
Unit 9:  Equilibrium

Introduction

Equilibrium is a state of balance where the opposing forces are in balance.  A tightrope walker carefully shifts the weight of his pole to maintain his balance on the thin wire he must walk.  In chemistry, an equilibrium is balanced between two reactions: one is pushing towards products and the other is pulling back to starting materials. 

Equilibrium.

All reactions have mirror image reactions, where the products become the reactants and visa versa.  For example, the electrolysis of water forms hydrogen and oxygen, and the combustion of hydrogen gives water: 2 H2 + O2 ➔  2 H2O &  2 H2O ➔ 2 H2 + O2.  The graph of these equations shows that their energy change is opposite as well. 
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Most of the time the endothermic reaction is too difficult for the reverse reaction to happen without a large input of energy, like the electricity needed to decompose water, and by removing the reactants so that the exothermic reaction cannot happen.  But there are many chemical systems where both reactions are occurring in the mixture at the same time.  These systems are in equilibrium with a forward reaction being the conventional reaction with reactants on the left, and a reverse reaction which is the reverse, mirror-image reaction.  

A chemical equilibrium is a system with the rate of the forward reaction equal to the rate of the reverse reaction.  A mixture at equilibrium is in a state of balance with the concentrations of the reactants and products being constant, though usually not equal, because of the equal rates of change for the forward and reverse reactions.  Any system at equilibrium has these three qualities: 1) the rates of the forward and reverse reactions are equal, 2) the concentrations of products and reactants are equal (but rarely equal), and 3) both the forward and reverse reactions continue to take place.  When a chemical equilibrium is established, it is called a dynamic equilibrium because reactions continue to change the individual components of the mixture, but the concentrations or amounts of substance remains constant.

A balanced chemical equation shows that a reaction is in equilibrium by using double arrows, ⇄ (sometimes ↔), rather than the traditional forward arrow, ➔; for example,  

2NO + O2 ⇄ 2NO2 .  The forward reaction is the reaction with the reactants on the left, like normal reactions (2NO + O2 → 2NO2), and the reverse reaction is the reaction going backwards with the reactants on the right (2NO + O2 ← 2NO2).

It’s All in the Same Pot
The equilibrium equations that are shown and discussed in this unit separate the substances into reactants and products.  But an equilibrium, in fact nearly all reactions, takes place so that all the components are in the same reaction vessel or container.  When the temperature or the pressure or any other factor changes, the change is to the reaction solution and can affect any or all of the substances in the chemical equation.  
Equal Rates of Reaction

The key to an equilibrium is to have a system where the reaction rates are equal.  This occurs because the forward reaction depletes the concentration of reactants, which slows the reaction rate of the forward reaction (recall that the rate of a reaction increases with increasing concentrations and decreases with decreasing concentrations).  Meanwhile, the reaction rate of the reverse reaction increases as the concentration of the products increases.  

At some point the concentrations of the reactants and the products will reach a level where the forward rate and the reverse rate are equal.  However, the concentration of the reactants and products do not have to be equal.  
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Stressing an Equilibrium and Shifting the Equilibrium

When a system is at equilibrium the concentrations of reactants and products are equal, but the system can be stressed by adding and changing the system, by adding reactants, products, pressure, heat energy, or by removing any of these.  When an equilibrium system is stressed, or changed, the reaction rate of either the forward or reverse reaction changes and the system begins the equilibrium process again.  If more reactants are added then the forward reaction will increase and more products will be created.  We say the reaction has shifted to the products, or to the right.  When more products are added to a mixture at equilibrium the reverse reaction rate increases so more reactants are created. We say the reaction has shifted to the reactants or to the left.  
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When a reactant is added to an equilibrium the stress causes the equilibrium to shift to the products or to the right.

When a product is added to an equilibrium the stress causes the equilibrium to shift to the reactants or to the left.

When the temperature increases in an equilibrium mixture then the reaction rate of the endothermic reaction increases more than the exothermic reaction (the reason for this is beyond the scope of this text).  A balanced chemical equation can indicate that the forward reaction is exothermic by adding the term “+ heat” to the products or by showing the enthalpy of reaction, ∆Hrxn, which will be negative for an exothermic reaction.  For an endothermic reaction the “+ heat” term is in the reactants or the enthalpy of reaction, ∆Hrxn, is positive. 

Example. 
Exothermic:  
  2NO2  ⇄  N2O4  +  heat    ∆Hrxn = –120 kJ/mol


         Endothermic:   heat + 2PH3 + 4O2 ⇄ 3H2O + P2O5     ∆Hrxn = 120 kJ/mol

So adding heat or increasing the temperature to the first example, 2NO2  ⇄  N2O4  +  heat, will shift the reaction to the reactants, because the endothermic reverse reaction increases its rate more than the forward exothermic reaction.  In the second example, 

heat + 2 PH3 + 4 O2 ⇄ 3 H2O + P2O5, an increase in temperature will shift the reaction to the products. 

Pressure

Increasing or decreasing pressure in a gas mixture can be accomplished by adding or removing moles of either reactants or products. The shift in the equilibrium is the same as if the concentration increases the products or reactants.  The pressure can also be changed by changing the volume of the container holding both the reactants and products.  For the pressure of a gas mixture at equilibrium to be increased then the volume is decreased, which increases the concentration of all the gases present (since concentration is n/V, if the denominator, V, decreases then the fraction, n/V, is a larger).  Likewise, a decrease in pressure by increasing the volume will cause the concentration of all gases to decrease.  

If all the concentrations change then both forward and backward reactions will increase or decrease in the same way.  But the side of the equilibrium with the greatest sum of coefficients OF GASES will have the greatest change in concentration and the largest increase in rate.  Thus, when the pressure increases the equilibrium shifts to the side of the reaction with the fewest moles of gas as indicated by the coefficients of the balanced equation.  For example, for the reaction 2NO2 (g) ⇄ N2O4 (g), an increase in pressure (caused by a decrease in volume) will shift the equilibrium to the product, N2O4, or to the right.   For the decomposition reaction of solid ammonium chloride to make gaseous ammonia and hydrochloric acid , 

NH4Cl (s) ⇄ NH3(g) + HCl(g), the increase in pressure would shift the equilibrium to the left or towards the reactants.   In this equation, NH4Cl is a solid so it is not affected by pressure.  

Another way to affect pressure is to add an inert gas like helium, argon, xenon, even nitrogen, which are gases that do not react with either the reactants or the products.  But when the pressure is increased with a gas that doesn’t react, the moles of the reactant and product stay the same and the volume of the container stays the same. So there is no change. The reaction rate of either the forward or reverse reactions, and the equilibrium is unchanged. 

Solids and Liquids in an Equilibrium
Shifts in equilibrium are caused by changes in reaction rates after equilibrium has been established by the change in concentration, pressure, or heat.  But a pure solid, like undissolved carbon, or pure liquid, like undissolved chloroform, will not have a concentration.  Consequently for equilibriums like NH4Cl (s) ⇄ NH3(g) + HCl(g) will be unchanged if more solid NH4Cl is added or if it is removed.

Furthermore, in a water solution, or aqueous solution, there is no concentration of water.  Water is usually in such great amounts in the mixture that the addition of water will not affect the number of interactions between water and the other components of a mixture.  For this reason changes in water concentration, [H2O], do not affect equilibria. For example, the dissociation of the weak acid, acetic acid, H2O + HCH3COO ⇄ H3O+ + CH3COO–, does not shift with the addition or removal of water in an aqueous solution (but it would matter in a gaseous equilibrium). 
Catalyst

A catalyst is a substance that increases the rate of reaction by changing the pathway for the reaction.  When this is graphed to show the activation energy (the energy needed to start a reaction) the catalytic process appears as a “tunnel” from the reactants to the products.  Since an equilibrium is both the forward and reverse reaction the “tunnel” remains open for the products to form the reactants.  Thus, a catalyst speeds up both reactions proportionately and the equilibrium remains unchanged.  
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Le Châtelier’s Principle

The shift in equilibrium is remarkably similar for the changes in concentration, pressure, and temperature.  So while understanding how these factors change in reaction rates in different ways and lead to a shift in equilibrium, it is possible to develop simple rules to determine which way an equilibrium will shift.  In 1884, Henri Le Châtelier stated his principle that explained how an equilibrium behaves with a change to the concentration, pressure, volume, or temperature of a system:  an equilibrium that is stressed will respond by shifting the concentrations to minimize the stress to the system.  In practice Le Châtelier’s Principle can be paraphrased to:  an increase in a factor on one side of the equilibrium shifts the equilibrium to the other side and decreasing a factor shifts the equilibrium towards the side of the decrease. This is because sometimes changes have no effect on an equilibrium.  

Remember that Le Châtelier’s Principle is a shortcut, an understanding of the changes in the reaction rate caused by changes in the concentration, pressure, or temperature leads to the same conclusions and provides a more accurate picture of an equilibrium.

State of Matter and Balanced Equations

As a reminder, in a balanced equation the coefficient is the number in front of the chemical formula, and the small number below a chemical symbol is called the subscript.  The state of matter of a substance is important when determining the shift in the equilibrium, because pressure only affects compounds and elements that are gases.  To indicate the state of matter for a substance in a balanced equation a set of parenthetical labels are used:  (s) for solid, (l) for liquid, (g) for gas, and (aq) for aqueous solution, which means the substance is dissolved in water.   For example, the equation  2 HCl (aq) + Hg (l) ➔ H2 (g) + HgCl2 (s), the 2 with HCl is a coefficient and the 2 with H2 is a subscript.  HCl is in a water solution; Hg, mercury, is a liquid element; H2, hydrogen gas a diatomic molecule, is a gas; and mercury (II) chloride, HgCl2, is a solid. 

Using Le Châtelier’s Principle

In the examples below, Le Châtelier’s Principle causes the equilibrium to shift away from the side of the added concentration, pressure, or heat.  If one of these factors is removed the equilibrium shifts towards the side where the substance or energy is removed.  Exothermic reactions produce heat so an increase in temperature shifts the equilibrium away from the product, while endothermic reactions have heat as a reactant and increased temperature shifts the reaction towards the products.  For systems that have gases, the highest pressure at equilibrium is the side with the largest sum of coefficients for compounds that are gases (ignore substances that are labeled liquids, solids, and aqueous solutions), so added pressure shifts the equilibrium away from this side. 

Example 1.  

For each change listed below for the equilibrium N2 (g) + 3H2 (g) ⇄ 2NH3 (g) + heat , state the shift in equilibrium and the changes in concentration to the three substances (the forward reaction is exothermic).      

	Change
	Shift
	[N2]
	[H2]
	[NH3]

	Increase in H2
	shift to products

shift to the right
	decrease
	increase 

(increases less than the amount added)
	increase

	Increase in NH3 
	shift to reactants

shift to the left
	increase
	increase 
	increase 

(but there is less than was added)

	Decrease in N2 
	shift to reactants

shift to the left
	increase
	decrease 

(decreases less than the amount removed)
	decrease

	Increase in Temperature
	shift to reactants

shift to the left
	increase
	increase 
	decrease
(Temperature increase is not favored by an exothermic reaction)

	Increase in Pressure
	shift to products

shift to the right
	decrease
	decrease  
	increase

	Decrease in Pressure
	shift to reactants

shift to the left
	increase
	increase  
	decrease


Example 2.

For the equilibrium heat + CaCO3 (s) ⇄ CaO (s) + CO2 (g) determine the shift in the equilibrium for each of the changes listed below.  

Notice that the CaCO3 and CaO do not have [ ]’s because solids do not have concentrations. 

	Change
	Shift
	CaCO3
	CaO
	[CO2]

	Increase in Temperature
	shift to products

shift to the right
	decrease in mass
	increase in mass
	increase

	Decrease in CaCO3 
	no change to equilibrium
	decrease in mass  
	no change
	no change

	Increase in CaO
	no change to equilibrium
	no change
	increase in mass
	no change

	Increase in Pressure
	shift to reactants

shift to the left
	increase


	decrease
	decrease


Example 3.  For the equilibrium CO (g) + H2O (g) ⇄  CO2 (g) + H2 (g), determine the shift in the equilibrium for each change and give the changes in concentration for each molecule. 

	Change
	Shift
	[CO]
	[H2O]
	[CO2]
	[H2]

	Removal of H2
	shift to products

shift to the right
	decrease
	decrease
	increase
	decrease 
(but less than removed)

	Addition of CO 
	shift to products

shift to the right
	increase (but less than added)
	decrease
	increase
	increase

	If the forward reaction is exothermic, then an Increase in Temperature
	shift to reactants to shift to the right
	increase  
	increase
	decrease
	decrease  

	Increase in Pressure
	no change (the coefficients of gas are equal on both sides of the equilibrium)
	no change
	no change
	no change
	no change


Equilibrium Constant Expression

Equilibrium solutions will have higher concentration products than reactants or a higher concentration of reactants than products.  Usually the equilibrium favors one side of the equilibrium over the other by quite a bit and it is only rarely that the concentration of the two will be equal or nearly equal.  An equilibrium constant expression, Keq, is a ratio of the concentrations of the products to the concentration of the reactants that provides a measure of  how far the equilibrium is on the product side or on the reactant side. For the equation 

aA + bB ⇄ cC + dD  the equilibrium constant expression is the ratio: Keq =  [C]c • [D]d     

    










[A]a • [B]b  

By plugging in the concentrations of the different substances the equilibrium constant, Keq can be calculated (the expression is the formula and the constant is the value).  If the equilibrium favors the products, then the numerator is large and Keq > 1 and if the equilibrium favors the reactants, then the denominator Keq < 1.  

Also, recall that changing amounts of pure solids, pure liquids, and water in water solutions did not shift the equilibrium and these substances do not have a concentration.  For this reason any of these types of matter are left out of an equilibrium constant. 

Example 1.  Write the equilibrium constant expression for  C (s) +  CO2 (g) ⇄ 2 CO (g).





Keq = Products   =      [CO]2            =   [CO]2   





         Reactants       [C] • [CO2]           [CO2]

The pure solid C, carbon, is removed from the equilibrium.  

The coefficient becomes an exponent.

Example 2.  Find the Keq for the equilibrium, N2 + 3H2 ⇄  2NH3 given the equilibrium concentrations at 400°C:   [N2] = 0.14 M   ;  [H2] = 3.5 M ; & [NH3] = 2.5 M.


    Variables
    |       Formula        |     Work (filled in formula)     |Answer & Units
 Keq = x

     Keq =   [NH3]2                Keq =   (2.5 M)2 


     603 
  [N2] = 0.14 M

  [N2]•[H2]3

    (0.14)•(0.42)3

no units for Keq
  [H2] = 0.42 M

[NH3] = 2.5 M   

This equilibrium favors the products because the Keq > 1.  If the equation was reversed 

2 NH3  ⇄  N2 + 3H2 then the value for Keq for the reversed equation would be 1/603 = 1.7X10–3.

Example 3.  The Keq for the weak acid, acetic acid, HCH3CO2, is 1.8 X 10-5 find the concentration of HCH3CO2 given [H3O+] = 1.3 X 10-3 M, [CH3CO2–] 1.3 X 10–3 M.  The equilibrium is:

HCH3CO2 + H2O ⇄ H3O+ + CH3CO2–  


    Variables
       |       Formula                     |     Work (filled in formula)          |Answer 
 Keq = 1.8 X 10–5
         Keq =   [H3O+]•[CH3CO–]     1.8X10–5 =   (1.3X10–3)• (1.3X10–3)   x= 0.094 M
[HCH3CO2] =   x

       [H2O]•[HCH3CO2]

                x


  [H3O+] = 1.3 X 10–3 M






        [HCH3CO2] = 0.94M
[CH3CO2–] = 1.3 X 10-3 M   

Pure liquids, pure solids, and water in water solutions do not have concentrations and are not included in the equilibrium constant, so water is removed from the equilibrium expression.

This equilibrium favors the reactants because the given Keq < 1.

Weak Acids and Keq
One of the most common uses of Keq is to compare the strengths of weak acids.  For the weak acid HF the equilibrium is HF ⇄ H+ + F– or HF + H2O ⇄ H3O+ + F–.  The weak acid that has the greatest concentration of H3O+, or H+, the stronger it will be.  Since the concentration of H3O+ is in the numerator, then the weak acid with a Keq that is larger and closer to 1 will be the stronger acid.  This comparison is so common that the Keq term is changed to Ka , and called the acid dissociation constant, but it is just the same a Keq.  In the table below the top acid is the strongest and the bottom acid is the weakest. 


Some Weak Acids and Their Ka’s

	Weak Acid
	Ka

	oxalic acid, H2C2O4 (first H)
	5.8 X 10–2

	sulfurous acid, H2SO3 
	1.4 X 10–2

	hydrofluoric acid, HF
	6.3 X 10–4

	acetic acid, HCH3CO2
	1.8 X 10–5

	carbonic acid, H2CO3 (first H)
	4.5 X 10–7

	hydrocyanic acid, HCN
	6.2 X 10-10

	boric acid, H3BO3
	5.4 X 10–10

	hydrogen carbonate ion


HCO3– 
	4.7 X 10–11 


Summary.

A reaction in equilibrium has equal rates of the forward reaction, where reactants change to products, and the reverse reaction, where products change back to reactants.  The concentration of the products and reactants does not have to be equal—usually they are not equal—but the concentrations of the reactants and products remain constant at equilibrium.  Moreover, since chemical equilibrium is dynamic, the forward and reverse reactions continue even after equilibrium is reached.  This causes the individual atoms, molecules, and ions to change from reactants to products and back, but the concentration of reactants and of products remains constant. 

Since the rate of a reaction is increased by increasing concentrations and decreased by decreasing concentrations, the equilibrium is shifted by changes to concentration of substances, to pressure of the gases involved in the equilibrium, and to changes in the temperature of the reaction.  If a change causes the reaction to increase the concentration of products and decrease the concentration of the reactants then we say that the equilibrium favors the products or that the equilibrium shifts to products or that the equilibrium shifts to the right. If a change increases the reactant concentration then the equilibrium favors reactants or is shifted to the reactants or is shifted to the left.  

Le Châtelier’s principle is a way of examining the effect of a change and stating the change in equilibrium.  If an addition of a substance increases the concentration of the reactants the equilibrium shifts to the products.  If the addition of a substance increases the concentration of the products then the reaction shifts to the reactants.  If a substance is removed from the reactants then the reaction shifts to the reactants and shifts to the products when products are removed.  When temperature increases, the reaction shifts to reactants for exothermic reactions and to products for endothermic reactions.  Also, Le Châtelier’s Principle states that for a reaction with gases, an increase in pressure shifts the reaction away from the side with the greatest number of gas particles in the balanced equation (if the number of gas particles is the same then there is no change in the equilibrium).  Finally, when a catalyst is used in an equilibrium reaction both forward and reverse reaction rates are increased, so that the equilibrium is unchanged.

Equilibrium reactions each have an equilibrium expression, which is a ratio of the concentration of the products divided by the concentration of the reactants: 

For the equation aA + bB ⇄ cC + dD  the equilibrium constant expression = Keq =  [C]c • [D]d
   










             [A]a • [B]b  

A value for Keq is determined by using the above generic expression and substituting in the concentration of the reactants and products and using the coefficients of the balanced equation as the exponents of each concentration. When Keq < 1 then the equilibrium is favors the reactants, because the reactants have the largest concentration, and when Keq > 1 then the equilibrium favors the products because their concentration is larger.  These values provide a comparison for equilibrium reactions including those of weak acids where the strongest weak acid has a larger Keq than the weaker acid. 

Chemical Equilibrium

9. Chemical equilibrium is a dynamic process at the molecular level. As a basis for understanding this concept:

a. Students know how to use LeChatelier’s principle to predict the effect of changes in concentration, temperature, and pressure.

b. Students know equilibrium is established when forward and reverse reaction rates are equal.

c.*Students know how to write and calculate an equilibrium constant expression for a reaction.

Starred standards are non-tested standards on the California Standards Test
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