
Chemical Equilibrium 

Chapter 16 



Equilibrium n  Equilibrium is a state in 
which there is balance. 

n  Chemical Equilibrium is a 
state in which the rate of 
the forward and reverse 
reactions are equal. 

n  Consider the one-step 
reaction mechanism: 

 C4H8(g)             2 C2H4(g)  

n  At equilibrium: 
rate forward = rate reverse 

      k1[C4H8]  =  k-1[C2H4]2
 

k1 

k-1 



Equilibrium (continued) 

n  Equilibrium is a dynamic state – both the forward and 
reverse reactions are occurring  at equilibrium. 

n  The amount of reactants and products are not 
necessarily equal at equilibrium, but they are constant. 

n  If a system at equilibrium is disturbed, the reaction 
system will shift to reestablish equilibrium. 

n  At equilibrium, the relative amounts of reactants and 
products are determined by the equilibrium 
constant, Keq. 
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Reaction Quotient 

n  The expression:              is the reaction quotient for the 

reaction discussed above. 

n  Q is the symbol used to represent the reaction quotient 
generally. 

n  K is used to represent the expression when the system is at 
equilibrium. 
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Reaction Quotient & Equilibrium Constant 

Product conc. increases 
and then becomes 
constant at equilibrium 

Reactant conc. declines 
and then becomes 
constant at equilibrium 

Equilibrium achieved 



Equilibrium Example: 
CO(g)  +  3H2(g)         CH4(g) +  H2O(g)  

n  The equilibrium constant equation for this reaction is :   

n  Consider the following experimental data: 
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[CO] = 0.1000 
[H2] = 0.3000 
[CH4] = 0 
[H2O] = 0 

[CO] = 0.0613 
[H2] = 0.1839 
[CH4] = 0.0387 
[H2O] = 0.0387 
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Concentrations vs. Time 

CO(g)  +  3H2(g)         CH4(g) +  H2O(g) 
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Initial 
Conc.  (M) 

Equilibrium 
Conc.  (M) 

Kc 

[CO] = 0.2000 
[H2] = 0.3000 
[CH4] = 0 
[H2O] = 0 

[CO] = 0.1522 
[H2] = 0.1566 
[CH4] = 0.0478 
[H2O] = 0.0478 

3.91 
(reasonable experimental 

difference) 

[CO] = 0 
[H2] = 0 
[CH4] = 0.1000 
[H2O] = 0.1000 

[CO] = 0.0613 
[H2] = 0.1839 
[CH4] = 0.0387 
[H2O] = 0.0387 

3.93 

The equilibrium constant will always be the same, 
regardless of the starting conditions of the reaction 
system. 



Equilibrium – General Reaction 

n  Consider the general reaction: 
 a A  +  b B           c C  +  d D 
 

n  The equilibrium expression for the reaction is: 

n  The equilibrium expression is always the product of 
the product concentrations raised to there 
coefficients divided by the product of the reactant 
concentrations raised to their coefficients.    
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Size of Equilibrium Constant 

n  If Keq ≈ 1, then there will usually be similar 
amounts of reactants and products present when 
equilibrium is reached.  

n  If Keq >> 1, then products are favored at 
equilibrium – the concentrations of the products 
will be higher at equilibrium. 

n  If Keq << 1, then reactants are favored at 
equilibrium. 



Calculations with the Equilibrium Constant 

n  Example:  Consider the decomposition of NOCl. 

n  At equilibrium, the concentrations are found to be: 
n  [NOCl] = 1.3 M 
n  [NO] = 0.85 M 
n  [Cl2] = 0.15 M 

a)  What is the expression for Keq? 

b)  What is the value for Keq? 

c)  What would be the [NOCl] at equilibrium if the 
equilibrium concentrations of [NO] = 1.2 M and     
[Cl2] = 2.5 M? 

(g)2(g)(g) Cl    NO 2    NOCl 2 +⇔



Calculating a K value from limited 
equilibrium information 

n  In studying the reaction:   
   2 NOCl(g)         2 NO(g)  +  Cl2(g) 
 the following information is determined: 
   

  [NOCl]0 = 0.50 M  and no products present.  

  [Cl2]eq = 0.11 M    (You will need to determine the other 
       equilibrium concentrations.)  

 

 Calculate KC. 
 
n  To answer this question, you may want to consider 

an I-C-E  table – Intial, Change, Equilibrium. 
 



Calculating a K value from limited 
equilibrium information (continued) 

 Reaction:     2 NOCl(g)     2 NO(g)  +    Cl2(g) 

Initial 0.50 M 

Change 

Equilibrium 0.11 M 

I-C-E Table 



Manipulating Keq Expressions 

n  Consider the gas phase formation of nitrous acid: 
    2 H2(g) + O2(g) ó 2 H2O(g) 

n  Write the Keq expression for this reaction. Call this 
equilibrium constant K. 

n  If the reaction is written for the formation of just 1 
mole of nitrous acid, the equation becomes: 
   H2(g) + ½ O2(g) ó H2O(g) 

n  Write the K expression for this reaction.  Call this 
equilibrium constant K’. 

n  Determine the relationship between K and K’ for the 
equations on the previous slide. 



n  If you multiply a reaction equation by a factor, n, 
you must raise its K value to that power.  
   K’ = Kn  where K is the original equilibrium constant  
     and K’ is the new equilibrium constant  

n  If you reverse a reaction, you must take the 
reciprocal of K (or raise it to the -1 power). 
       K’ = 1/K = K-1   

 

n  If you add two reactions together, you must 
multiply their K values. 
   Koverall = K1 • K2 • K3 … • Kn  

Guidelines for Manipulating Keq Expressions  



Example: Manipulating Keq 

n  Keq for the reaction:  N2(g) + O2(g)  ó  2 NO(g)        
is found to be 4.0 x 10-4 at 2000 K.  What will be 
the Keq at 2000 K for the reaction written as:   

   4 N2(g) + 4 O2(g)  ó  8 NO(g)  
 



Example: Manipulating Keq 

n  Calculate K for the following reaction at 250˚C if 
the K values for the reactions below are known at 
that temperature. 
 Overall:  C(s) + 2 H2(g) ó CH4   K = ? 

 
 C(s) + O2(g) ó CO2(g)    K = 5.3 x 105 

 
 H2(g) + ½ O2(g) ó H2O(g)   K = 7.8 x 104   

 
 CH4(g) +  2 O2(g) ó CO2(g) + 2 H2O(g)   

       K = 3.2 x 105   



Reaction Quotient – Q  

n  Any reaction system that is not at equilibrium will 
proceed to the right (toward products) or the left 
(toward reactants) to achieve a state of 
equilibrium.  

n  Consider the general reaction:  A + 2 B ó 3 C  
n  A reaction system’s concentrations – the ratio of 

reactants & products – can only be described by 
the value of K when the system is at equilibrium. 
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n  Under non-equilibrium conditions, the ratio does 
NOT equal K.   

n  Again consider the reaction:  A + 2 B ó 3 C 
 
n  We can use the letter Q – to represent the reaction 

quotient under ANY conditions. 

Reaction Quotient  Q 

.conditions ANY under   
[A][B]
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Relationship of Q & K 

Q = K 
n  The reaction system is at equilibrium.  No shift will 

occur. 

Q < K 
n  The ratio of products to reactants is too small.  The 

reaction will shift to produce more products until 
equilibrium is achieved. 

Q > K 
n  The ratio of products to reactants is too large.  The 

reaction will shift to produce more reactants until 
equilibrium is achieved. 



Example:  K & Q 

n  Consider the reaction below with a Kc = 0.060 at 
500˚C: 

 
n  If a mixture of these gases has the 

concentrations: 
[N2]0 = 1.0 x 10-5 M 
[H2]0 = 4.0 x 10-2 M 
[NH3]0 = 2.5 x 10-6 M 
 

A.  Is the reaction at equilibrium? 

B.  If not, to which side – reactants or products – will 
it shift? 

3(g)2(g)2(g) NH 2   H 3   N ⇔+



KP – Equilibria with Partial Pressures  

n  Gases can be described in concentrations of mol/L 
just as solutions can. 

n  More conveniently, gases can be represented in 
terms of partial pressures.   

n  The Kp expression for a reaction can be written 
very simply from a balanced equation, substituting 
partial pressures for concentrations.  Consider: 
  2 SO3(g)         2 SO2(g)  +  O2(g)  
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Relationship of KP and KC 
n  For gases under ideal conditions, we can easily relate the 

concentration and partial pressure of a gas: 

n  By plugging in the expression into the KP expression, we can 
find the relationship between KC and KP:   (DERIVE) 

[X]RTP  or   CRT P    
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Example: KP & KC 

n  At 500˚C, KC=0.0600 for the synthesis of ammonia: 
n   N2(g)  +  3 H2(g)            2 NH3(g) 

Calculate KP for the reaction. 



Example: KC & KP 

n  Consider the reaction:    H2(g) + I2(g) ó 2 HI(g) 

 If the reaction has a KP = 0.455 at 1175 K, what 
will be its KC value at the same temperature? 



Mixed-Phase (Heterogeneous) Equilibria: 
Equilibria Involving Solids and Liquids 

n  Pure solids and liquids vary little in concentration. 

n  Activity:  Pressures and concentrations are measured in 
reference to the standard state of 1 M or 1 atm, 
respectively.   

n  Pure solids and liquids vary little from their standard state.  
Therefore, their activity is 1. 

n  Consider the following reaction at equilibrium. 

  3 Fe2+
(aq)  +  2 PO4

3-
(aq)            Fe3(PO4)2(s)    

n  The equilibrium expression for this reaction will not include 
the pure solid, iron (II) phosphate. 
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Additional Mixed-Phase Equilibria 

n  Consider the decomposition reaction: 

K2CO3(s)   ó    K20(s)  +  CO2(g) 

At equilibrium, only the pressure (or concentration) of 
CO2 is important. 

Write the Kp expression: 

 

n  Consider the following reaction carried out in water a 
solvent: 

(CH3)3CBr(aq) + H2O(l)  ó  (CH3)3COH(aq) + HBr(aq)  

Write the Kc expression: 



CaCO3(s)           CaO(s) + CO2(g) 



n  Consider the interconversion between the chain and ring 
forms of 5-hydroxypentanal.  If the initial concentration of 
the chain form is 0.75 M and Keq = 4.3, what will be the 
equilibrium concentrations of both species? 

Calculating Equilibrium Concentrations  
Given K & Initial Concentrations 

Initial 0.75 M 0 M  

Change 
Equilibrium 
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Calculating Equilibrium Concentrations:  
 

n  Again consider the reaction of hydrogen and fluorine to 
make hydrogen fluoride. 

n  At 300˚C, Kc=0.190.  If 1.0 mol of H2  and 0.50 mole of 
F2, are placed in a sealed 1.00 L flask with no HF 
present,  calculate [H2]eq,  [F2]eq , and [HF]eq. 

Reaction      H2(g)    +      F2(g)          2 HF(g) 

Initial 0 M 

Change 

Equilibrium 



Quadratic Equation 
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Calculating Equilibrium Concentrations: 
Simplyfing the Keq Expression. 

n  Consider the reaction of hydrogen and fluorine to 
make hydrogen fluoride: H2(g)  +  F2(g)        2 HF(g) 

n  At 300˚C, Kc=0.190.  If [H2]o = [F2]0 = 3.00 M, 
calculate [H2]eq,  [F2]eq , and [HF]eq. 

Reaction      H2(g)    +      F2(g)          2 HF(g) 

Initial 3.00 M 3.00 M 0 

Change 

Equilibrium 



Equilibrium with a small K value 
n  Consider the reaction: 

  2 NOBr(g)        2 NO(g) +  Br2(g) 
 

n  At 350 K, KC=4.6 x 10-6.  If the [NOBr]0 in a fixed 
volume container is 0.75 M with no products 
present, what will be the equilibrium concentration 
of all reactants and products? 

 
Reaction  2 NOBr(g)        2 NO(g)   +     Br2(g) 

Initial 0.75 M 0 0 

Change – 2x  + 2x + x 

Equilibrium 0.75 – 2x  2x x 



Small K (cont.) 

n  The equilibrium expression results in a cubic equation.  
Cubic equations are more difficult to solve than 
quadratics.   

n  However, the value of K is very small relative to the 
initial concentration of the reactant. 

n  Therefore, the reaction proceeds only slightly to 
products. The value of x is very small relative to 0.75 M. 

n  The small K value allows us to approximate, 

 0.75 – 2x  ≈  0.75 
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Small K (cont.) 
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The math is now significantly simplified: 



Small K (cont.) 

n  Check your approximation: 



Additional Example:  
Calculating Equilibrium Concentrations 

n  Dinitrogen tetraoxide decomposes to nitrogen dioxide:  
N2O4(g)            2 NO2(g)   

 

n  At 120˚C, this reaction has a KP=0.250.  If 8.85 g of 
N2O4 is placed in a 0.500-L container at 120˚C, what 
will be the equilibrium pressures of both compounds?   

Reaction    N2O4(g)          2 NO2(g)   

Initial 

Change 

Equilibrium 



n  Carbonyl chloride is formed from the reaction of carbon 
monoxide and chlorine gas at 500 K.  At that 
temperature, KP = 4.3 x 10-4.  If the initial PCO=2.0 atm 
and PCl2=3.0 atm, what will be the equilibrium partial 
pressures of all reactants and products? 

Reaction    CO(g)      +     Cl2            COCl2 

Initial 

Change 

Equilibrium 

Additional Example:  
Calculating Equilibrium Concentrations 



Equilibrium with a Large K value 
n  Consider the reaction: 

  2 NO(g) +  Br2(g)     2 NOBr(g) 

 

n  At 350 K, KC=2.2 x 105.  If [NO]0 = 4.0 M , [Br2]0 = 2.0 M, 
and [NOBr]0 = 0 M in a fixed volume container, what will be 
the equilibrium concentration of all reactants and products? 

 
Reaction  2 NO(g)     +     Br2(g)             2 NOBr(g) 

Start 4.0 M 2.0 M 0 

Assume Complete 
Reaction 

New Initial 

Change 

Equilibrium 



Equilibrium with an initial mix of reactants and products 

n  Consider the reaction: 

  2 NO(g) +  Br2(g)        2 NOBr(g) 

 

n  At 350 K, KC=2.2 x 105.  If [NO]0 = 5.0 M , [Br2]0 = 4.0 M, 
and [NOBr]0 = 1.0 M in a fixed volume container, what will 
be the equilibrium concentration of all reactants and 
products? 

 Reaction  2 NO(g)     +     Br2(g)             2 NOBr(g) 

Start 5.0 M 4.0 M 1.0 M 

Assume Complete 
Reaction 

New Initial 

Change 

Equilibrium 



Equilibrium and Dalton’s Law 
n  Consider the reaction:  

2 SO3(g)         2 SO2(g)  +  O2(g)  

n  If a 3.0-L flask is filled with SO3 gas at a pressure of 
0.95 atm at 200 K, the total pressure in the flask at 
equilibrium is found to be 1.20 atm. 

n  What is KP for this reaction?  

Reaction   2 SO3(g)         2 SO2(g)  +    O2(g) 

Initial 

Change 

Equilibrium 



Calculating Equilibrium Concentrations:  
Reactants and products initially present 

n  Again consider the reaction of hydrogen and fluorine to 
make hydrogen fluoride. 

n  At 220 K, Kc= 5.0 for the reaction below.  If 1.0 mol of 
each reactant and product are mixed in a 500. mL flask,  
calculate [H2]eq,  [I2]eq , and [HI]eq. 

Reaction      H2(g)    +      I2(g)          2 HI(g) 

Initial 

Change 

Equilibrium 



n  The reaction below has a K = 6.2 x 10-5 at 5000 K. 
  CO(g)  +  H2O(g)  ó  CO2(g)  +  H2(g) 

n  The initial pressures in a mixture are: 
n  PCO  = 3.0 atm 
n  PH2O = 1.0 atm 
n  PCO2 = 2.0 atm 
n  PH2  = 4.0 atm 

n  Calculate the equilibrium partial pressures of all 
species. 

Calculating Equilibrium Concentrations:  
Reactants and products initially present 



Le Châtelier’s Principle 

When a chemical system at equilibrium 
is subjected to a stress, the system will 
shift to achieve a new equilibrium 
condition that reduces that stress. 

If a concentration increases, the system reacts to consume some of it. 

If a concentration decreases, the system reacts to produce some of it. 



Le Châtelier’s Principle 

Changes in Concentration 
 
•  If a concentration increases, the 

system reacts to consume some of it. 
•  If a concentration decreases, the 

system reacts to produce some of it. 

•  Example: 

N2 (g) + 3H2 (g)          2NH3 (g) 

Add 
NH3 

Equilibrium 
shifts left to 
offset stress 



Table 17.3   The Effect of Added Cl2 on the PCl3-Cl2-PCl5 System 

Concentration (M) PCl3(g)         +       Cl2(g)                 PCl5(g) 

Disturbance 

Original equilibrium 0.200 0.125 0.600 

+0.075 



Figure 17.7	
 The effect of added Cl2 on the PCl3-Cl2-PCl5 system. 

PCl3(g)         +       Cl2(g)                 PCl5(g) 



Table 17.3   The Effect of Added Cl2 on the PCl3-Cl2-PCl5 System 

Concentration (M) PCl3(g)         +       Cl2(g)                 PCl5(g) 

Disturbance 

New initial 

Change 

New equilibrium 

*Experimentally determined value. 

Original equilibrium 0.200 0.125 0.600 

+0.075 

0.200 0.200 0.600 

-x -x +x 

0.200 - x 0.200 - x 0.600 + x 

(See Notes)* 



Le Châtelier’s Principle 

•  Changes in Concentration continued 

Change Shifts the Equilibrium 

Increase concentration of product(s) left 
Decrease concentration of product(s) right 

Decrease concentration of reactant(s) 
Increase concentration of reactant(s) right 

left 
14.5 

aA + bB           cC + dD  

Add Add Remove Remove 



Le Châtelier’s Principle 

•  Changes in Volume and Pressure 

A (g) + B (g)           C (g) 

Change Shifts the Equilibrium 

Increase pressure  Side with fewest moles of gas 
Decrease pressure Side with most moles of gas 

Decrease volume 
Increase volume Side with most moles of gas 

Side with fewest moles of gas 

14.5 



Figure 17.8	
 The effect of pressure (volume) on an equilibrium system. 

+

lower P	

(by increasing  V)	


Shifts to side with more 
moles of gas 

higher P	

(by decreasing  V)	


Shifts to side with 
fewer moles of gas 



The Effect of a Change in Temperature on an Equilibrium 

Only temperature changes can alter K. 

Consider heat as a product or a reactant. 

In an exothermic reaction, heat can be thought of as a product. 
In an endothermic reaction, heat can be thought of a reactant. 

• A temperature rise will increase Kc for a system with a positive ΔH0
rxn. 

• A temperature rise will decrease Kc for a system with a negative ΔH0
rxn. 

What will decreases in temperature do to Kc? 



Le Châtelier’s Principle 

•  Changes in Temperature 

Change Exothermic Rx 

Increase temperature  K decreases 
Decrease temperature K increases 

Endothermic Rx 

K increases 
K decreases 

14.5 
colder hotter 



Example:  The Effect of Added PCl5 on the PCl3-Cl2-PCl5 System 

Concentration (M) PCl3(g)         +       Cl2(g)                 PCl5(g) 

Disturbance 

New initial 

Change 

New equilibrium 

Original equilibrium 0.200 0.125 0.600 

+0.100 

Consider the system below that is initially at equilibrium, but is disturbed by 
adding additional product.  Calculate the new equilibrium concentrations. 



The van’t Hoff Equation 

The Effect of T on K  

Temperature Dependence 

R = universal gas constant     
    = 8.314 J/mol*K 

K1 is the equilibrium constant at T1 

ln 
k2 

k1 
=  - 

Ea 

R 

1 

T2 

1 

T1 
- ln 

P2 

P1 
=  - 

ΔHvap 

R 

1 

T2 

1 

T1 
- 

ln 
K2 

K1 
=  - 

ΔH0
rxn 

R 

1 

T2 

1 

T1 
- 

ln 
K2 

K1 
=  - 

ΔH0
rxn 

R 
1 
T2 

1 
T1 

- 



uncatalyzed catalyzed 

14.5 

Catalyst lowers Ea for both forward and reverse reactions. 

Catalyst does not change equilibrium constant or shift equilibrium. 

•  Adding a Catalyst 
•  does not change K 
•  does not shift the position of an equilibrium system 
•  system will reach equilibrium sooner 

Le Châtelier’s Principle 



Chemistry In Action 

Life at High Altitudes and Hemoglobin Production 

Kc =  
[HbO2] 
[Hb][O2] 

Hb (aq) + O2 (aq)           HbO2 (aq) 


