AP Chemistry
Chapter 13

13.1 The Equilibrium Condition


During an equilibrium there is a lot of molecular action - often described as a dynamic situation.  Both forward and reverse reactions are taking place at the same time and the same rate.  The concentration of the reactants does not go to zero, and 100% of the possible product is not produced.

Chemical Equilibrium


-the state where the concentrations of the reactants and products remain constant with time


-a double arrow(
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) in the reaction equation is used for this type of reaction


-the length of the arrows is sometimes used to give information concerning the position of 




the equilibrium

Characteristics of a Chemical Equilibrium


-if the concentrations of the reactants and products of a given chemical reaction remain unchanged



when mixed, there are two possibilities: 



(1)  the system is at equilibrium



(b)  the forward and reverse reactions are so slow that the system moves toward 




equilibrium at a rate that cannot be detected


-generally the forward reaction in an equilibrium reaction begins very fast and the reverse 



reaction very slow - see figure 13.4 on page 612

Concept Questions:

1.  What is true about the initial rate of forward and reverse reactions in a system where only reactants are present?

___________________________________________________________________________________

2.  What is true about the rates of forward and reverse reactions at equilibrium?

____________________________________________________________________________________

3.  Why does equilibrium occur?

_____________________________________________________________________________________

4.  What are some of the factors that determine the equilibrium position of a reaction?

_____________________________________________________________________________________

13.2  The Equilibrium Constant

Guldberg and Waage - Law of Mass Action


-used to explain equilibrium conditions


-look at hypothetical balanced reaction equation:  j A + k B 
[image: image2.wmf]¬

®

¾

 i C + m D


-the equilibrium constant "K"  is found using the formula:
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-for the equilibrium constant the exponents are the coefficients in the balanced reaction equation

Special points concerning equilibrium constant equation:


-very much temperature dependent


-can be determined using only information from reaction equation - do not need to have any



experimental data


-if want to consider the reverse reaction, take the reciprocal of the original value of K

-when coefficients in the reaction equation are multiplied by a number, the value of K is



raised to that power


-if change values for the reactant and product concentrations, but the solution is still at 



equilibrium, there is no change in the value of K

-different concentrations are possible for the same constant K

-K is the ratio of the forward and reverse rate constants, rather than the rate

Sample Problems:

5.  Write the equation for the equilibrium constant for each of the following balanced reversible chemical reactions.

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


(b)  S​8(g) 
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 8 S(g)

(c)  Cl2O​7(g) + 8 H2(g) 
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 2 HCl(g) + 7 H2O(g)

6.  Nitrogen gas reacts with hydrogen gas to produce ammonia gas.  The reaction equation is:



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

At 400. C the equilibrium mixture contains 0.450 moles of nitrogen gas, 0.630 moles of hydrogen gas, and 0.240 moles of ammonia gas per liter.  Write the equation for the equilibrium constant and determine the value for K.

7.  (a)  Calculate the equilibrium constant for the following reaction at 25.0o C.



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

[H2] = 0.106 M;   [I2] = 0.0220 M;   [HI] = 1.29 M

(b)  Calculate the equilibrium concentration of HI if the equilibrium concentrations are:

[H2] = 0.810 M and [I2] = 0.035 M.

8.  Calculate the value for k for the reactions:

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


K = 

(b)   
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I2(g) 
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K =
(c)  8 HI(g) 
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 4 H2(g) + 4 I2(g)


K = 

13.3  Equilibrium Expressions Involving Pressures


-equilibria in gases can be described in terms of pressure


-use "C" to mean a concentration of moles per unit volume


-use the constant value KC

-the values for K and KC are the same (see equations bottom page 617)

-may use law of mass action and write expression in terms of pressures


-if use pressure values in equation get value KP​

-in most cases value for K and KP are not the same


-to convert from one to the other can use the equation:





[image: image15.wmf]K

 

=

 K(RT)

P

n

D




where 
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n

 = sum of product coefficients - sum of reactant coefficients




(for the gaseous reactants and products)



see page 619 and 620

Sample Problems:

9.  Calculate KP for the reaction:
CH3OH(g) 
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 CO(g) + 2 H2(g) if:
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13.4 Heterogeneous Equilibria


-so far, have only talked about homogeneous equilibria 



(all reactants and products have been gases)


-if have a solid or a liquid involved in the equilibrium, called a heterogeneous equilibria

-position of the heterogeneous equilibrium DOES NOT depend on the amounts of pure 



solids or liquids present


-solids and liquid values are NOT included in the equilibrium expression
Sample Problems:

10.  Write the K and KP expressions for the following equilibrium reactions:

(a)  P4(s) + 5 O2(g) 
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 P4O10(s)   

K = 



KP =
(b)  NH4NO3(s) 
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 N2O(g) + 2 H2O(g)
K = 



KP =

(c)  CO2(g) + NaOH(s) 
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 NaHCO3(s)
K =



KP = 

(d)  S8(s) + 8 O2(g) 
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 8 SO2(g)

K =



KP =
(e)  2 Fe(s) + 
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 O2 
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 Fe2O3(s)

K =



KP =

(f)  CO2(g) + MgO(s) 
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 MgCO3(s) 
K =



KP = 

(g)  C(s) + H2O(g) 
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 CO(g) + Br2(l) 
K = 



KP = 

11.  At a given temperature, K = 278  for the reaction:




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

In each of the equations below, the original equation has been altered.  Calculate the value for K for each reaction equation.  Assume the temperature for each is 278 K.
(a)  SO2(g) + 
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 O2(g) 
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  SO3(g)


K = 

(b)  4 SO2(g) + 2 O2(g) 
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 4 SO3(g)


K = 

(c)  2 SO3(g) 
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 2 SO2(g) + O​2(g)


K = 

(d)   SO3(g) 
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  SO2(g) + 
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 O​2(g)


K = 

12.  At 427o C in a 1.00 L flask the contents are 20.0 moles H2 gas, 18.0 moles CO2 gas, 12.0 moles of H2O vapor, and 5.90 moles of CO.  The gases are at equilibrium.  The equilibrium reaction equation is:




CO2(g) + H2(g) 
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 CO(g) + H2O(g)

Calculate the K for the equilibrium.

13.  An equilibrium mixture contains 0.60 g of solid carbon, carbon dioxide gas at a pressure of 2.90 atm, and carbon monoxide gas at a pressure of 2.60 atm.  The equilibrium reaction equation is:




C(s) + CO2(g) 
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 2 CO(g)

Calculate the KP for this reaction.

13.  Consider the equilibrium reaction equation:




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

At equilibrium, in a 3.00 liter container, contains 0.45 moles of PCl3 gas, 53.2 g of Cl2 gas, and 0.73 moles of PCl5 gas.  Calculate the equilibrium constant K for this equilibrium.'

14.  The equilibrium constant for the reaction below is K = 1.60




H2(g) + CO2(g) 
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 H2O(g) + CO(g)

Calculate the number of moles of each compound in the final equilibrium obtained from adding 1.00 mole of hydrogen gas and 1.00 moles of carbon dioxide gas together in a 5.00 liter container. 
15.  Ethanol and acetic acid react to form ethyl acetate and water in an equilibrium reaction.  The equilibrium reaction equation is:


   C2H5OH(l) + CH3COOH(l) 
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 CH3COOC2H5(l) + H2O(l)

When 1 mole of each reactant is allowed to react in a sealed tube, at equilibrium 1/3 mole of each of the two reactants remain.  Calculate the number of moles of each product, then calculate K for this equilibrium reaction.

13.5 Applications of the Equilibrium Constant


-read in the text book pages 622 and 623 concerning what happens to reaction systems as they



try to achieve equilibrium

Extent of the Reaction


-the larger the value for K the greater the extent of the forward reaction and the greater the 



concentration of the products relative to the concentration of the reactants


-the size of K and the time required to reach equilibrium are NOT directly related


-if K is greater than one, this indicates that the reaction has shifted mostly to products

Reaction Quotient - Q


-calculated using the law of mass action and the concentrations at any time or the initial



concentrations - value of Q calculated when not necessarily at equilibrium

-the calculated value for Q can give you an indication as to the direction of the equilibrium



reaction


-if Q = K then the reaction is at equilibrium


-if Q < K then the reaction equilibrium will shift to the right towards the formation of




more products


-if Q > K then the reaction equilibrium will shift to the left towards the formation of 




more reactants


-the terms shift to the right or shift to the left refer to a specific equilibrium reaction 


-must have a written equation before the left or right terms have any meaning

Sample Problems:

16.  For the equilibrium reaction equation below KP = 0.0900 at 25.0o C.  




H2O(g) + Cl2O(g) 
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 2 HOCl(g)

Calculate the value for Q and then determine if the system is at equilibrium or will the equilibrium shift left or right.

(a)  
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Equilibrium Shift:  __________

(b)  
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Equilibrium Shift:  __________

(c)  A 2.00 L flask contains 0.98 moles water vapor, 0.080 moles Cl2O, and 0.084 moles HOCl.










Q =










Equilibrium Shift:  __________

(d)  A 3.00 L flask contains 0.56 moles water vapor, 0.0010 moles Cl2O, and 0.25 moles HOCl.










Q =










Equilibrium Shift:  __________

17.  Predict the direction that the system will shift in order to reach equilibrium given:




H2(g) + I2(g) 
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2 HI(g)   
K = 710    (at 25.0o C)

(a) Q = 427






______________________________

(b)  Q = 1522






______________________________

(c)  [H2] = 0.81 M; [I2] = 0.44 M;  [HI] = 0.58 M

______________________________

(d)  [H2] = 0.078 M; [I2] = 0.033 M;  [HI] = 1.35 M

______________________________

(e)  H2] = 0.034 M; [I2] = 0.035 M;  [HI] = 1.50 M

______________________________
13.6  Solving Equilibrium Problems
Procedure:


1.  Write the balanced equation for the reaction.


2.  Write the equilibrium constant expression using the law of mass action


3.  List the initial conditions


4.  Calculate Q and determine the direction of the shift in the equilibrium.


5.  Define the change needed to reach equilibrium, and define the equilibrium concentrations



by applying the change to the initial conditions.


6.  Substitute the equilibrium concentrations into the equilibrium expression, and solve for



the unknown.


7.  Check your calculated equilibrium concentrations by making sure they give the correct



value for K.

Sample Problems:

18.  At 900o C KP = 1.04 atm for the equilibrium reaction:




CaCO3(s) 
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CaO(s) + CO​2(g)
At a low temperature dry ice (solid CO2), calcium oxide, and calcium carbonate are introduced into a 

50.0 L reaction chamber.  The temperature is increased to 900o C.  For the following mixtures, will the initial amount of solid calcium oxide increase, decrease, or remain the same as the system moves toward equilibrium.  Show the calculation of  QP for each mixture to justify your answer.

(a)  
655 g CaCO3; 95.0 g CaO;  58.4 g CO2
(b)
780 g CaCO3; 1.00 g CaO;  23.76 g CO2

(c)
0.140 g CaCO3; 5000 g CaO;  23.76 g CO2
(d)
715 g CaCO3; 813 g CaO;  4.82 g CO2  

19.  For the reaction:
N2O4(g) 
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2 NO2(g)   the KP = 0.25 atm at a certain temperature.  What are the equilibrium pressures of NO2(g) and N2O4(g) if the pressure of the pure NO2(g) is 0.050 atm.

13.7  Le Chatelier's Principle

If a change is imposed on a system at equilibrium, the position of the equilibrium will shift in a direction that tends to reduce the change.
Methods of Shifting the Equilibrium Include:


1.  change in temperature


2.  change in pressure


3.  volume of the container is changed


4.  the concentration of a reactant is changed


5.  the concentration of a product is changed

Changes which will NOT CAUSE a shift in the equilibrium:


1.   use of a catalyst  (will just cause equilibrium to be achieved in less time)


2.  addition of an inert gas

Effect of a Change in Concentration


if a reactant or product is added to a system at equilibrium, the system will shift away from the



added component.


if a reactant or product is removed from a system at equilibrium, the system will shift toward the



removed component

Effect of a Change in Pressure


Ways to Change Pressure


1.  add or remove a gaseous reactant or product



2.  add an inert gas (one not involved in the equilibrium reaction equation)




The addition of an inert gas increases the total pressure but has NO AFFECT on 




the concentrations or partial pressures of the reactants or products - thus no change




in the equilibrium.



3.  change the volume of the container


-if the volume is reduced, the equilibrium will shift to reduce its own volume


-if the volume is increased, the equilibrium will shift to increase its own volume

Effect of Temperature Change


-remember the value of the equilibrium constant changes with changes in temperature


-if reaction is exothermic and heat is added, the equilibrium will shift to the left


-if reaction is exothermic and heat is removed (cooled), the equilibrium will shift to the right


-if reaction is endothermic and heat is added, the equilibrium will shift to the right


-if reaction is endothermic and heat is removed, the equilibrium will shift to the left

Sample Problems:

20.  Answer the following questions concerning the equilibrium equation below:



4 NH3(g) + 5 O2(g) 
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4 NO(g) + 6 H2O(g)
H = - 905 kJ


Change

Equilibrium

Direction 
Effect

(a) 
add NO

Moles NH3

_______
______

(b)
add NO

Moles H2O

_______
______

(c)
Increase Pressure
Moles H2O

_______
______

(d)
Add heat

Moles H2O

_______
______

(e) 
Add catalyst

Moles NH3

_______
______

(f)
Increase Volume
Moles NH3

_______
______

(g)
Remove H​2O

Moles NO

_______
______

(h)
Add N2 gas

Moles O2

_______
______

21.  An important reaction in the commercial production of hydrogen gas is:



CO(g) + H​2O(g) 
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 H2(g) + CO2(g)

H negative

Use L (left), R (right), or NS ( no shift) if the following stresses are placed on the equilibrium.

____
(a) gaseous carbon dioxide is added


____
(b)  water vapor is added

____
(c)  pressure increased by adding helium gas

____
(d)  temperature increases

____
(e)  decrease in volume


22.  In which direction will the position of the equilibrium shift?



H​2(g) + I2(g) 
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 2 HI(g)

H positive

____
(a) H2(g) added




____
(b)  I​2(g) removed

____
(c)  HI(g) is removed




____
(d)  Argon gas is added

____
(e)  volume of container doubled


____
(f)  temperature increased

23.  Answer the following true-false questions

____
(a)  Equilibrium is reached when two opposing reactions occur at the same time and at the same 

rate.

____
(b)  It is not necessary to know the reaction mechanism to write a valid equilibrium constant


expression.

____
(c)  Addition of a catalyst increases the value of the equilibrium constant.

____
(d)  In an equilibrium reaction involving gases, the equilibrium can always be shifted by changing


the pressure.

____
(e)  In any equilibrium reaction the equilibrium can always be shifted by changing the 
temperature.

____
(f)  For an equilibrium reaction, the value of K can be determined knowing only the initial


concentrations of the reactants and the equilibrium concentration of one reactant or product.

____
(g)  If the equilibrium constant for a reaction is very high, this indicates that the concentration at


equilibrium of the reactants is high.

____
(h)  When the reactants and products are gases, pressures may be used when finding the 


equilibrium constant.
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