
TOPIC 7:  EQUILIBRIUM 

7. 1  Dynamic equilibrium: its characteristics

E. I.: Many reactions are reversible. These reactions will reach a state of equilibrium when the rates of the forward and reverse reaction are equal. The position of the equilibrium can be controlled by changing the conditions.
Nature of science: 
Obtaining evidence for scientific theories – isotopic labelling and its use in defining equilibrium (1.8) 

Common language across different disciplines – the term dynamic equilibrium is used in other contexts, but not necessarily with the chemistry definition in mind (5.5)
	Understandings

· 7.1 U1 A state of equilibrium is reached in a closed system when the rates of the forward and reverse reactions are equal.
· 7.1 U2 The equilibrium law describes how the equilibrium constant (Kc) can be determined for a particular chemical reaction.
· 7.1 U3 The magnitude of the equilibrium constant indicates the extent of a reaction at equilibrium and is temperature dependent.
· 7.1 U4 The reaction quotient (Q) measures the relative amount of products and reactants present during a reaction at a particular point in time. Q is the equilibrium expression with non-equilibrium concentrations. The position of the equilibrium changes with changes in concentration, pressure, and temperature.
· 7.1 U5 A catalyst has no effect on the position of equilibrium or the equilibrium constant.

	Application and skills

· 7.1 AS1 The characteristics of chemical and physical systems in a state of equilibrium. 
· 7.1 AS2 Deduction of the equilibrium constant expression (Kc) from an equation for a homogeneous reaction.
· 7.1 AS3 Determination of the relationship between different equilibrium constants (Kc) for the same reaction at the same temperature.
· 7.1 AS4 Application of Le Châtelier’s principle to predict the qualitative effects of changes of temperature, pressure and concentration on the position of equilibrium and on the value of the equilibrium constant.


Characteristic of a dynamic equilibrium in a chemical or physical system
An example of a physical system in state of equilibrium: Br2 (l)  (  Br2 (g)

· A dynamic equilibrium is established when rate of forward reaction equals rate of reverse reaction (see graph (b)); 

· As a result of the first characteristic the concentrations of reactants and products become and remain constant as shown by the horizontal lines in graph (a) below:
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     of A and B do not change.  WHY?                          becomes equal to the rate of the forward reaction. 
· equilibrium can be reached from both directions: same equilibrium in terms of concentration of reactants and products is established (provided temperature remains the same) when either starting with the reactants only or when starting with products only.  See graphs below: in both graphs the final concentrations of all three chemicals should be the same. 
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     In (a) the equilibrium is approached beginning with ICl and Cl2  (reactants) in the ratio 1:1. 

     In (b) the equilibrium is approached beginning with ICl3 (product). In both graphs, the concentrations at  

     equilibrium are the same.

· Macroscopic properties remain constant e.g. concentration and/or colour remain the same, no more gas produced, etc; but two opposing micro-processes are going on simultaneously;

· The system needs to be closed; a closed system is a system which does not exchange any matter or energy with its surroundings;

Dynamic equilibrium can involve chemical changes (e.g. decomposition of calcium carbonate; dissolving of solutes) and physical changes (e.g. evaporation of bromine: rate of evaporation equals rate of condensation).
The time it takes for a reaction to achieve its equilibrium position is determined by the kinetics barrier of the reaction (= activation energy); this barrier might even prevent the attainment of an equilibrium.  This can be overcome by for instance increasing the temperature or adding a catalyst or both.
Position of equilibrium in homogenous systems

Equilibrium law
For most of our study we are only considering homogenous systems (a system in which all species, reactants and products, are in the same phase e.g. systems involving all gases or systems involving aqueous solutions).
In any reversible system that is allowed to reach an equilibrium (because it is a closed system), there are both reactant particles and product particles as both the forward and reverse reaction are taking place at the same time and at the same rate. 

The position of the equilibrium refers to the ratio of reactant particles to product particles at the time of equilibrium.  

To indicate this position more accurately and scientifically, chemists use a quantity called equilibrium constant.  The magnitude of the equilibrium constant indicates how far a reaction has gone to completion; it shows in which direction the equilibrium is or has moved. 

The equilibrium constant is specific to a given reaction but changes with temperature.  The equilibrium constant of a reaction can be determined using the equilibrium expression or equilibrium law for that reaction.

The equilibrium law states that if a reversible reaction (basically any reaction) reaches equilibrium than the product of the concentrations of its products over the product of the concentrations of the reactants has a constant value at a given temperature. The concentrations of the reactants and products need to be raised to the power as given by their coefficients in the balanced equation:

So the equilibrium law is determined from the stoichiometric equation. 

For a given reaction:

                                       aA (aq)   +    bB (aq)       (     cC (aq)   +     dD (aq)

	The equilibrium law or expression becomes:                  Kc =  
	[C]c  [D]d

	
	[A]a  [B]b 


The equilibrium law does not depend on the reaction mechanism (unlike the rate constant, k) or starting concentrations of either reactants or products. We can use the equilibrium law is to determine the:
· Kc value at equilibrium
· Ratio of concentrations of products over reactants at any other moment of time (=reaction quotient) when the system is not at equilibrium and to then determine in which direction the reaction will proceed
· Determine equilibrium concentrations (see topic 17)

The concentration values used to determine the equilibrium constant using the equilibrium law must be the concentrations at equilibrium!!! Kc can only be determined from concentration measured with a system at a state of equilibrium.
Kc tells how far a reaction has gone (the extent of a reaction) but does not tell us anything about how fast a reaction goes. 

Kc  is used when the species involved are in aqueous solutions and their concentrations are used.  However, we can also use concentrations for gases and therefore use the Kc.

Kc is only temperature dependent; if the temperature is changed the Kc can decrease or increase.
How does a Kc value indicate the position of equilibrium?
We should really accept that each reaction, including those going to a virtual completion and those seemingly not starting at all, are reversible and will therefore attain a position of equilibrium and have a K value.
· If Kc  (1  than  [products] exceed [reactants] at equilibrium. Products or forward reaction is favoured (position of equilibrium is towards the right); 

· if Kc (( 1 than reaction goes almost to a virtual completion;  the reverse process is minimal;  the larger Kc the more spontaneous the forward reaction and the less spontaneous the reverse reaction.
· If Kc (  1  than reactants exceed products at equilibrium;  small amount of reactant converted to product – (position of equilibrium is to the left).
· if Kc (( 1 than reaction hardly proceeds and does apparently not occur at all.
The unit of K depends on the equilibrium law but usually it is not included as we are only interested in the value of Kc.

Reaction quotient

The reaction quotient is the value obtained using the equilibrium law with concentrations at any given time (non-equilibrium concentrations) in a reversible reaction other than at equilibrium.  The reaction quotient allows us to decide which direction a reversible will proceed (to the product side or to the reactant side) to reach a state of equilibrium.

The reaction quotient, Q, also helps us to predict quantitatively the direction of the reaction:

· if Q < Kc  than the reaction proceeds towards the products.
· if Q > Kc  than the reaction proceeds towards the reactants.
· if Q = Kc  than the reaction is at equilibrium and no net reaction occurs.
Factors affecting equilibria

As chemists we are able to shift the position of an equilibrium in a reversible reaction to suit our purposes i.e. usually to produce more product; we can do this by changing conditions which favour either the forward reaction or the reverse reaction before a new equilibrium is reached and concentrations of reactants and products remain constant again.  

Favouring a forward or reverse reaction means that that reaction will suddenly occur at a rate higher than the opposite reaction but eventually (as the favoured reaction will slow down and opposite reaction will speed up)  the favoured reaction  and the opposite reaction catch up and then both reactions will go on at the same rate again/concentrations remain constant again but reactants and products will be at different concentrations than before the change in the condition.

If the forward reaction is favoured the concentration of the product will be greater and concentration of the reactants lower than before the change in condition.

To predict the qualitative effects of a change of a condition or external factor on the position of equilibrium in a reversible reaction, Le Chatelier’s Principle can be used.

Le Chatelier’s Principle

If a system at equilibrium is disturbed by a change in temperature, pressure, or the concentration of one of the components, the system will shift its equilibrium position either to the right/products or to the left/reactants so as to undo the effect of the change.

A shift to the right of the equilibrium position happens if the forward reaction is favoured; a shift to the left of the equilibrium position happens if the reverse reaction is favoured.

Change in concentration in one of the components after equilibrium has been established

Concentration can be changed by either adding or removing one of the reactants or products.

The table below shows the effect of a sudden concentration change i.e. doubling of the hydrogen concentration from 0.01 mol dm-3 to 0.02 mol dm-3, on the equilibrium position in the reaction between hydrogen and iodine as shown below:

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

	
	Initial equilibrium mixture concentrations (mol dm-3)
	Doubling of [H2 (g)] 
(mol dm-3)
	Final equilibrium mixture concentrations (mol dm-3)

	[HI(g)]
	0.07
	0.07
	0.076

	[H2 (g)]
	0.01
	0.02
	0.017

	[I2 (g)]
	0.01
	0.01
	0.007

	
	
	
	

	
	Kc   = 49
	Q = 24.5
	Kc  = 49


At equilibrium the Kc value is 49. When the concentration of hydrogen is doubled, as shown in the third column, the equilibrium law now produces a ratio value of 24.5  which is called Q, the reaction quotient, and is below the Kc value of 49.  This means the system is not at equilibrium anymore and the system will respond. 

In this example, after doubling the hydrogen concentration the value of reaction quotient Q is lower than the value of Kc. As a result, the equilibrium shifts to the right (the forward reaction is increased or favoured) to decrease the [reactant] and to increase [products] to increase the value of reaction quotient back to the value of the equilibrium constant at that temperature.

Le Chatelier’s principle helps us the predict qualitatively what happens to an equilibrium system when it is disturbed.
An increase in the concentration of a reactant favours the forward reaction and as a result it shifts the position of the equilibrium to the right or towards the products increasing their concentration. The same is achieved if product is removed and the concentration of the product decreases. 
An increase in the concentration of a product favours the reverse reaction and as a result it shifts the position of the equilibrium to the left or towards the reactants increasing their concentration. The same is achieved is reactant is removed and the concentration of the reactant decreases. 

Pressure

Pressure only affects the position of an equilibrium system that has a different number of gaseous molecules on the reactant side than on the product side.  Pressure has no effect on systems that have no gaseous molecules or which has an equal number of gaseous moles on both sides. 

If pressure is increased, the equilibrium shifts to the side with the fewest number of GASEOUS moles to reduce the pressure.  Increased pressure pushes the particles in the system closer together, this can be opposed by favouring the reaction which produces fewer particles reducing the pressure in the system. At the new equilibrium both reactions will go faster.

Decrease in pressure favours the reaction or the equilibrium shifts to the side with the larger number of GASEOUS moles. At the new equilibrium both reactions will go slower.

The pressure in a closed system can be changed by changing the volume of the reacting vessel or by adding an unreactive gas like helium to the reacting mixture – this increases the pressure as it adds more particles to the same volume. 

Catalyst

Catalyst does not affect the position of the equilibrium or the value of the equilibrium constant because catalysts speed up the rates of both forward and reverse reactions EQUALLY!!!; it lowers the activation energy of forward and reverse reaction equally.  Catalysts favour both forward and reverse reaction equally and therefore equilibrium does not shift.

Catalysts only shortens the time it takes for the system to reach its equilibrium as it lowers the activation energy with the same amount for both the reverse and the forward reaction.
Temperature

If temperature is increased the equilibrium shifts to the side which is endothermic; the endothermic reaction is favoured as it uses up the extra heat. 

This can decrease or increase the Kc. 

· If the forward reaction is endothermic than Kc increases as the yield of the product increases; 
· if the reverse reaction is endothermic  than Kc will decrease as the yield of product decreases.

Decrease in temperature favours the exothermic reaction as the system will release heat to replace the heat removed.

Equilibrium expression depends on the ratios and direction of the equation

For the reaction         H2 (g)   +    I2  (g)      (    2HI (g)
	the equilibrium expression becomes:                Kc  =
	  [HI]2

	
	[H2] [I2]


The above equilibrium constant will be referred to as Kc1.
The table below shows the equilibrium expressions and how the equilibrium constants relate to the original equilibrium constant Kc1 for the following variations of the same reaction at the same temperature:
	Reverse the equation:

 2HI (g)  (    H2 (g)   +    I2  (g)
	Kc2  =

  [H2] [I2]
    [HI]2

	Kc2  =

1
    Kc1


	Multiply the coefficients by 2: 
2H2 (g)   +    2I2  (g)   (    4HI (g)
	Kc3  =

  [HI]4
[H2]2[I2]2

	Kc3 = (Kc1)2

	Half the coefficients: 

½ H2 (g)   +   ½  I2  (g)  (  HI (g)
	Kc4  =

      [HI]
[H2]1/2  [I2]1/2

	Kc4 = (Kc1


When we add up to equations each with their own Kc value than the two equilibrium expressions are multiplied with each other and so are the each Kc values. 
Exercise:

At 25 (C the equilibrium constant Kc  is 1.7 x 104 for the reaction CO (g)  +  2H2  (g)  (   CH3OH (g).

What is the value of Kc at this temperature for the following reactions: 

      (a) CH3OH (g) ( CO (g)  +   2H2  (g)                                 (b) 2CO (g)  +   4H2  (g)  (   2CH3OH (g)

Application of equilibrium principle

Haber Process:   3H2 (g) +   N2  (g)   (  2NH3  (g)

Contact Process:   2SO2 (g)    +   O2  (g)      (    2SO3  (g)

In both processes the position of the chemical equilibrium is moved to the right by the same conditions.  

This is the case because in both reversible systems, the forward reaction is exothermic and produces fewer number of GASEOUS moles.

So the conditions needed are:  

· low temperatures; however, in reality they do not do the reaction at very low temperatures because, although it would give a high yield, it would be very slow – low reaction rate for both forward and reverse.

· high pressure; although the higher the pressure the higher the yield, the process is not carried out at the highest pressure because that would make the process too expensive (high operating costs) as vessel and pipes would need to be made a lot thicker to withstand very high pressures.  

· catalyst: Fe in the Haber Process and vanadium oxide in the Contact Process.  

In reality, the Haber process for instance is carried out at 450 (C and 250 atmospheres whilst in the Contact process the temperature is also 450 (C but a lower ‘higher’ pressure of 2 atm.
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