Is the overall reaction endothermic or exothermic?

 96.  Consider the reaction in which HCl adds across the double 
bond of ethene:

HCl + H2C“CH2¡ H3C¬CH2Cl

  The following mechanism, with the accompanying energy dia-
gram, has been suggested for this reaction:

  Step 1  HCl +  H2C“CH2¡ H3C“CH2
+ + Cl -  

  Step 2  H3C“CH2
+ + Cl - ¡ H3C¬CH2Cl

Reaction progress
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C HCl+C H C C Cl

¢Hrxn

Ea1

Ea2

a. Based on the energy diagram, determine which step is rate 
limiting.

b. What is the expected order of the reaction based on the pro-
posed mechanism?

c. Is the overall reaction exothermic or endothermic?

 97.  The desorption (leaving of the surface) of a single molecular 
layer of n-butane from a single crystal of aluminum oxide is 
found to be first order with a rate constant of 0.128>s at 150 K.

a. What is the half-life of the desorption reaction?
b. If the surface is initially completely covered with n-butane 

at 150 K, how long will it take for 25% of the molecules to 
desorb (leave the surface)? For 50% to desorb?

c. If the surface is initially completely covered, what fraction 
will remain covered after 10 s? After 20 s?

 98.  The evaporation of a 120-nm film of n-pentane from a single 
crystal of aluminum oxide is zero order with a rate constant of 
1.92 * 1013 molecules>cm2 # s at 120 K.

a. If the initial surface coverage is 8.9 * 1016 molecules>cm2, 
how long will it take for one-half of the film to evaporate?

b. What fraction of the film is left after 10 s? Assume the same 
initial coverage as in part a.

 99.  The kinetics of this reaction were studied as a function of tem-
perature. (The reaction is first order in each reactant and second 
order overall.)

C2H5Br(aq) + OH-(aq)¡ C2H5OH(l) + Br-(aq)

Temperature (°C) k (L ,mol # s)
25 8.81 * 10 - 5

35 0.000285
45 0.000854
55 0.00239
65 0.00633

a. Determine the activation energy and frequency factor for the 
reaction.

b. Determine the rate constant at 15 °C.
c. If a reaction mixture is 0.155 M in C2H5Br and 0.250 M in 

OH-, what is the initial rate of the reaction at 75 °C?

 88.  At 400 K, oxalic acid decomposes according to the reaction:

H2C2O4( g)¡ CO2( g) + HCOOH( g)

  In three separate experiments, the initial pressure of oxalic acid 
and final total pressure after 20,000 s are measured.

Experiment 1 2 3

P H2C2O4 at t = 0 65.8 92.1 111

P Total at t = 20,000 s 94.6 132 160

  Find the rate law of the reaction and its rate constant.

 89.  Dinitrogen pentoxide decomposes in the gas phase to form nitro-
gen dioxide and oxygen gas. The reaction is first order in dinitro-
gen pentoxide and has a half-life of 2.81 h at 25 °C. If a 1.5-L 
reaction vessel initially contains 745 torr of N2O5 at 25 °C, what 
partial pressure of O2 is present in the vessel after 215 minutes?

 90.  Cyclopropane (C3H6) reacts to form propene (C3H6) in the gas 
phase. The reaction is first order in cyclopropane and has a rate 
constant of 5.87 * 10-4>s at 485 °C. If a 2.5-L reaction vessel 
initially contains 722 torr of cyclopropane at 485 °C, how long 
will it take for the partial pressure of cyclopropane to drop to 
below 1.00 * 102 torr?

 91.  Iodine atoms combine to form I2 in liquid hexane solvent with 
a rate constant of 1.5 * 1010 L>mol # s. The reaction is second 
order in I. Since the reaction occurs so quickly, the only way to 
study the reaction is to create iodine atoms almost instanta-
neously, usually by photochemical decomposition of I2. Sup-
pose a flash of light creates an initial [I] concentration of 
0.0100  M. How long will it take for 95% of the newly created 
iodine atoms to recombine to form I2?

 92.  The hydrolysis of sucrose (C12H22O11) into glucose and fructose 
in acidic water has a rate constant of 1.8 * 10-4 s-1 at 25 °C. 
Assuming the reaction is first order in sucrose, determine the 
mass of sucrose that is hydrolyzed when 2.55 L of a 0.150 M 
sucrose solution is allowed to react for 195 minutes.

 93.  The reaction AB(aq)¡ A( g) + B( g) is second order in AB and 
has a rate constant of 0.0118 M-1 # s-1 at 25.0 °C. A reaction ves-
sel initially contains 250.0 mL of 0.100 M AB that is allowed to 
react to form the gaseous product. The product is collected over 
water at 25.0 °C. How much time is required to produce 200.0 mL 
of the products at a barometric pressure of 755.1 mmHg? 
(The vapor pressure of water at this temperature is 23.8 mmHg.)

 94.  The reaction 2 H2O2(aq)¡ 2 H2O(l) + O2( g) is first order in 
H2O2 and under certain conditions has a rate constant of 
0.00752 s-1 at 20.0 °C. A reaction vessel initially contains 
150.0  mL of 30.0% H2O2 by mass solution (the density of the 
solution is 1.11 g>mL). The gaseous oxygen is collected over 
water at 20.0 °C as it forms. What volume of O2 forms in 
85.0  seconds at a barometric pressure of 742.5 mmHg? 
(The vapor pressure of water at this temperature is 17.5 mmHg.)

 95.  Consider this energy diagram:
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Reaction progress

a. How many elementary steps are involved in this reaction?
b. Label the reactants, products, and intermediates.
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 106.  Phosgene (Cl2CO), a poison gas used in World War I, is formed 
by the reaction of Cl2 and CO. The proposed mechanism for the 
reaction is:

Cl2Δ 2 Cl (fast, equilibrium)

Cl + COΔ ClCO (fast, equilibrium)

ClCO + Cl2¡ Cl2CO + Cl (slow)

  What rate law is consistent with this mechanism?

 107.  The proposed mechanism for the formation of hydrogen bro-
mide can be written in a simplified form as:

 Br2( g)Δ
k1

k-1
2Br( g)   Fast

Br( g) + H2( g)¡
k2

HBr( g) + H( g)   Slow

H( g) + Br2( g)¡
k3 HBr( g) + Br( g)   Fast

  What rate law corresponds to this mechanism?

 108.  A proposed mechanism for the formation of hydrogen iodide 
can be written in simplified form as

 I2Δ
k1

k-1
2 I   Fast

I + H2Δ
k2

k-2
H2I   Fast

H2I + I¡
k3

2 HI   Slow

  What rate law corresponds to this mechanism?

 109.  A certain substance X decomposes. Fifty percent of X remains 
after 100 minutes. How much X remains after 200 minutes if 
the reaction order with respect to X is (a) zero order, (b) first 
order, (c) second order?

 110.  The half-life for radioactive decay (a first-order process) of 
plutonium-239 is 24,000 years. How many years does it take for 
one mole of this radioactive material to decay until just one 
atom remains?

 111.  The energy of activation for the decomposition of 2 mol of HI 
to H2 and I2 in the gas phase is 185 kJ. The heat of formation of 
HI(g) from H2( g) and I2( g) is -5.65 kJ>mol. Find the energy of 
activation for the reaction of 1 mol of H2 and 1 mol of I2 to form 
2 mol of HI in the gas phase.

 112.  Ethyl chloride vapor decomposes by the first-order reaction:

C2H5Cl¡ C2H4 + HCl

  The activation energy is 249 kJ>mol, and the frequency factor is 
1.6 * 1014 s-1. Find the value of the rate constant at 710 K. 
What fraction of the ethyl chloride decomposes in 15 minutes 
at this temperature? Find the temperature at which the rate of 
the reaction would be twice as fast.

 100.  The reaction 2 N2O5¡ 2 N2O4 + O2 takes place at around 
room temperature in solvents such as CCl4. The rate constant at 
293 K is found to be 2.35 * 10-4 s-1, and at 303 K the rate con-
stant is found to be 9.15 * 10-4 s-1. Calculate the frequency 
factor for the reaction.

 101.  This reaction has an activation energy of zero in the gas phase:

CH3 + CH3¡ C2H6

a. Would you expect the rate of this reaction to change very 
much with temperature?

b. Why might the activation energy be zero?
c. What other types of reactions would you expect to have little 

or no activation energy?

 102.  Consider the two reactions:

O + N2¡ NO + N   Ea = 315 kJ>mol

Cl + H2¡ HCl +  H   Ea = 23 kJ>mol

a. Why is the activation barrier for the first reaction so much 
higher than that for the second?

b. The frequency factors for these two reactions are very close 
to each other in value. Assuming that they are the same, cal-
culate the ratio of the reaction rate constants for these two 
reactions at 25 °C.

 103.  Anthropologists can estimate the age of a bone or other sample of 
organic matter by its carbon-14 content. The carbon-14 in a living 
organism is constant until the organism dies, after which car-
bon-14 decays with first-order kinetics and a half-life of 5730 years. 
Suppose a bone from an ancient human contains 19.5% of the 
C-14 found in living organisms. How old is the bone?

 104.  Geologists can estimate the age of rocks by their uranium-238 
content. The uranium is incorporated in the rock as it hardens 
and then decays with first-order kinetics and a half-life of  
4.5 billion years. A rock contains 83.2% of the amount of ura-
nium-238 that it contained when it was formed. (The amount 
that the rock contained when it was formed can be deduced from 
the presence of the decay products of U-238.) How old is the rock?

 105.  Consider the gas-phase reaction:

H2( g) + I2( g)¡ 2 HI( g)

  The reaction was experimentally determined to be first order in 
H2 and first order in I2. Consider the proposed mechanisms.

  Proposed mechanism I:

H2( g) + I2( g)¡ 2 HI( g)   Single step

  Proposed mechanism II:

I2( g)Δ
k1

k-1
2 I( g)   Fast

H2( g) + 2 I( g)¡
k2

2 HI( g)   Slow

a. Show that both of the proposed mechanisms are valid.
b. What kind of experimental evidence might lead you to favor 

mechanism II over mechanism I?

CHALLENGE PROBLEMS
 113.  In this chapter, we have seen a number of reactions in which a 

single reactant forms products. For example, consider the fol-
lowing first-order reaction:

CH3NC( g)¡ CH3CN( g)

  However, we also learned that gas-phase reactions occur 
through collisions.

a. One possible explanation for how this reaction occurs is 
that two molecules of CH3NC collide with each other and 
form two molecules of the product in a single elementary 

step. If that were the case, what reaction order would you 
expect?

b. Another possibility is that the reaction occurs through more 
than one step. For example, a possible mechanism involves one 
step in which the two CH3NC molecules collide, resulting in the 
“activation” of one of them. In a second step, the activated mol-
ecule goes on to form the product. Write down this mechanism 
and determine which step must be rate determining in order for 
the kinetics of the reaction to be first order. Show explicitly how 
the mechanism predicts first-order kinetics.
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 114.  The first-order integrated rate law for the reaction 
A¡ products is derived from the rate law using calculus:

Rate = k[A] (first@order rate law)

Rate = -
d[A]

dt
d[A]

dt
= -k[A]

  The equation just given is a first-order, separable differential 
equation that can be solved by separating the variables and 
integrating:

 
d[A]
[A]

 = -kdt

 L
[A]

[A]0

d[A]
[A]

= -L
t

0
kdt

  In the integral just given, [A]0 is the initial concentration of A. 
We then evaluate the integral:

 [ln[A]][A]
[A]0

= -k[t]t
0

 ln[A] - ln[A]0 = -kt

 ln[A] = -kt + ln[A]0 (integrated rate law)

a. Use a procedure similar to the one just shown to derive an inte-
grated rate law for a reaction A¡ products, which is one-
half order in the concentration of A (that is, Rate = k[A]1>2).

b. Use the result from part a to derive an expression for the half-
life of a one-half-order reaction.

 115.  The previous exercise shows how the first-order integrated rate 
law is derived from the first-order differential rate law. Begin 

with the second-order differential rate law and derive the sec-
ond-order integrated rate law.

 116.  The rate constant for the first-order decomposition of N2O5( g) 
to NO2( g) and O2( g) is 7.48 * 10-3 s-1 at a given temperature.

a. Find the length of time required for the total pressure in a 
system containing N2O5 at an initial pressure of 0.100 atm to 
rise to 0.145 atm.

b. To 0.200 atm.
c. Find the total pressure after 100 s of reaction.

 117.  The rate of decomposition of N2O3( g) to NO2( g) and NO(g) is 
followed by measuring [NO2] at different times. The following 
data are obtained.

[NO2](mol>L) 0 0.193 0.316 0.427 0.784

t (s) 0 884 1610 2460 50,000

  The reaction follows a first-order rate law. Calculate the rate 
constant. Assume that after 50,000 s all N2O3( g) had 
decomposed.

 118.  At 473 K, for the elementary reaction 2 NOCl( g)Δ
k1

k-1
 

2 NO( g) + Cl2( g)

 k1 = 7.8 * 10 - 2 L>mol s   and

 k - 1 = 4.7 * 102 L2>mol2 s

  A sample of NOCl is placed in a container and heated to 473 K. 
When the system comes to equilibrium, [NOCl] is found to be 
0.12 mol>L. What are the concentrations of NO and Cl2?

 119.  Consider the reaction:

CHCl3( g) + Cl2( g)¡ CCl4( g) + HCl( g)

  The reaction is first order in CHCl3 and one-half order in Cl2. 
Which reaction mixture would you expect to have the fastest 
initial rate?

(a) (b)

(c)

 120.  Three different reactions involve a single reactant converting to 
products. Reaction A has a half-life that is independent of the 
initial concentration of the reactant, reaction B has a half-life 
that doubles when the initial concentration of the reactant 
doubles, and reaction C has a half-life that doubles when the 
initial concentration of the reactant is halved. Which state-
ment is most consistent with these observations?

a. Reaction A is first order; reaction B is second order; and reac-
tion C is zero order.

b. Reaction A is first order; reaction B is zero order; and reaction 
C is zero order.

c. Reaction A is zero order; reaction B is first order; and reaction 
C is second order.

d. Reaction A is second order; reaction B is first order; and reac-
tion C is zero order.

 121.  The accompanying graph shows the concentration of a reactant 
as a function of time for two different reactions. One of the re-
actions is first order, and the other is second order. Which of 
the two reactions is first order? Second order? How would you 
change each plot to make it linear?
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 122.  A particular reaction, A¡ products, has a rate that slows down 
as the reaction proceeds. The half-life of the reaction is found to 
depend on the initial concentration of A. Determine whether 
each statement is likely to be true or false for this reaction.

a. A doubling of the concentration of A doubles the rate of the 
reaction.

b. A plot of 1>[A] versus time is linear.
c. The half-life of the reaction gets longer as the initial concen-

tration of A increases.
d. A plot of the concentration of A versus time has a constant 

slope.

CONCEPTUAL PROBLEMS
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DATA INTERPRETATION AND ANALYSIS
Atmospheric Methane Degredation

 125.  Methane (CH4) is a greenhouse gas emitted by industry, agricul-
ture, and waste systems. Methane is the second most prevalent 
greenhouse gas (after carbon dioxide). Methane plays an impor-
tant role in climate change because it absorbs infrared radiation 
more efficiently than carbon dioxide. Methane is broken down 
in the atmosphere by ozone (O3), making its atmospheric life-
time shorter than that of carbon dioxide.

CH4( g) + O3( g)¡ products

  A research group studied the rate of the reaction by which 
methane reacts with ozone; the data are shown in the follow-
ing tables. Study the data and answer the questions that 
follow.

Initial Rate vs. Initial Concentrations

[CH4] [O3] Initial Rate (M , s)

0.010 0.010 3.94 * 10 - 7

0.020 0.010 7.88 * 10 - 7

0.020 0.020 1.58 * 10 - 6

Rate Constant vs. Temperature

Temperature (K) k(M-1 # s-1)
260 2.26 * 10-5

265 3.95 * 10-5

270 6.76 * 10-5

275 0.000114

280 0.000187

285 0.000303

290 0.000483

295 0.000758

300 0.001171

305 0.001783

a. Use the data in the first table to determine the order of the 
reaction with respect to each reactant.

b. Use the data in the second table to determine the activation 
barrier and pre-exponential factor for the reaction.

c. Atmospheric concentrations of methane and ozone can vary 
depending on the location and altitude. Calculate the rate of 
the reaction at 273 K for a methane concentration of 1.8 ppm 
(by volume) and an ozone concentration of 5.0 ppm (by vol-
ume). Note that 1 ppm of CH4 by volume means 1 L CH4>106 L 
air. Assume STP (standard temperature and pressure) so that 1 
mol gas occupies 22.4 L.

d. What is the half-life of methane in the atmosphere in years at 
323 K? (Assume that [CH4] = [O3] = [A]0 = 5.0 * 10-7 M.)

QUESTIONS FOR GROUP WORK
Discuss these questions with the group and record your consensus 
answer.

 123.  A student says, “The initial concentration of a reactant was dou-
bled, and the rate doubled. Therefore the reaction is second 
order in that reactant.” Why might the student say that? What 
is wrong with the statement? What is the actual order with 
respect to the reactant? Explain your reasoning clearly.

 124.  A certain compound, A, reacts to form products according to 
the reaction A¡ P. The amount of A is measured as a func-
tion of time under a variety of different conditions, and the 
tabulated results are shown here:

Time (s)
25.0 °C  
[A] (M)

35.0 °C  
[A] (M)

45.0 °C  
[A] (M)

 0 1.000 1.000 1.000

10 0.779 0.662 0.561

20 0.591 0.461 0.312

30 0.453 0.306 0.177

40 0.338 0.208 0.100

50 0.259 0.136 0.057

60 0.200 0.093 0.032

  Have one group member make a graph of [A] versus t, one group 
member make a graph of ln[A] versus t, and one group member 

make a graph of 1>[A] versus t using the data for 25 °C. Additional 
group members can make similar graphs for the other tempera-
tures. What is the order of the reaction with respect to A? Explain 
your answer.
a. Use the data to determine the rate constant at each 

temperature.
b. What is the activation energy for this reaction?
c. The same reaction is conducted in the presence of a catalyst, 

and the following data are obtained:

Time (s)
25.0 °C  
[A] (M)

35.0 °C  
[A] (M)

45.0 °C  
[A] (M)

 0 1.000 1.000 1.000

0.1 0.724 0.668 0.598

0.2 0.511 0.433 0.341

0.3 0.375 0.291 0.202

0.4 0.275 0.190 0.119

0.5 0.198 0.122 0.071

0.6 0.141 0.080 0.043

  What effect does a catalyst have on the rate of the reaction? 
What is the activation energy for this reaction in the presence 
of the catalyst? How does it compare with the activation energy 
for the reaction when the catalyst isn’t present?
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ANSWERS TO CONCEPTUAL CONNECTIONS
Reaction Rates

15.1 (c) The rate at which B changes is twice the rate of the reac-
tion because its coefficient is 2, and it is negative because B is 
a reactant.

Reaction Order

15.2 (b) For a first-order reaction, a doubling of the reactant con-
centration doubles the reaction rate.

Rate and Concentration I

15.3 (d) Since the reaction is second order, increasing the con-
centration of A by a factor of 5 causes the rate to increase 
by 52 or 25.

Rate and Concentration II

15.4 (c) All three mixtures have the same total number of mol-
ecules, but mixture (c) has the greatest number of NO mol-
ecules. Since the reaction is second order in NO and only first 
order in O2, mixture (c) has the fastest initial rate.

Half-Life I

15.5 (c) The half-life is 90 s because it takes 90 s for the reactant to 
fall to one-half of its intitial concentration.

Half-Life II

15.6 (b) The concentration of B after 50 seconds (two half-lives) is 
0.225 M as you can see from this table.

Time (min) [A] (M) [B] (M)

 0 0.300 0.0

25 0.150 0.150

50 0.075 0.225

Rate Law and Integrated Rate Law

15.7 (c) The reaction is most likely second order because its rate 
depends on the concentration (therefore it cannot be zero 
order), and its half-life depends on the initial concentration 
(therefore it cannot be first order). For a second-order reac-
tion, a doubling of the initial concentration results in the 
quadrupling of the rate.

Reaction Rate and Temperature

15.8 (a) As temperature increases, a greater fraction of molecules 
have enough thermal energy to surmount the activation 
barrier.

Reaction Rate and Activation Energy

15.9 (a) Reaction A has a faster rate because it has a lower activation 
energy; therefore, the exponential factor is larger at a given tem-
perature, making the rate constant larger. (With a larger rate 
constant and the same initial concentration, the rate is faster.)

Collision Theory

15.10 (c) Since the reactants in part (a) are atoms, the orientation 
factor should be about one. The reactants in parts (b) and 
(c) are both molecules, so we expect orientation factors of 
less than one. Since the reactants in (b) are symmetrical, we 
would not expect the collision to have as specific an orienta-
tion requirement as in (c), where the reactants are asymmet-
rical and must therefore collide in such way that a hydrogen 
atom is in close proximity to another hydrogen atom. There-
fore, we expect (c) to have the smallest orientation factor.

Elementary Steps

15.11 (d) Since the elementary step is of the form A + B¡
products, the rate law is rate = k[A][B].

Cc


