TOPIC 17 EQUILIBRIUM 

17. 1  The equilibrium law

E. I.: The position of the equilibrium can be quantified by the equilibrium law. The equilibrium constant for a particular reaction only depends on the temperature.
Nature of science: Employing quantitative reasoning—experimentally determined rate expressions for forward and backward reactions can be deduced directly from the stoichiometric equations and allow Le Châtelier’s principle to be applied. (1.8, 1.9)
	Understandings

· 17.1 U1 Le Châtelier’s principle for changes in concentration can be explained by the equilibrium law.

· 17.1 U2 The position of equilibrium corresponds to a maximum value of entropy and a minimum in the value of the Gibbs free energy.

· 17.1 U3 The Gibbs free energy change of a reaction and the equilibrium constant can both be used to measure the position of an equilibrium reaction and are related by the equation, ∆G = -RT lnK. 

	Application and skills

·   17.1 AS1 Solution of homogeneous equilibrium problems using the expression for Kc. 

·   17.1 AS2 Relationship between ∆G and the equilibrium constant. 

· 17.1 AS3 Calculations involving ∆G = -RT lnK.


The equilibrium law and Le Chatelier’s principle.
The equilibrium law which uses equilibrium concentrations allows us to provide mathematical evidence for Le Chatelier’s principle. We have already studied this in the SL component where the reaction quotient, Q, was also introduced as the ratio of non-equilibrium concentrations at any given time during the reaction. Then ….
· if Q < Kc  than the reaction proceeds towards the products so that the concentrations of products increase and the concentrations of reactants decrease as then the Q value increases to the Kc value; when the value of the value of the equilibrium law is equal to Kc than the equilibrium law is obeyed.
· if Q > Kc  than the reaction proceeds towards the reactants so that the concentrations of products decrease and the concentrations of reactants increase as then the Q value decreases to the Kc value which means the equilibrium law is obeyed.
· if Q = Kc  than the reaction is at equilibrium and no net reaction occurs and the reactant and product concentrations remain constant.
Calculating Kc or equilibrium concentrations when equilibrium concentrations and/or Kc are given.

1. A mixture of nitrogen and hydrogen was sealed into a steel vessel and held at 1000K until equilibrium was reached.  The contents were then analysed and the results are in the table below;   

	substance
	equilibrium concentration in mol/dm-3

	N2 (g)

H2 (g)

NH3 (g)
	0.142

1.84

1.36


(a) Write an expression for Kc for this reaction:        N2 (g)  +   3H2  (g)  (   2NH3  (g)  

(b) Calculate a value for Kc. Remember to give units. 

2. For the reaction                    S2 (g)  +   2H2  (g)  (   2H2S (g)

      Kc was found to be 9.4 x 105 mol-1 dm3 at 1020 K.   Equilibrium concentrations were measured as

      [H2(g)] = 0.234 mol dm-3 and [H2S (g) ] = 0.442 mol dm-3.

(a) Write an expression for Kc for this reaction.

(b) What is the equilibrium concentration of S2 (g) in the above mixture?

3.   At 460 (C, Kc is 85.0 for the reaction    SO2 (g)  +  NO2  (g)  (   NO (g)   +   SO3 (g)

      A mixture of these gases has the following concentrations of the reactants and products:

      [SO2] = 0.040 mol dm-3, [NO2] = 0.50 mol dm-3, [NO] = 0.30 mol dm-3, [SO3] = 0.02 mol dm-3.

      Is this system at equilibrium? If not, in which direction must the reaction proceed to reach equilibrium?

4. An equilibrium mixture of nitrogen, hydrogen and ammonia had the following concentrations: 0.1207 mol dm-3 H2, 0.0402 mol dm-3 N2, and 0.00272 mol dm-3 NH3.

(a)  Calculate Kc for the following reaction:                   N2 (g)  +   3H2  (g)  (   2NH3  (g)

       (b) If the concentration of NH3 was changed to 0.00123 mol dm-3, use the reaction quotient to predict 
             how the reaction responds to the change made.
(c) Does this response follow Le Chatelier’s principle?

5. Methanol can be produced from carbon monoxide and hydrogen according to the equation: 

                              CO (g)  +   2H2  (g)  (   CH3OH (g).  

      In a certain equilibrium mixture, [CO(g)] = 0.2 mol dm-3, [H2] = 0.1 mol dm-3, [CH3OH] = 2 mol dm-3.  

      What is the value of Kc for this reaction?

6. At a temperature of 500 (C the equilibrium constant, Kc, for the production of ammonia 

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

has a value of 6.0 x 10-2. If, in a particular reaction vessel at this temperature, there are 0.250 mol dm-3 of H2 and 0.050 mol dm-3 of NH3 present at equilibrium, what is the concentration of N2?  

Calculating Kc when [initial], one equilibrium concentration and the equation are given.
Method:

1. Tabulate the known initial and equilibrium concentrations of all species involved in the equilibrium.

2. For those species for which both the initial and equilibrium concentrations are known, calculate the change in concentration that occurs as the system reaches equilibrium.

3. Use the stoichiometry of the equation to calculate the changes in concentration for all the other species.

4. From the initial concentrations and the changes in concentration, calculate the equilibrium concentrations.  Calculate Kc.       

	Example:  

A mixture of 5.00 x 10-3 mol of H2 and 2.00 x 10-3 mol of I2 were placed in a 5.00 dm-3 container at 448 (C and allowed to come to equilibrium.  Analysis of the equilibrium shows that the concentration of HI is 1.87 x 10-3 mol dm-3.  Calculate Kc at 448C.

Answer:

1.  Tabulate the known initial and equilibrium concentrations of all species involved in the equilibrium.                                              

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

initial

1.00 x 10-3 mol dm-3
2.00 x 10-3 mol dm-3
0 mol dm-3
change

equilibrium

1.87 x 10-3 mol dm-3
2.   For those species for which both the initial and equilibrium concentrations are known, calculate the   

      change in concentration that occurs as the system reaches equilibrium.  

      That change is 1.87 x 10-3 mol dm-3 which is the change of [HI (g)].

3. Use the stoichiometry of the equation to calculate the changes in concentration for both reactants.

      The ratio of HI to the other two species, H2 (g) and I2 (g), is 2:1 so their change will be 

                       1.87 x 10-3 mol dm-3   / 2 = 0.935 x 10-3 mol dm-3
4.  From the initial concentrations and the changes in concentration, calculate the equilibrium 

      concentrations.  

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

initial

1.00 x 10-3 mol dm-3
2.00 x 10-3 mol dm-3
0 mol dm-3
change

-  0.935 x 10-3 mol dm-3
-   0.935 x 10-3 mol dm-3
+  1.87 x 10-3 mol dm-3
equilibrium

0.065 x 10-3 mol dm-3
1.065 x 10-3 mol dm-3
1.87 x 10-3 mol dm-3
5.  Calculate Kc.       

Kc =

[HI]2
=

1.87 x 10-3 mol dm-3
=   51.

[H2 (g)] [I2 (g)]

0.065 x 10-3 mol dm-3  x  1.065 x 10-3 mol dm-3



Exercises: 

1. Sulfur trioxide decomposes at high temperature in a sealed container: 

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

      Initially the vessel is charged at 1000 K with SO3 (g) at concentration of 6.99 x 10-3 mol dm-3.  At  

      equilibrium, the SO3 (g)  concentration is 2.44 x 10-3 mol dm-3.  

      Calculate the Kc value at 1000K. 

2. Brown NO2 gas and the colourless N2O4 gas exist in equilibrium:         2NO2   (    N2O4
      In an experiment, 0.625 mol of N2O4 was introduced into a 5.00 dm-3 vessel at a certain temperature.  

      The N2O4 gradually decomposes until it reached equilibrium with NO2.  At equilibrium, the concentration 

      of N2O4  was 0.075 mol dm-3.  What is Kc for this reaction at this temperature?

3. Calculate the equilibrium constant at 25 (C for the reaction

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

In one experiment, 2.00 moles of NOCl were placed in a 1.00 dm3 flask, and the concentration of NO after equilibrium was achieved was 0.66 mol dm-3.

4. 1.00 mole of Br2 is placed in a 1.00 dm-3 vessel and heated to 1756 K, a temperature at which the halogen molecules dissociate to Br atoms.

                                                                Br2 (g)  (    2Br (g)

      If 1% of Br2 (g) is dissociated at this temperature, calculate Kc.    

5. Equal numbers of moles of H2 (g) and I2 (g) are mixed in a closed flask and are heated to 700 (C.  The initial partial concentration of each gas is 0.70 mol dm-3 and 78.6 % of the I2 (g) has been consumed when the following reaction comes to equilibrium.

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

Calculate Kc. 

6. When 2.0 moles of HI (g) are placed in a 1.0 L flask at 25 (C and allowed to dissociate according to the equation 2HI (g)  (  H2 (g) +   I2 (g), it is found that 20 % of the HI has dissociated at equilibrium. 

      Calculate Kc.

7. A mixture of 1.374 g of H2 and 70.91 g of Br2 is heated in a 2.00 dm-3 vessel at 700 K.  These substances react as follows:

                                                                 H2 (g) +   Br2 (g)  (    2HBr (g)

At equilibrium, the vessel is found to contain 0.566g of H2.

(a) Calculate the equilibrium concentrations of H2, Br2 and HBr.

(b) Calculate Kc.   

8. A mixture of 0.100 mol of NO, 0.050 mol of H2, and 0.100 mol of H2O is placed in a 1.00 dm-3 vessel.  The following equilibrium is established:

                                                                                2NO  (g)  +   2H2  (g)  (   N2  (g) +   2H2O (g) 

      At equilibrium [NO] = 0.062 mol dm-3.

(a) Calculate the equilibrium concentrations of H2, N2 and H2O.

(b) Calculate Kc.   

9. 23.0 g (0.50 mol) of ethanol was reacted with 60.0 g (1.0 mol) of ethanoic acid and the reaction allowed to reach equilibrium at 373 K. 37.0 g (0.42 mol) of ethyl ethanoate was found to be present in the equilibrium mixture.   Calculate Kc.

Free energy, entropy and equilibrium

Theoretically any chemical reaction is reversible and therefore has a dynamic equilibrium including very spontaneous reactions. A chemical equilibrium can only happen if both the forward and reverse reaction occur at the same time and are both spontaneous. 

Linking this to Topic 15 which says that a reaction is spontaneous in the direction in which a decrease in Gibbs free energy is possible (Gibbs free energy is a measure that indicates the spontaneity of a reaction; it also indicates the amount of useful energy (work) that can be released during the reaction). 

This means that for both the forward and reverse reaction to be spontaneous – which is what happens in a chemical equilibrium – a decrease in Gibbs free energy must occur in both the forward and reverse reaction; Gibbs free energy decreases in both directions.  The free energy of the system decreases.
In the case of the forward reaction there must be a decrease in the free energy of the reactants whilst in the case of the reverse reaction a decrease in the free energy of the products. 
In a reaction in which the Gibbs free energy of the reactants is much greater than the Gibbs free energy of the products, the position of the equilibrium is more towards the products.  As the forward reaction proceeds towards the products, the value of (Gθ becomes less negative and therefore the forward reaction becomes less spontaneous. The same happens to the reverse reaction.  In both reactions the Gibbs free energy decreases and the (Gθ becomes less negative; the total Gibbs free energy of the reaction mixture decreases.

In a reversible reaction neither the forward nor the reverse reaction go to completion as both become non-spontaneous at some point; this is the point in both of the reactions where there cannot be a decrease of free energy anymore – each reaction (forward and reverse) has reached its minimum free energy and (Gθ =0 - see graph in figure 7.8 in textbook page 336.
Also at this point in the reaction, the free energy of the reactants and products are equal and the reaction does not progress anymore. The reaction is now at equilibrium. 
At equilibrium Gibbs free energy change,(Gθ, must also be zero for both the forward and reverse reaction as Gθproducts  = Gθ reactants and therefore (Gθ =  Gθproducts  - Gθ reactants = 0.
At equilibrium in a reversible reaction, both the forward and reverse reaction have:

· Released the maximum amount of free energy so the reaction mixture is at its minimum value of Gibbs free energy and (Gθ = 0;
· Released the maximum amount of free energy released (some of it as heat); this means that the reaction mixture is also at its maximum value of entropy. 
The difference in Gibbs free energy between reactants and products and the direction of that difference determines the position of equilibrium of the reaction and therefore the composition of the equilibrium mixture (i.e. more reactant or more product).
The table below summarizes the Gibbs free energy change and the equilibrium constant/reaction quotient are related and how they indicate the spontaneity of a reaction and the direction in which a reaction will proceed:

	(Gθ = negative. At the start of the reaction the reactants have more Gibbs free energy than the products.
	Forward reaction is more spontaneous (product-favoured reaction), reaction proceeds to the right and at equilibrium there will be a greater concentration of products than reactants – position of equilibrium is towards the products. Kc >1.

	(Gθ = positive. At the start of the reaction the products have more Gibbs free energy than the reactants.
	Reverse reaction is more spontaneous (reactant favoured reaction), reaction proceeds to the left and at equilibrium the concentration of reactants will be greater than the concentration of products – position of equilibrium is towards the reactant side. Kc <1.

	(Gθ = 0 – this is because the free energy of both reactants and products are equal so no free energy is available. 
	Reaction is at equilibrium. As ln K must be zero so K = 1.


In simpler terms, the more negative the Gibbs free energy change, the more spontaneous the forward reaction and the more the position of the equilibrium lies towards the product side, the greater the value of Kc.

This relationship can also be expressed mathematically in (Gθ = -RT ln K. The value of the equilibrium constant of a chemical reaction depends on the sign and value of the free energy change in the reaction.
When using this expression you usually need to convert the Gibbs free energy value into joules to cancel out the joules in the gas constant.

The more negative Gibbs free energy the more the equilibrium constant value is greater than 1.
The above expression also allows us to calculate the equilibrium constant of heterogeneous equilibrium systems as we cannot use the equilibrium law as it only applies to homogenous equilibrium systems.  

In the expression (Gθ = -RT ln K we can also substitute Q for K.

Sample calculation using (Gθ = -RT ln K 
Using the information below calculate the equilibrium constant at 298 K for the formation of ammonia.

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

	(Hθf (kJ mol-1) 
	0
	0
	-46.2

	Sθ (J mol-1 K-1)
	192
	131
	193


Answer

· (Hθsystem =   ((a (Hθf  (products)) - ((b (Hθf  (reactants) ) = (2 x -46.2) – (0 + 0) = -92.4 kJ mol-1
· (Sθsystem =   ((a Sθ  (products)) - ((b Sθ  (reactants) ) = ((2 x 193) + (192 + 3 x 131)) = -199 J mol-1 K-1
· (Gθ = (Hθsystem -T(Sθsystem = -92400 J mol-1 K-1 – (298K x 199 J mol-1 K-1) = -33098 J mol-1 
· lnKc = - (Gθ/RT = - -33098 J mol-1 / 8.31 J mol-1 K-1 x 298K = 13.368
· K = e13.368 = 6.39 x 105
Exercises
1. Using the information below calculate the equilibrium constant at 298 K for the dissociation of dinitrogen 

    tretroxide. (A= 0.102)

                                                 N2O4 (g)  (   2NO2  (g)
	equilibrium
	N2 O4(g)
	NO2 (g)

	(Hθf (kJ mol-1) 
	+9.7
	+33.9

	Sθ (J mol-1 K-1)
	304
	240


2. Using the information below calculate the equilibrium constant at 298 K for the esterification between 

    ethanol and ethanoic acid. (A= 5.8)

                                     CH3COOH  +   C2H5OH    (   CH3COOC2H5   +    H2O  
	equilibrium
	CH3COOH
	C2H5OH
	CH3COOC2H5
	H2O

	(Hθf (kJ mol-1) 
	-487
	-278
	-481
	-286

	Sθ (J mol-1 K-1)
	160
	161
	259
	70


3. Using the information below calculate the equilibrium constant at 298 K for the reaction 

                     H+(aq)  +   OH- (aq)    (   H2O  . (A= 1.12 x 1014)

	equilibrium
	H+(aq)  
	OH- (aq)    
	H2O (l)

	(Hθf (kJ mol-1) 
	0
	-230.0
	-286.0

	Sθ (J mol-1 K-1)
	0*
	-10.9
	70.0


     (* all entropies of aqueous ions are relative to H+(aq) so negative values are possible) )
4. Using the information below calculate the equilibrium constant at 300 K for the oxidation of iron

                                             2 Fe(s)    +  1 ½  O2 (g)    (   Fe2O3  (s)                             (A= 2.6 x 10129)

     (Hθ =  -824.2 kJ mol-1        (Sθ =  - 270.5  J mol-1
5. The equilibrium constant for the reaction 2Fe3+(aq) + Hg22+(aq) (  2Fe2+ (aq) + 2Hg2+ (aq)  is 

Kc = 9.1 x 10-6 at 298K.
(a) What is (Gθ at this temperature?  (A= 2.9 x 104 J mol-1)

(b) Calculate (G when [Fe3+(aq)] = 0.20 mol dm-3,  [Hg22+(aq)] = 0.010mol dm-3,  [Fe2+(aq)] = 0.010 mol dm-3 and [Hg2+(aq)] = 0.025 mol dm-3. (A= 7.0 x 103 J mol-1)

(c) In which direction will the reaction proceed? (to the left)

6. Use the equilibrium constant to calculate (Gθ at 298 K for the following reaction: (A= +191 kJ)
              2HCl(g) )    (    H2(g) +   Cl2(g)           Kc = 3.89 x 10-34   at 298 K
7.   Use the data in the table below to find Kc at 298 K for the following reaction: 

                 NO(g)  +  ½ O2 (g)    (   H2O2         (A= 2.0 x 106)
	
	NO (g)
	O2 (g)
	NO2 (g)

	(Gθf  (kJ mol-1)
	86.60
	0.00
	51.00
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