LibreTextsw

14.4: Methods of Determining Reaction Order

&b Learning Objectives

o To know how to determine the reaction order from experimental data.

In the examples in this text, the exponents in the rate law are almost always the positive integers: 1 and 2 or even 0. Thus the
reactions are zeroth, first, or second order in each reactant. The common patterns used to identify the reaction order are described in
this section, where we focus on characteristic types of differential and integrated rate laws and how to determine the reaction order
from experimental data.

Zeroth-Order Reactions

A zeroth-order reactionA reaction whose rate is independent of concentration. is one whose rate is independent of concentration; its
differential rate law is rate = k. We refer to these reactions as zeroth order because we could also write their rate in a form such that
the exponent of the reactant in the rate law is 0:

A[A]
At
Because rate is independent of reactant concentration, a graph of the concentration of any reactant as a function of time is a straight

line with a slope of —k. The value of k is negative because the concentration of the reactant decreases with time. Conversely, a
graph of the concentration of any product as a function of time is a straight line with a slope of k, a positive value.

rate = — = —k[reactant]’ = k(1) =k (14.3.1)

The graph of a zeroth-order reaction. The change in concentration of reactant and product with time produces a straight line.
The integrated rate law for a zeroth-order reaction also produces a straight line and has the general form

[A] = [Ao] — kt (14.3.2)
where [A]j is the initial concentration of reactant A. (Equation 14.3.2 has the form of the algebraic equation for a straight line, y =

mx + b, with y = [A], mx = —kt, and b = [A],.) In a zeroth-order reaction, the rate constant must have the same units as the reaction
rate, typically moles per liter per second.

Although it may seem counterintuitive for the reaction rate to be independent of the reactant concentration(s), such reactions are
rather common. They occur most often when the reaction rate is determined by available surface area. An example is the
decomposition of N>O on a platinum (Pt) surface to produce N, and O, which occurs at temperatures ranging from 200°C to
400°C:

IN,0 (g) = 213 (g) + 02 (g) (14.3.3)

Without a platinum surface, the reaction requires temperatures greater than 700°C, but between 200°C and 400°C, the only factor
that determines how rapidly N,O decomposes is the amount of Pt surface available (not the amount of Pt). As long as there is
enough N,O to react with the entire Pt surface, doubling or quadrupling the N,O concentration will have no effect on the reaction
rate.At very low concentrations of N,O, where there are not enough molecules present to occupy the entire available Pt surface, the
reaction rate is dependent on the N,O concentration. The reaction rate is as follows:

rate — — - (%) _ 1<A£N2J) _ Afz]
t t n

2 2
Thus the rate at which N,O is consumed and the rates at which N, and O, are produced are independent of concentration. As
shown in Figure 14.3.2, the change in the concentrations of all species with time is linear. Most important, the exponent (0)
corresponding to the N,O concentration in the experimentally derived rate law is not the same as the reactant’s stoichiometric
coefficient in the balanced chemical equation (2). For this reaction, as for all others, the rate law must be determined
experimentally.

E[N,O]° =k (14.3.4)
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Figure 14.3.2 A Zeroth-Order Reaction This graph shows the concentrations of reactants and products versus time for the zeroth-
order catalyzed decomposition of N,O to N, and O, on a Pt surface. The change in the concentrations of all species with time is
linear.

Note the Pattern

If a plot of reactant concentration versus time is linear, then the reaction is zeroth order in that reactant.

A zeroth-order reaction that takes place in the human liver is the oxidation of ethanol (from alcoholic beverages) to acetaldehyde,
catalyzed by the enzymeA catalyst that occurs naturally in living organisms and catalyzes biological reactions. alcohol
dehydrogenase. At high ethanol concentrations, this reaction is also a zeroth-order reaction. The overall reaction equation is

CH3COH(aq) + NH4+(aq)." href="/@api/deki/files/48697/6d8d2a62963267afdb3d7e7303345615.jpg">FhcH3cNq) + 2H20() + H+(ag) -
CH3COH(aq) + NH4+(aq)." style="width: 550px; height: 70px;" width="550px" height="70px"
src="/@api/deki/files/48697/6d8d2a62963267afdb3d7e7303345615.jpg">

where NAD™* (nicotinamide adenine dinucleotide) and NADH (reduced nicotinamide adenine dinucleotide) are the oxidized and
reduced forms, respectively, of a species used by all organisms to transport electrons. When an alcoholic beverage is consumed, the
ethanol is rapidly absorbed into the blood. Its concentration then decreases at a constant rate until it reaches zero (part (a) in Figure
14.3.3). An average 70 kg person typically takes about 2.5 h to oxidize the 15 mL of ethanol contained in a single 12 oz can of
beer, a 5 oz glass of wine, or a shot of distilled spirits (such as whiskey or brandy). The actual rate, however, varies a great deal
from person to person, depending on body size and the amount of alcohol dehydrogenase in the liver. The reaction rate does not
increase if a greater quantity of alcohol is consumed over the same period of time because the reaction rate is determined only by
the amount of enzyme present in the liver. Contrary to popular belief, the caffeine in coffee is ineffective at catalyzing the oxidation
of ethanol. When the ethanol has been completely oxidized and its concentration drops to essentially zero, the rate of oxidation also
drops rapidly (part (b) in Figure 14.3.3).

[Ethanol] (M)
Rate of reaction (M/s)

I T I
0 1 2 3 0 1 2 3
Time (h) Time (h)

(a (b)

Figure 14.3.3 The Catalyzed Oxidation of Ethanol(a) The concentration of ethanol in human blood decreases linearly with time,
which is typical of a zeroth-order reaction. (b) The rate at which ethanol is oxidized is constant until the ethanol concentration
reaches essentially zero, at which point the reaction rate drops to zero.

These examples illustrate two important points:
1. In a zeroth-order reaction, the reaction rate does not depend on the reactant concentration.

2. A linear change in concentration with time is a clear indication of a zeroth-order reaction.

First-Order Reactions

In a first-order reactionA reaction whose rate is directly proportional to the concentration of one reactant., the reaction rate is
directly proportional to the concentration of one of the reactants. First-order reactions often have the general form A — products.
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The differential rate for a first-order reaction is as follows:

A[4]
At

If the concentration of A is doubled, the reaction rate doubles; if the concentration of A is increased by a factor of 10, the reaction

rate increases by a factor of 10, and so forth. Because the units of the reaction rate are always moles per liter per second, the units
of a first-order rate constant are reciprocal seconds (s1).

rate = — = k[A]' = k[A] (14.3.5)

The integrated rate law for a first-order reaction can be written in two different ways: one using exponents and one using
logarithms. The exponential form is as follows:

rate = [A] = [Ay] e (14.3.6)

where [A]p is the initial concentration of reactant A at ¢t = 0; k is the rate constant; and e is the base of the natural logarithms, which
has the value 2.718 to three decimal places. (Essential Skills 6 in Section 11.9, discusses natural logarithms.) Recall that an
integrated rate law gives the relationship between reactant concentration and time. Equation 14.20 predicts that the concentration of
A will decrease in a smooth exponential curve over time. By taking the natural logarithm of each side of Equation 14.20 and
rearranging, we obtain an alternative logarithmic expression of the relationship between the concentration of A and t:

rate =In[A] =in[Ag] — kt (14.3.7)

Because Equation 14.3.7 has the form of the algebraic equation for a straight line, y = mx + b, with y = In[A] and b = In[A]y, a plot
of In[A] versus t for a first-order reaction should give a straight line with a slope of —k and an intercept of In[A]y. Either the
differential rate law (Equation 14.3.5) or the integrated rate law (Equation 14.3.7) can be used to determine whether a particular
reaction is first order.

Slope = —k

Concentration
In concentration

Time Time
Figure 14.3.4 Graphs of a first-order reaction. The expected shapes of the curves for plots of reactant concentration versus time
(top) and the natural logarithm of reactant concentration versus time (bottom) for a first-order reaction.
First-order reactions are very common. In this chapter, we have already encountered two examples of first-order reactions: the
hydrolysis of aspirin (Figure 14.2.1) and the reaction of t-butyl bromide with water to give t-butanol (Equation 14.7.7). Another
reaction that exhibits apparent first-order kinetics is the hydrolysis of the anticancer drug cisplatin.

Cisplatin, the first “inorganic” anticancer drug to be discovered, is unique in its ability to cause complete remission of the relatively
rare but deadly cancers of the reproductive organs in young adults. The structures of cisplatin and its hydrolysis product are as
follows:

a <l cl OH,
Cisplatin
Both platinum compounds have four groups arranged in a square plane around a Pt(II) ion. The reaction shown in Figure 14.11 is
important because cisplatin, the form in which the drug is administered, is not the form in which the drug is active. Instead, at least
one chloride ion must be replaced by water to produce a species that reacts with deoxyribonucleic acid (DNA) to prevent cell
division and tumor growth. Consequently, the kinetics of the reaction in Figure 14.11 have been studied extensively to find ways of
maximizing the concentration of the active species.

Note the Pattern

If a plot of reactant concentration versus time is not linear but a plot of the natural logarithm of reactant concentration versus time
is linear, then the reaction is first order.

The rate law and reaction order of the hydrolysis of cisplatin are determined from experimental data, such as those displayed in
Table 14.3.1. The table lists initial rate data for four experiments in which the reaction was run at pH 7.0 and 25°C but with
different initial concentrations of cisplatin. Because the reaction rate increases with increasing cisplatin concentration, we know
this cannot be a zeroth-order reaction. Comparing Experiments 1 and 2 in Table 14.3.1 shows that the reaction rate doubles [(1.8 %
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107° M/min) + (9.0 x 107® M/min) = 2.0] when the concentration of cisplatin is doubled (from 0.0060 M to 0.012 M). Similarly,
comparing Experiments 1 and 4 shows that the reaction rate increases by a factor of 5 [(4.5 x 107> M/min) + (9.0 x 107® M/min) =
5.0] when the concentration of cisplatin is increased by a factor of 5 (from 0.0060 M to 0.030 M). Because the reaction rate is
directly proportional to the concentration of the reactant, the exponent of the cisplatin concentration in the rate law must be 1, so
the rate law is rate = k[cisplatin]'. Thus the reaction is first order. Knowing this, we can calculate the rate constant using the
differential rate law for a first-order reaction and the data in any row of Table 14.3.1. For example, substituting the values for
Experiment 3 into Equation 14.19,

3.6 x 1075 M/min = k(0.024 M)
1.5x 103 min ! = k

Table 14.3.1 Rates of Hydrolysis of Cisplatin as a Function of Concentration at pH 7.0 and 25°C

Experiment [Cisplatin]g (M) Initial Rate (M/min)
1 0.0060 9.0x107°
2 0.012 1.8x107°
3 0.024 3.6x107°
4 0.030 45x107°

Knowing the rate constant for the hydrolysis of cisplatin and the rate constants for subsequent reactions that produce species that
are highly toxic enables hospital pharmacists to provide patients with solutions that contain only the desired form of the drug.

Example 14.3.1
At high temperatures, ethyl chloride produces HCI and ethylene by the following reaction:
A
CH3;CH,Cl(g9) = HCl(g)+C>Hy (g)

Using the rate data for the reaction at 650°C presented in the following table, calculate the reaction order with respect to the
concentration of ethyl chloride and determine the rate constant for the reaction.

Experiment [CH3CH,Cl]y (M) Initial Rate (M/s)
1 0.010 1.6x1078
2 0.015 24x10°8
3 0.030 48x1078
4 0.040 6.4x1078

Given: balanced chemical equation, initial concentrations of reactant, and initial rates of reaction

Asked for: reaction order and rate constant

Strategy:

A Compare the data from two experiments to determine the effect on the reaction rate of changing the concentration of a species.

B Compare the observed effect with behaviors characteristic of zeroth- and first-order reactions to determine the reaction order.
Write the rate law for the reaction.

C Use measured concentrations and rate data from any of the experiments to find the rate constant.
Solution:

The reaction order with respect to ethyl chloride is determined by examining the effect of changes in the ethyl chloride
concentration on the reaction rate.

A Comparing Experiments 2 and 3 shows that doubling the concentration doubles the reaction rate, so the reaction rate is
proportional to [CH3CH,Cl]. Similarly, comparing Experiments 1 and 4 shows that quadrupling the concentration quadruples the
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reaction rate, again indicating that the reaction rate is directly proportional to [CH3CH,Cl].
B This behavior is characteristic of a first-order reaction, for which the rate law is rate = klCH;CH,Cl].
C We can calculate the rate constant (k) using any row in the table. Selecting Experiment 1 gives the following:
1.60 x 1078 M/s = k(0.010 M) 1.6 x 10 6s1 = k
Exercise
Sulfuryl chloride (SO,Cl,) decomposes to SO, and Cl;, by the following reaction:
SO,Cly(g) ~ SO,(g) + Cly(g)

Data for the reaction at 320°C are listed in the following table. Calculate the reaction order with regard to sulfuryl chloride and
determine the rate constant for the reaction.

Experiment [SO,Cly]p (M) Initial Rate (M/s)
1 0.0050 1.10 x 1077
2 0.0075 1.65 x 1077
3 0.0100 2.20 x 1077
4 0.0125 2.75x 1077

Answer: first order; k=2.2 x 107%™}

o 8 Cisplatin

Infcisplating

§ o o £ 0 ) ) K
S S T £ & P P
Time {min) Time (min}

(a) (b)

Figure 14.3.5 The Hydrolysis of Cisplatin, a First-Order Reaction These plots show hydrolysis of cisplatin at pH 7.0 and 25°C as

(a) the experimentally determined concentrations of cisplatin and chloride ions versus time and (b) the natural logarithm of the

cisplatin concentration versus time. The straight line in (b) is expected for a first-order reaction.
We can also use the integrated rate law to determine the reaction rate for the hydrolysis of cisplatin. To do this, we examine the
change in the concentration of the reactant or the product as a function of time at a single initial cisplatin concentration. Part (a) in
Figure 14.3.5 shows plots for a solution that originally contained 0.0100 M cisplatin and was maintained at pH 7 and 25°C. The
concentration of cisplatin decreases smoothly with time, and the concentration of chloride ion increases in a similar way. When we
plot the natural logarithm of the concentration of cisplatin versus time, we obtain the plot shown in part (b) in Figure 14.3.5. The
straight line is consistent with the behavior of a system that obeys a first-order rate law. We can use any two points on the line to
calculate the slope of the line, which gives us the rate constant for the reaction. Thus taking the points from part (a) in Figure 14.3.5
for t = 100 min ([cisplatin] = 0.0086 M) and ¢ = 1000 min ([cisplatin] = 0.0022 M),

In[cisplatin],y, — In[cisplatin],
slope = - -
1000 min —100 min
_ In0.0022 —In0.0086 —6.12 — (—4.76)
~ 1000 min —100 min 900 min
kE=1.51x10"% min~!

—k =-1.51x10%min!

The slope is negative because we are calculating the rate of disappearance of cisplatin. Also, the rate constant has units of min™!
because the times plotted on the horizontal axes in parts (a) and (b) in Figure 14.3.5 are in minutes rather than seconds.
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The reaction order and the magnitude of the rate constant we obtain using the integrated rate law are exactly the same as those we
calculated earlier using the differential rate law. This must be true if the experiments were carried out under the same conditions.

Example 14.3.2

Refer back to Example 4. If a sample of ethyl chloride with an initial concentration of 0.0200 M is heated at 650°C, what is the
concentration of ethyl chloride after 10 h? How many hours at 650°C must elapse for the concentration to decrease to 0.0050 M?
(Recall that we calculated the rate constant for this reaction in Example 4.)

Given: initial concentration, rate constant, and time interval
Asked for: concentration at specified time and time required to obtain particular concentration
Strategy:

A Substitute values for the initial concentration ([A]j) and the calculated rate constant for the reaction (k) into the integrated rate
law for a first-order reaction. Calculate the concentration ([A]) at the given time t.

B Given a concentration [A], solve the integrated rate law for time .
Solution:
The exponential form of the integrated rate law for a first-order reaction (F.quation 14.3.6) is [A] = [A]pe ™ .

A Having been given the initial concentration of ethyl chloride ([A]p) and having calculated the rate constant in Example 4 (k = 1.6
x 107 s71), we can use the rate law to calculate the concentration of the reactant at a given time t. Substituting the known values
into the integrated rate law,

[CH3CH,Cl),, ,, = [CH3CH,Cl]e "
=0.0200 M exp [(—1.6 x 107° s71) (10 k) (60 min/h) (60 s/min))]
\(=0.0189\;M
We could also have used the logarithmic form of the integrated rate law (Equation 14.3.7):
In[CH3CH,Cl)y ;, =In|[CH3CH,Cl)y — kt
=1n0.0200 M — (—1.6 x 1075 s71) (10 ) (60 min/h) (60 s/min)
=-3.912 - —-0.0576 = —3.970
[CH3CH,Cl)y,, , =e 39 M
=0.0189\;M

B To calculate the amount of time required to reach a given concentration, we must solve the integrated rate law for t. Equation
14.3.7 gives the following:

In[CH;CH,Cl}, = In[CH;CH,Cl), — kt

[CH3CH,Cl),
kt = In[CH3C HyCl), — In[CH3CH,Cl), = In —————"
[CHsCH,ClI),
Ly [CH;CHyCl, 1 0.0200 M
k" [CH;CH>Cl, 1.6x10°¢ 5! "0.0050 M
t= l":‘o —8.7x10° s =240 h=2.4%x 102 h

Exercise

In the exercise in Example 4, you found that the decomposition of sulfuryl chloride (SO,Cl,) is first order, and you calculated the
rate constant at 320°C. Use the form(s) of the integrated rate law to find the amount of SO,Cl, that remains after 20 h if a sample
with an original concentration of 0.123 M is heated at 320°C. How long would it take for 90% of the SO,Cl, to decompose?

Answer: 0.0252 M; 29 h
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Second-Order Reactions

The simplest kind of second-order reactionA reaction whose rate is proportional to the square of the concentration of the reactant
(for a reaction with the general form 2A — products) or is proportional to the product of the concentrations of two reactants (for a
reaction with the general form A + B — products). is one whose rate is proportional to the square of the concentration of one
reactant. These generally have the form 2A — products. A second kind of second-order reaction has a reaction rate that is
proportional to the product of the concentrations of two reactants. Such reactions generally have the form A + B — products. An
example of the former is a dimerization reaction, in which two smaller molecules, each called a monomer, combine to form a larger
molecule (a dimer).

The differential rate law for the simplest second-order reaction in which 2A — products is as follows:
A[A]
2At
Consequently, doubling the concentration of A quadruples the reaction rate. For the units of the reaction rate to be moles per liter

rate = — = k[reactant]’ (14.3.8)

per second (M/s), the units of a second-order rate constant must be the inverse (M !s™!). Because the units of molarity are
expressed as mol/L, the unit of the rate constant can also be written as L(mol's).
For the reaction 2A — products, the following integrated rate law describes the concentration of the reactant at a given time:
1 1
— =——+kt (14.3.9)
(4] [Ad]

Because Equation 14.3.9 has the form of an algebraic equation for a straight line, y = mx + b, with y = 1/[A] and b = 1/[A]y, a plot
of 1/[A] versus t for a simple second-order reaction is a straight line with a slope of k and an intercept of 1/[A]p.

Note the Pattern

Second-order reactions generally have the form 2A — products or A + B — products.

Simple second-order reactions are common. In addition to dimerization reactions, two other examples are the decomposition of
NO; to NO and O and the decomposition of HI to I, and Hy. Most examples involve simple inorganic molecules, but there are
organic examples as well. We can follow the progress of the reaction described in the following paragraph by monitoring the
decrease in the intensity of the red color of the reaction mixture.

Many cyclic organic compounds that contain two carbon—carbon double bonds undergo a dimerization reaction to give complex
structures. One example is as follows:

9]

6] (8] W M
Pl I Ph Ph
e Me Me _Me ! x% i
|
+ \ f — ~ \
\\\ i G W
h Ma I/\H/\ Me
F Ph Ph Ph Me
8}
2monomers dimer
(red) (colorless)

For simplicity, we will refer to this reactant and product as “monomer” and “dimer,” respectively.The systematic name of the
monomer is 2,5-dimethyl-3,4-diphenylcyclopentadienone. The systematic name of the dimer is the name of the monomer followed
by “dimer.” Because the monomers are the same, the general equation for this reaction is 2A — product. This reaction represents
an important class of organic reactions used in the pharmaceutical industry to prepare complex carbon skeletons for the synthesis of
drugs. Like the first-order reactions studied previously, it can be analyzed using either the differential rate law (Equation 14.3.8) or
the integrated rate law (Equation 14.3.9).

To determine the differential rate law for the reaction, we need data on how the reaction rate varies as a function of monomer
concentrations, which are provided in Table 14.3.2 . From the data, we see that the reaction rate is not independent of the monomer
concentration, so this is not a zeroth-order reaction. We also see that the reaction rate is not proportional to the monomer
concentration, so the reaction is not first order. Comparing the data in the second and fourth rows shows that the reaction rate
decreases by a factor of 2.8 when the monomer concentration decreases by a factor of 1.7:

5.0 x10™° M /min 3.4 x107% M/min

=2.8 and =1.7
1.8 x107° M/mi 2.0 x107% M/mi
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Table 14.3.2 Rates of Reaction as a Function of Monomer Concentration for an Initial Monomer Concentration of 0.0054 M

Time (min) [Monomer] (M) Instantaneous Rate (M/min)
10 0.0044 8.0 x 107>
26 0.0034 5.0 x 107°
44 0.0027 3.1x107°
70 0.0020 1.8 x107°
120 0.0014 8.0 x 1076

Because (1.7)2 = 2.9 » 2.8, the reaction rate is approximately proportional to the square of the monomer concentration.

rate o [monomer]?

This means that the reaction is second order in the monomer. Using Equation 14.3.8 and the data from any row in Table 14.3.2, we
can calculate the rate constant. Substituting values at time 10 min, for example, gives the following:

rate =k [AQ]
8.0x 1075 M/min=Fk (4.4 x 107 M)
4.1mint =k

We can also determine the reaction order using the integrated rate law. To do so, we use the decrease in the concentration of the
monomer as a function of time for a single reaction, plotted in part (a) in Figure 14.3.6. The measurements show that the
concentration of the monomer (initially 5.4 x 102 M) decreases with increasing time. This graph also shows that the reaction rate
decreases smoothly with increasing time. According to the integrated rate law for a second-order reaction, a plot of 1/[monomer]
versus t should be a straight line, as shown in part (b) in Figure 14.3.6. Any pair of points on the line can be used to calculate the
slope, which is the second-order rate constant. In this example, k = 4.1 M Lmin~!, which is consistent with the result obtained
using the differential rate equation. Although in this example the stoichiometric coefficient is the same as the reaction order, this is
not always the case. The reaction order must always be determined experimentally.

[Monomer] (M

(a) (b)
Figure 14.13 as (a) the experimentally determined concentration of monomer versus time and (b) 1/[monomer] versus time. The
straight line in (b) is expected for a simple second-order reaction.

For two or more reactions of the same order, the reaction with the largest rate constant is the fastest. Because the units of the rate
constants for zeroth-, first-, and second-order reactions are different, however, we cannot compare the magnitudes of rate constants
for reactions that have different orders. The differential and integrated rate laws for zeroth-, first-, and second-order reactions and
their corresponding graphs are shown in Figure 14.4.2 in Section 14.4.

Example 14.3.3

At high temperatures, nitrogen dioxide decomposes to nitric oxide and oxygen.
A
2NO; (9) = 2NO(9) + 02 (9)
Experimental data for the reaction at 300°C and four initial concentrations of NO; are listed in the following table:

Experiment [NO,lp (M) Initial Rate (M/s)
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Experiment [NO2]o (M) Initial Rate (M/s)
1 0.015 1.22 x 1074
2 0.010 5.40 x 1075
3 0.0080 3.46 x 107°
4 0.0050 1.35x 107®

Determine the reaction order and the rate constant.

Given: balanced chemical equation, initial concentrations, and initial rates
Asked for: reaction order and rate constant

Strategy:

A From the experiments, compare the changes in the initial reaction rates with the corresponding changes in the initial
concentrations. Determine whether the changes are characteristic of zeroth-, first-, or second-order reactions.

B Determine the appropriate rate law. Using this rate law and data from any experiment, solve for the rate constant (k).
Solution:

A We can determine the reaction order with respect to nitrogen dioxide by comparing the changes in NO; concentrations with the
corresponding reaction rates. Comparing Experiments 2 and 4, for example, shows that doubling the concentration quadruples the
reaction rate [(5.40 x 107°) + (1.35 x 107°) = 4.0], which means that the reaction rate is proportional to [NO,]?. Similarly,
comparing Experiments 1 and 4 shows that tripling the concentration increases the reaction rate by a factor of 9, again indicating
that the reaction rate is proportional to [NOz]z. This behavior is characteristic of a second-order reaction.

B We have rate = klNO,]2. We can calculate the rate constant (k) using data from any experiment in the table. Selecting Experiment
2, for example, gives the following:

rate = k[N O,]*
5.40 x 107° M /s = k(0.010 MY
0.540 M~1s71 =k
Exercise

When the highly reactive species HO, forms in the atmosphere, one important reaction that then removes it from the atmosphere is
as follows:

2HO,(g) — H04(g) + O2(g)

The kinetics of this reaction have been studied in the laboratory, and some initial rate data at 25°C are listed in the following table:

Experiment [HO,], (M) Initial Rate (M/s)
1 1.1x1078 1.7 x 1077
2 2.5x% 1078 8.8 x 1077
3 3.4x1078 1.6 x 1076
4 5.0x1078 3.5x107®

Determine the reaction order and the rate constant.
Answer: second order in HO»; k= 1.4 x 10° M 1-s71

Note the Pattern

If a plot of reactant concentration versus time is not linear but a plot of 1/reaction concentration versus time is linear, then the
reaction is second order.
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Example 14.3.4

If a flask that initially contains 0.056 M NO, is heated at 300°C, what will be the concentration of NO, after 1.0 h? How long will
it take for the concentration of NO, to decrease to 10% of the initial concentration? Use the integrated rate law for a second-order
reaction (Equation 14.3.9) and the rate constant calculated in Example 6.

Given: balanced chemical equation, rate constant, time interval, and initial concentration
Asked for: final concentration and time required to reach specified concentration

Strategy:

A Given k, t, and [A]p, use the integrated rate law for a second-order reaction to calculate [A].
B Setting [A] equal to 1/10 of [A], use the same equation to solve for t.

Solution:

A We know k and [NO,],, and we are asked to determine [NO,] at t = 1 h (3600 s). Substituting the appropriate values into
Equation 14.3.9,
1 1

= fht=———
[NOslyoo  INO3), 0.056 M

=2.0x103 M!

+(0.54 M~*s71) (3600 s)

Thus [N02]3600 =5.1x 10_4 M.

B In this case, we know k and [NO;]y, and we are asked to calculate at what time [NO;] = 0.1[NO3]p = 0.1(0.056 M) = 0.0056 M.
To do this, we solve Equation 14.3.9 for t, using the concentrations given.

1 1

[N02}3600 [NOQ]O (1/0-0056 M) - (1/0056 M) 2 .
= =3.0x10° s=5 min
k 0.54 M—1s71

NO, decomposes very rapidly; under these conditions, the reaction is 90% complete in only 5.0 min.

Exercise

In the exercise in Example 6, you calculated the rate constant for the decomposition of HO, as k = 1.4 x 10 M™"s™1. This high rate
constant means that HO, decomposes rapidly under the reaction conditions given in the problem. In fact, the HO, molecule is so
reactive that it is virtually impossible to obtain in high concentrations. Given a 0.0010 M sample of HO,, calculate the
concentration of HO, that remains after 1.0 h at 25°C. How long will it take for 90% of the HO; to decompose? Use the integrated
rate law for a second-order reaction (Equation 14.3.9) and the rate constant calculated in the exercise in Example 6.

Answer: 2.0 x 10713 M; 6.4 x 10785

In addition to the simple second-order reaction and rate law we have just described, another very common second-order reaction
has the general form A + B — products, in which the reaction is first order in A and first order in B. The differential rate law for
this reaction is as follows:

7"ate:—M :_ﬂ =k[A] [B] (14.3.10)

At At

Because the reaction is first order both in A and in B, it has an overall reaction order of 2. (The integrated rate law for this reaction
is rather complex, so we will not describe it.) We can recognize second-order reactions of this sort because the reaction rate is
proportional to the concentrations of each reactant. We presented one example at the end of Section 14.2, the reaction of CH3Br
with OH™ to produce CH30OH.

Determining the Rate Law of a Reaction

The number of fundamentally different mechanisms (sets of steps in a reaction) is actually rather small compared to the large
number of chemical reactions that can occur. Thus understanding reaction mechanismsThe sequence of events that occur at the
molecular level during a reaction. can simplify what might seem to be a confusing variety of chemical reactions. The first step in
discovering the reaction mechanism is to determine the reaction’s rate law. This can be done by designing experiments that measure
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the concentration(s) of one or more reactants or products as a function of time. For the reaction A + B — products, for example, we
need to determine k and the exponents m and n in the following equation:

rate = k[A]"[B]" (14.3.11)

To do this, we might keep the initial concentration of B constant while varying the initial concentration of A and calculating the
initial reaction rate. This information would permit us to deduce the reaction order with respect to A. Similarly, we could determine
the reaction order with respect to B by studying the initial reaction rate when the initial concentration of A is kept constant while
the initial concentration of B is varied. In earlier examples, we determined the reaction order with respect to a given reactant by
comparing the different rates obtained when only the concentration of the reactant in question was changed. An alternative way of
determining reaction orders is to set up a proportion using the rate laws for two different experiments.

Rate data for a hypothetical reaction of the type A + B — products are given in Table 14.3.3. The general rate law for the reaction
is given in Equation 14.3.11. We can obtain m or n directly by using a proportion of the rate laws for two experiments in which the
concentration of one reactant is the same, such as Experiments 1 and 3 in Table 14.3.3.

Table 14.3.3 Rate Data for a Hypothetical Reaction of the Form A + B - Products

Experiment [A] (M) [B] (M) Initial Rate (M/min)
1 0.50 0.50 85x1072
2 0.75 0.50 19 x 1073
3 1.00 0.50 34x1073
4 0.50 0.75 8.5x 1073
5 0.50 1.00 85x1073

rate! _ k[A']"[B']"

rate’ ~ KAY"(BY)"

Inserting the appropriate values from Table 14.3.3,

8.5x10°% M/mim k[0.50 1|" [05.0 p-
34.x10° M/mim k[1.00 M/}m 0.50 M-

Because 1.00 to any power is 1, [1.00 M]™ = 1.00 M. We can cancel like terms to give 0.25 = [0.50]™, which can also be written as
1/4 = [1/2]™. Thus we can conclude that m = 2 and that the reaction is second order in A. By selecting two experiments in which
the concentration of B is the same, we were able to solve for m.

Conversely, by selecting two experiments in which the concentration of A is the same (e.g., Experiments 5 and 1), we can solve for
n.
rate! _ k[A']"[B']"

rate3  k[AS)"[B5]"

Substituting the appropriate values from Table 14.3.3,

8.5x107° M/mirm ’“[O'W[OF"O w|
8.5%10°% M/miw k{0.50 M- [1.00 1"

Canceling leaves 1.0 = [0.50]", which gives n = 0; that is, the reaction is zeroth order in B. The experimentally determined rate law
is therefore

rate = k[A]*[B]°

We can now calculate the rate constant by inserting the data from any row of Table 14.3.3into the experimentally determined rate
law and solving for k. Using Experiment 2, we obtain
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19. x 1073 M /min = k(0.75 M)
3.4x1072 M tmint =k

You should verify that using data from any other row of Table 14.3.3 gives the same rate constant. This must be true as long as the
experimental conditions, such as temperature and solvent, are the same.

Example 14.3.5

Nitric oxide is produced in the body by several different enzymes and acts as a signal that controls blood pressure, long-term
memory, and other critical functions. The major route for removing NO from biological fluids is via reaction with O, to give NO»,
which then reacts rapidly with water to give nitrous acid and nitric acid:

Ha0
2NO +0, — 2NO, —=—> HNO, + HNO,

These reactions are important in maintaining steady levels of NO. The following table lists kinetics data for the reaction of NO with
0O, at 25°C:
2NO(g) + Oy(g) ~ 2NOy(g)

Determine the rate law for the reaction and calculate the rate constant.

Experiment [NO], (M) [O,]y (M) Initial Rate (M/s)
1 0.0235 0.0125 7.98 x 1073
2 0.0235 0.0250 15.9x 1073
3 0.0470 0.0125 32.0x 1073
4 0.0470 0.0250 63.5 x 1073

Given: balanced chemical equation, initial concentrations, and initial rates
Asked for: rate law and rate constant
Strategy:

A Compare the changes in initial concentrations with the corresponding changes in rates of reaction to determine the reaction order
for each species. Write the rate law for the reaction.

B Using data from any experiment, substitute appropriate values into the rate law. Solve the rate equation for k.
Solution:

A Comparing Experiments 1 and 2 shows that as [O;] is doubled at a constant value of [NO;], the reaction rate approximately
doubles. Thus the reaction rate is proportional to [0,]%, so the reaction is first order in O. Comparing Experiments 1 and 3 shows
that the reaction rate essentially quadruples when [NO] is doubled and [O5] is held constant. That is, the reaction rate is
proportional to [NOJ?, which indicates that the reaction is second order in NO. Using these relationships, we can write the rate law
for the reaction:
rate = k[NOJ’ [O,]
B The data in any row can be used to calculate the rate constant. Using Experiment 1, for example, gives
k 7.98 x10—-3 M /s
k= > = / =1.16 x103 M 257!
[NOJP?[05]  (0.0235 MY (0.0125 M)

The overall reaction order (m + n) is 3, so this is a third-order reaction, a reaction whose rate is determined by three reactants. The
units of the rate constant become more complex as the overall reaction order increases.

Exercise
The peroxydisulfate ion (S,04%") is a potent oxidizing agent that reacts rapidly with iodide ion in water:

$20% (aq) +31" (aq) — 2505 (ag) + 15 (aq)
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The following table lists kinetics data for this reaction at 25°C. Determine the rate law and calculate the rate constant.

Experiment [S,04%7 1y (M) [Ty (M) Initial Rate (M/s)
1 0.27 0.38 2.05
2 0.40 0.38 3.06
3 0.40 0.22 1.76

Answer: rate = k[S,04>7][I"]; k=20 M 1-s71

Summary

The reaction rate of a zeroth-order reaction is independent of the concentration of the reactants. The reaction rate of a first-order
reaction is directly proportional to the concentration of one reactant. The reaction rate of a simple second-order reaction is
proportional to the square of the concentration of one reactant. Knowing the rate law of a reaction gives clues to the reaction
mechanism.

Key Takeaway
o Either the differential rate law or the integrated rate law can be used to determine the reaction order from experimental data.

Key Equations

zeroth-order reaction

A[A]
Equation 14.3.1 rate = AL k
Equation 14.3.2: [A] = [Ag] — kt
first-order reaction
_ A[A
Equation 14.3.5: rate = AL - k[A]
Equation 14.3.6: [A] = [Ag] e

Equation 14.3.7: In[A] =In[A] — kt

second-order reaction

Equation 14.3.8: In [A] =In[Ag] + kt
1

1
Equation 14.3.9: — = —— + kt
(4] [Ao]

Conceptual Problems

1. What are the characteristics of a zeroth-order reaction? Experimentally, how would you determine whether a reaction is zeroth
order?

2. Predict whether the following reactions are zeroth order and explain your reasoning.

1. a substitution reaction of an alcohol with HCI to form an alkyl halide and water
2. catalytic hydrogenation of an alkene

3. hydrolysis of an alkyl halide to an alcohol

4. enzymatic conversion of nitrate to nitrite in a soil bacterium

3. In a first-order reaction, what is the advantage of using the integrated rate law expressed in natural logarithms over the rate law
expressed in exponential form?

4. If the reaction rate is directly proportional to the concentration of a reactant, what does this tell you about (a) the reaction order
with respect to the reactant and (b) the overall reaction order?

5. The reaction of NO with O is found to be second order with respect to NO and first order with respect to Op. What is the
overall reaction order? What is the effect of doubling the concentration of each reagent on the reaction rate?
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Numerical Problems
1. Todide reduces Fe(III) according to the following reaction:
2Fe3*(soln) + 21 (soln) — 2Fe®*(soln) + Ix(soln)

Experimentally, it was found that doubling the concentration of Fe(III) doubled the reaction rate, and doubling the iodide
concentration increased the reaction rate by a factor of 4. What is the reaction order with respect to each species? What is the
overall rate law? What is the overall reaction order?

2. Benzoyl peroxide is a medication used to treat acne. Its rate of thermal decomposition at several concentrations was determined
experimentally, and the data were tabulated as follows:

Experiment [Benzoyl Peroxide]y (M) Initial Rate (M/s)
1 1.00 2.22x 107
2 0.70 1.64 x 107
3 0.50 1.12x 1074
4 0.25 0.59 x 107

What is the reaction order with respect to benzoyl peroxide? What is the rate law for this reaction?
3. 1-Bromopropane is a colorless liquid that reacts with S,05%~ according to the following reaction:
C3H7Br + S,03%” - C3H7S,03™ + Br-

The reaction is first order in 1-bromopropane and first order in S,042", with a rate constant of 8.05 x 10™* M 1:s™1. If you began
a reaction with 40 mmol/100 mL of C3H,Br and an equivalent concentration of S,04", what would the initial reaction rate be?
If you were to decrease the concentration of each reactant to 20 mmol/100 mL, what would the initial reaction rate be?

4. The experimental rate law for the reaction 3A + 2B — C + D was found to be A[C]/At = K[AJ4[B] for an overall reaction that is
third order. Because graphical analysis is difficult beyond second-order reactions, explain the procedure for determining the rate
law experimentally.

Answers
1. First order in Fe3*; second order in I~; third order overall; rate = k[Fe3*][I"]2.
2.
3.1.29 x 107 M/s; 3.22 x 107> M/s
4.

Contributors
e Anonymous
Modified by Joshua B. Halpern

This page titled 14.4: Methods of Determining Reaction Order is shared under a CC BY-NC-SA 3.0 license and was authored, remixed, and/or
curated by Anonymous.

https://chem.libretexts.org/@go/page/349740



https://libretexts.org/
https://creativecommons.org/licenses/by-nc-sa/3.0/
https://chem.libretexts.org/@go/page/349740?pdf
https://chem.libretexts.org/Bookshelves/General_Chemistry/Book%3A_General_Chemistry%3A_Principles_Patterns_and_Applications_(Averill)/14%3A_Chemical_Kinetics/14.04%3A_Methods_of_Determining_Reaction_Order
https://creativecommons.org/licenses/by-nc-sa/3.0
https://chem.libretexts.org/Bookshelves/General_Chemistry/Book%3A_General_Chemistry%3A_Principles_Patterns_and_Applications_(Averill)/14%3A_Chemical_Kinetics/14.04%3A_Methods_of_Determining_Reaction_Order?no-cache

