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4.2: Equilibrium Constants

&b Learning Objectives

o Derive reaction quotients from chemical equations representing homogeneous and heterogeneous reactions
o Calculate values of reaction quotients and equilibrium constants using concentrations
o Relate the magnitude of an equilibrium constant to properties of the chemical system

Now that we have a symbol (=) to designate reversible reactions, we will need a way to express mathematically how the amounts
of reactants and products affect the equilibrium of the system. A general equation for a reversible reaction may be written as
follows:

mA +nB+ = zC +yD (4.2.1)

4.2.1: Reaction Quotients

We can write the reaction quotient () for this equation. When evaluated using concentrations, it is called @).. We use brackets to
indicate molar concentrations of reactants and products.

0. = (4.2.2)

The reaction quotient is equal to the molar concentrations of the products of the chemical equation (multiplied together) over the
reactants (also multiplied together), with each concentration raised to the power of the coefficient of that substance in the balanced
chemical equation. For example, the reaction quotient for the reversible reaction

2 NOQ(g) = N204(g) (4.2.3)
is given by this expression:
N,O
Q.= N, 42] (4.2.4)
[NO,]

v/ Example 4.2.1: Writing Reaction Quotient Expressions

Write the expression for the reaction quotient for each of the following reactions:

a. 3 O0y(y) = 2 03y
b. NQ(g) +3 H2(g) =2 NH3(g)
c. 4NHjz(g) + 7 Og(y) = 4 NOy(y) + 6 H, Oy

Solution
(0,2
@10,
_INEp
[NQ][1£2]3 .
« o, INO, £H201
[NH,]*[O,)]

? Exercise 4.2.1

Write the expression for the reaction quotient for each of the following reactions:

a. 250,(g) +0,(g9) =2 SO3(g)
b. C, Hy (99=2 C2H4(g)
c. 2C,H, (9)+130,(g9) = 8CO,(g) +10H,0(g)
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Answer a

[SO,]?
[SO,J*[0,]
Answer b

_[CH]

e =

[C,Hy]

=

Answer c
[CO,J*[H,0]"°

Qc =
[CH I’ [0,]"

The numeric value of Q. for a given reaction varies; it depends on the concentrations of products and reactants present at the time
when Q. is determined. When pure reactants are mixed, (). is initially zero because there are no products present at that point. As
the reaction proceeds, the value of @), increases as the concentrations of the products increase and the concentrations of the
reactants simultaneously decrease (Figure 4.2.1). When the reaction reaches equilibrium, the value of the reaction quotient no
longer changes because the concentrations no longer change.
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Figure 4.2.1: (a) The change in the concentrations of reactants and products is depicted as the 2SO0, (g) + O0,(g) = 2S05(g)
reaction approaches equilibrium. (b) The change in concentrations of reactants and products is depicted as the reaction
250,(g) = 250,(g) 4 0,(g) approaches equilibrium. (c) The graph shows the change in the value of the reaction quotient as
the reaction approaches equilibrium.

4.2.2: The Law of Mass Action and the Equilibrium Constant K

When a mixture of reactants and products of a reaction reaches equilibrium at a given temperature, its reaction quotient always has
the same value. This value is called the equilibrium constant (K) of the reaction at that temperature. As for the reaction quotient,
when evaluated in terms of concentrations, it is noted as K.

That a reaction quotient always assumes the same value at equilibrium can be expressed as:
[C]=[D}v. ..

Q. at equilibrium = K, = ————
[A]™[B]"...

(4.2.5)

This equation is a mathematical statement of the law of mass action: When a reaction has attained equilibrium at a given
temperature, the reaction quotient for the reaction always has the same value.
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v/ Example 4.2.2: Evaluating a Reaction Quotient

Gaseous nitrogen dioxide forms dinitrogen tetroxide according to this equation:
2 NO2(g) — N204(g)

When 0.10 mol NO,, is added to a 1.0-L flask at 25 °C, the concentration changes so that at equilibrium, [NO,] = 0.016 M and
[N>O4] = 0.042 M.

a. What is the value of the reaction quotient before any reaction occurs?
b. What is the value of the equilibrium constant for the reaction?

Solution
. 0.10 mol
a. Before any product is formed, [NO,] = oL - 0.10 M, and [N>O4] = 0 M. Thus,
0 INOJ 0
.= = =
[NO,J>  0.10°

b. At equilibrium, the value of the equilibrium constant is equal to the value of the reaction quotient. At equilibrium,

~ IN,O4]  0.042
[NO,*  0.016

K.=Q, =1.6 x 10%.

The equilibrium constant is 1.6 x 10,

Note that dimensional analysis would suggest the unit for this &, value should be M. However, it is common practice to omit
units for K, values computed as described here, since it is the magnitude of an equilibrium constant that relays useful
information. As will be discussed later in this module, the rigorous approach to computing equilibrium constants uses
dimensionless quantities derived from concentrations instead of actual concentrations, and so K, values are truly unitless.

? Exercise 4.2.2

For the reaction
250,(g) +0,(g9) = 250;(9)

the concentrations at equilibrium are [SO] = 0.90 M, [O,] = 0.35 M, and [SO3] = 1.1 M. What is the value of the equilibrium
constant, K.?

Answer

K,=43

The magnitude of an equilibrium constant is a measure of the yield of a reaction when it reaches equilibrium. A large value for K,
indicates that equilibrium is attained only after the reactants have been largely converted into products. A small value of K,—
much less than 1—indicates that equilibrium is attained when only a small proportion of the reactants have been converted into
products.

Once a value of K, is known for a reaction, it can be used to predict directional shifts when compared to the value of Q.. A system
that is not at equilibrium will proceed in the direction that establishes equilibrium. The data in Figure 4.2.2 illustrate this. When
heated to a consistent temperature, 800 °C, different starting mixtures of CO, H,0, CO,, and H,, react to reach compositions
adhering to the same equilibrium (the value of Q. changes until it equals the value of K.). This value is 0.640, the equilibrium
constant for the reaction under these conditions.

CO(g) +H,0(g) = CO,(g) +Hy(g) K.=0.640 T =800°C (4.2.6)

It is important to recognize that an equilibrium can be established starting either from reactants or from products, or from a mixture
of both. For example, equilibrium was established from Mixture 2 in Figure 4.2.2 when the products of the reaction were heated in
a closed container. In fact, one technique used to determine whether a reaction is truly at equilibrium is to approach equilibrium
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starting with reactants in one experiment and starting with products in another. If the same value of the reaction quotient is
observed when the concentrations stop changing in both experiments, then we may be certain that the system has reached

equilibrium.
Before reaction At equilibrium
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Figure 4.2.2: Concentrations of three mixtures are shown before and after reaching equilibrium at 800 °C for the so-called water
gas shift reaction (Equation 4.2.6).

v Example 4.2.3: Predicting the Direction of Reaction

Given here are the starting concentrations of reactants and products for three experiments involving this reaction:
CO(g) +H,0(g) = CO,(g9) +H,(9)

with K, = 0.64. Determine in which direction the reaction proceeds as it goes to equilibrium in each of the three experiments

shown.
Reactants/Products Experiment 1 Experiment 2 Experiment 3
[CO]; 0.0203 M 0.011 M 0.0094 M
[H,O]; 0.0203 M 0.0011 M 0.0025 M
[COz2i 0.0040 M 0.037 M 0.0015 M
[Holi 0.0040 M 0.046 M 0.0076 M
Solution

Experiment 1:

_[CO,)H,] (0.0040)(0.0040)_0 039
Qe = [COJ[H,0]  (0.0203)(0.0203)

Q¢ < K, (0.039 < 0.64)
The reaction will shift to the right.

Experiment 2:

[CO,[H,]  (0.037)(0.046) ,
Q= 1colm0] ~ (0.011)0.0011) A * 10

Q. > K. (140 > 0.64)
The reaction will shift to the left.

Experiment 3:

[CO,][H,]  (0.0015)(0.0076)
QC =S =S = 0 48
[COJ[H,0]  (0.0094)(0.0025)

Q. < K. (0.48 < 0.64)
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l The reaction will shift to the right.

? Exercise 4.2.3

Calculate the reaction quotient and determine the direction in which each of the following reactions will proceed to reach
equilibrium.

(a) A 1.00-L flask containing 0.0500 mol of NO(g), 0.0155 mol of Cly(g), and 0.500 mol of NOCI:
2NO(g) +ClL(g) =2NOCl(g) K.=4.6x10*
(b) A 5.0-L flask containing 17 g of NH3, 14 g of N», and 12 g of Hy:
N,(g) +3H,(g) = 2NH;(9) K.=0.060
(c) A 2.00-L flask containing 230 g of SO3(g):
250;(g) =2850,(g9) +0,(9) Kc=0.230
Answer a
Q. = 6.45 x 10°, shifts right.
Answer b
Q. = 0.12, shifts left.
Answer c

Q. = 0, shifts right

4.2.3: K is a Unitless Quantity

In Example 4.2.2, it was mentioned that the common practice is to omit units when evaluating reaction quotients and equilibrium
constants. It should be pointed out that using concentrations in these computations is a convenient but simplified approach that
sometimes leads to results that seemingly conflict with the law of mass action. For example, equilibria involving aqueous ions
often exhibit equilibrium constants that vary quite significantly (are not constant) at high solution concentrations. This may be
avoided by computing K. values using the activities of the reactants and products in the equilibrium system instead of their
concentrations. The activity of a substance is a measure of its effective concentration under specified conditions. While a detailed
discussion of this important quantity is beyond the scope of an introductory text, it is necessary to be aware of a few important
aspects:

o Activities are dimensionless (unitless) quantities and are in essence “adjusted” concentrations.

o For relatively dilute solutions, a substance's activity and its molar concentration are roughly equal.
o Activities for pure condensed phases (solids and liquids) are equal to 1.

o Activities for solvents in dilute solutions are equal to 1.

As a consequence of this last consideration, Q. and K, expressions do not contain terms for solids or liquids or solvents in dilute
solutions (being numerically equal to 1, these terms have no effect on the expression's value). Several examples of equilibria
yielding such expressions will be encountered in this section.

4.2.4: Homogeneous Equilibria

A homogeneous equilibrium is one in which all of the reactants and products are present in a single solution (by definition, a
homogeneous mixture). In this chapter, we will concentrate on the two most common types of homogeneous equilibria: those
occurring in liquid-phase solutions and those involving exclusively gaseous species. Reactions between solutes in liquid solutions
belong to one type of homogeneous equilibria. The chemical species involved can be molecules, ions, or a mixture of both. Several
examples are provided here:

Example 1
C,H,(aq) +2 Br,(aqg) = C,H,Br,(aq) (4.2.7)
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with associated equilibrium constant

C,H,B
K, = [2—2512 (4.2.8)
[C,H,][Br,]
Example 2
L, (aq) +1 (aq) =1, (aq) (4.2.9)
with associated equilibrium constant
I
K, = [3]_ (4.2.10)
L] [17]
Example 3
Hg3 " (ag) + NOj3 (ag) +3 H,0" (ag) = 2 Hg*" (ag) + HNO, (aq) + 4 H,0(l) (4.2.11)
with associated equilibrium constant
Hg?*]*[HNO
K, — [2 g | [HNO,) . (4.2.12)
[Hg, '][NO; | [H;07]
Example 4
HF (aq) +H,0(l) = H,0" (ag) +F~ (aq) (4.2.13)
with associated equilibrium constant
H,O"|[F~
K, = 0] ] (4.2.14)
[HF]
Example 5
NH, (aq) + H,0(l) = NH} (ag) + OH™ (aq) (4.2.15)
with associated equilibrium constant
x — INHi][OH] 12,16
*T N (4210

In each of these examples, the equilibrium system is an aqueous solution, as denoted by the aq annotations on the solute formulas.
Since H,O(]) is the solvent for these solutions, it does not appear as a term in the K. expression, as discussed earlier, even though
it may also appear as a reactant or product in the chemical equation.

Reactions in which all reactants and products are gases represent a second class of homogeneous equilibria. We use molar
concentrations in the following examples, but we will see shortly that partial pressures of the gases may be used as well:

Example 1
C,Hg(g) = C,H,(9) +H,(g) (4.2.17)
with associated equilibrium constant
K, = (Gl (1.2.18)
[C,Hy]
Example 2
30,(9) =204(9) (4.2.19)

with associated equilibrium constant
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[0,]”
K, = 3 (4.2.20)
[0,]
Example 3
N,(g) +3H,(g) = 2NH;(g) (4.2.21)
with associated equilibrium constant
NH, ]’
K, = - (4.2.22)
[N [H,]
Example 4
C3Hg(9) +5 0,(9) = 3 CO,(9) +4H,0(g) (4.2.23)
with associated equilibrium constant
Co,)*[H,0]*
K.= M (4.2.24)
[C3H][O,]

Note that the concentration of H2O(g) has been included in the last example because water is not the solvent in this gas-phase
reaction and its concentration (and activity) changes.

Summary

For any reaction that is at equilibrium, the reaction quotient Q is equal to the equilibrium constant K for the reaction. If a reactant or
product is a pure solid, a pure liquid, or the solvent in a dilute solution, the concentration of this component does not appear in the
expression for the equilibrium constant. At equilibrium, the values of the concentrations of the reactants and products are constant.
Their particular values may vary depending on conditions, but the value of the reaction quotient will always equal K. We can
decide whether a reaction is at equilibrium by comparing the reaction quotient with the equilibrium constant for the reaction.

4.2.5: Key Equations

Q= w where mA +nB = zC +yD
[A]™[B]"
Glossary

equilibrium constant (K)

value of the reaction quotient for a system at equilibrium

heterogeneous equilibria

equilibria between reactants and products in different phases
homogeneous equilibria
equilibria within a single phase
K.
equilibrium constant for reactions based on concentrations of reactants and products

law of mass action

when a reversible reaction has attained equilibrium at a given temperature, the reaction quotient remains constant

reaction quotient (Q)

ratio of the product of molar concentrations (or pressures) of the products to that of the reactants, each concentration (or
pressure) being raised to the power equal to the coefficient in the equation
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