WHAT IS EQUILIBRIUM?

In a dynamic equilibrium chemicals are reacting rapidly at the molecular scale, while their concentrations remain constant on the macroscopic scale.  Many physical and chemical processes participate in dynamic equilibria.  For example:

· In a closed container gas molecules condense just as fast as liquid molecules evaporate

· A saturated solution involves a solid dissolving at the same rate as solute crystallizes

· In a weak electrolyte solution the ions recombine into molecules just as fast as other molecules dissociate into ions
In all of these chemical and physical processes the rate in one direction is exactly equal to the rate in the other direction.  It is important that, although reactions never stop in a dynamic equilibrium the overall concentrations remain constant.


Figure 1 shows that a chemical reaction has two well-defined regions in time, and these regions are studied and measured in very different ways.  When compounds are first mixed in a chemical reaction, they interact to form other compounds.  During the reaction process the concentrations of the reactants decrease and the concentrations of the products increase.  While the concentrations are changing, the reaction is studied using the principles of reaction kinetics.  At some point in time the concentrations of compounds in a dynamic equilibrium remain constant.  At this point the compounds are in a dynamic chemical equilibrium with each other, and they are studied and described using the concepts of chemical equilibrium.
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Figure 1.  The two regions of chemical reactions.  On the left, in the kinetic region, 


concentrations are changing with time.  On the right, in the equilibrium region, the 


concentrations, on a macroscopic or laboratory scale, no longer appear to change.
EQUILIBRIUM LAW AND THE EQUILIBRIUM CONSTANT


In a chemical reaction the actual concentrations of  the reactants and products, at equilibrium, are dependent on the initial concentrations of the reacting mixture.  When several experiments with different initial concentrations of reactants are performed, they result in equilibrium mixtures with different concentrations.  Although these mixtures may be different, they all obey the equilibrium law.  This law states that the equilibrium concentrations of all the products multiplied together, divided by the equilibrium concentrations of all the reactants multiplied together, will be equal to a number called the equilibrium constant, K.  The value of the equilibrium constant depends only on the specific reaction and the temperature of the reaction mixture when equilibrium is reached.


The upper-case K is reserved as the symbol for the equilibrium constant.  To describe the type of equilibrium constant a subscript is often used after the K.

 
Kc  - represents the equilibrium constant when concentration is expressed 


        in molarity units (moles/L)


Kp  - used when the partial pressures of gases represent the amounts of 


        reactants and products


Ksp - called the solubility product constant, used to represent the 

        equilibrium of a saturated solution of a soluble solid

Ka and Kb - used for the dissociation of weak acids and bases
These special forms of K will be discussed later.


The equilibrium law depends on the chemical equation for the reaction under study.  A general equilibrium reaction may be written as




aA   +    bB   ↔   pP   +  nN

and its equilibrium law will be written as 




        Kc  =    [P]p[N]n





         [A]a[B]b
The concentrations of all of the products multiplied together, divided by the concentrations of all of the reactants multiplied together is called the equilibrium law or the mass-action expression.  You can see from the law that the equilibrium concentrations are raised to a power equal to the coefficient in the balanced equation.
(1) Write the equilibrium law for each of the following chemical equations:

(a)  HF(aq)  +   H2O(l)  (   F-(aq)   +   H3O+(aq)


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

(c)  C2H4(g)  +  3O2(g)  (   2CO2(g)  +  2H2O(g)
THE MEANING OF K
The value of the equilibrium constant, K, indicates the extent to which reactants are converted into products in a chemical reaction.  (Note:  K has nothing to do with the rate of the reaction.)

· If the equilibrium constant is large, it indicates that the amount of products present at equilibrium is much greater than the amount of reactants.  A very large K, greater than 1010, for example, means that for all intents and purposes the reaction goes to completion.

· If K is very small, less than 10-10, very little product is formed and virtually no visible reaction occurs.

· If K equals 1, the equilibrium mixture contains approximately equal amounts of products and reactants.

These general ideas allow us to quickly estimate the composition of an equilibrium mixture.

In a spontaneous reaction products are formed when reactants are mixed, without any additional assistance.  Chemists generally define a spontaneous reaction as one with an equilibrium constant greater than 1.00.  A reaction with an equilibrium constant less than 1.00 is called a nonspontaneous reaction.  A reaction that is spontaneous in one direction is nonspontaneous in the other direction.

Some textbooks will use the symbol Kc for the equilibrium constant, while others use just K.  The Kc indicates that the constant was calculated using the equilibrium concentrations of the reactants and products.
(2) Which of the following reactions is spontaneous?  List the reactions in order 
     from the greatest extent of reaction to the lowest.

(a) H2(g)  +  I2(g)  ↔  2HI(g)



Kc = 49


(b) Br2(g)  +  Cl2(g) ↔ 2BrCl(g)



Kc = 6.9


(c) HF(aq)  +  H2O(l) ↔  F-(aq)  +  H3O+(aq)

Kc = 6.8 x 10-4


(d) 2H2(g)   +   O2(g) ↔  2H2O(g)



Kc = 9.1 x 1080

(e) 2N2O(g)  ↔ 2N2(g) +  O2(g)



Kc = 7.0 x 1034
A few other things to remember about the equilibrium expression:
· The equilibrium expression for a reaction is the reciprocal of that for the reaction written in reverse.
· When the balanced equation for a reaction is multiplied by a factor n,  the equilibrium expression for the new reaction is the original expression raised to the nth power.  Thus, Knew  =  (Koriginal)n.
· K values are customarily written without units. 
· For a particular reaction at a given temperature, the equilibrium constant always has the same value.  This is regardless of the initial concentrations of the reactants.

· The equilibrium concentrations of the reactants and products will not always be the same, but the equilibrium constant, which depends on the ratio of the concentrations, will always be the same.

THE REACTION QUOTIENT, Q
The equilibrium constant is the numerical value of the mass-action expression when the reaction is at equilibrium.  If the chemicals in the reaction are not in equilibrium, the numerical value of the mass-action expression is called the reaction quotient, Q.  Q has exactly the same form as the equilibrium law except that K has been replaced by Q.
· If Q does not change with time, the reaction is in a state of equilibrium and Q = K.  
· Measure concentrations at different times.  If Q does not change, system is at equilibrium.  K not known.

· If Q = K, the reaction is in a state of equilibrium. 
· If K is known from a previous experiment, calculating Q and finding that Q = K indicated system is at equilibrium.
· If Q < K, the reaction will move in the forward reaction (to the right) in order to reach equilibrium.   
· If Q is less than K, the numerator (concentration of products) must increase to bring Q up to K.  This is referred to as proceeding in the forward direction.
· If Q > K, the reaction will move in the reverse reaction (to the left) in order to reach equilibrium.

· If Q is greater than K, the denominator (concentration of reactants) must increase to bring Q down to K.  This is referred to as proceeding to the left.

The reaction quotient, Q, is defined as the number obtained by entering all of the required concentrations into the equilibrium law (mass-action expression) and calculating the result.

(3) Using the equilibrium constants and reactions below, determine whether or 
     not each of the following systems is in equilibrium.  If the system is not in    

     equilibrium, predict whether it will proceed in the forward or reverse direction.
(a) H2(g)  +  I2(g)  ↔  2HI(g)



Kc = 49


[H2] = 0.10M;  [I2] = 0.10M;  [HI] = 0.70

(b) Br2(g)  +  Cl2(g) ↔ 2BrCl(g)



Kc = 6.9


[Br2] = 0.10M;  [Cl2] = 0.20M;  [BrCl] = 0.45M

(c) HF(aq)  +  H2O(l) ↔  F-(aq)  +  H3O+(aq)

Kc = 6.8 x 10-4


[HF] = 0.20;  [F-] = 2.0x10-4M;  [H3O+] = 2.0x10-4M
(d) 2H2(g)   +   O2(g) ↔  2H2O(g)



Kc = 9.1 x 1080

[H2] = 3.0x10-30M;  [O2] = 2.2x10-24M;  [H2O] = 0.0180M
(e) 2N2O(g)  ↔ 2N2(g) +  O2(g)



Kc = 7.0 x 1034

[N2O] = 2.4x10-18M;  [N2] = 0.0360M;  [O2] = 0.0090M
THE EQUILIBRIUM CONSTANT IN TERMS OF

 PARTIAL PRESSURE - Kp
So far we have been discussing equilibria in terms of concentration.  Equilibria involving gases can also be described in terms of pressures.  The relationship between pressure and  concentration of a gas can be seen from the ideal gas equation:


PV = nRT        or         P = (n/V)RT  =  CRT  (C is concentration)

The symbol Kp represents the equilibrium constant in terms of partial pressures.

(4) For the reaction of gaseous sulfur with oxygen at high temperatures:


2S(g)  +  3O2(g) ↔  2SO3(g)
      When the system reaches equilibrium the partial pressures are measured as

      ps = 0.0035 atm;  pSO2 = 0.0050 atm;  pO2 = 0.0021 atm.  What is the value of    

      Kp under these conditions?
(5) With the known value of Kp  =  2.2 x 108 from Question (4), determine   
      whether each of the following systems is in equilibrium.  If a system is not at 

      equilibrium, determine in which direction the reaction will proceed.


System 1:        ps = 0.0112 atm;  pSO2 = 1.25 atm;  pO2 = 0.256 atm


System 2:
  ps = 0.212 atm;  pSO2 = 0.00677 atm;  pO2 = 0.122 atm

System 3:        ps = 0.0332 atm;  pSO2 = 0.123 atm;  pO2 = 0.00145 atm

THE RELATIONSHIP BETWEEN KC AND KP
The relationship between K and Kp for a particular reaction follows from the fact that for an ideal gas, C = P/RT.  For the general reaction




jA  +  kB  <->  mC  +  nD

the relationship between K and Kp is




Kp  =  K(RT)Δn

where Δn is the sum of the coefficients of the gaseous products minus the sum of the coefficients of the gaseous reactants.  This formula is included on the formula sheet for the AP exam and the derivation of the formula can be found in Zumdahl.
(6)  The value of Kc for the following reaction is 5.6x1012 at 290 K.  What is the 

       value of Kp?



2NO(g)  +   O2(g)  ↔  2NO2(g)
HOMOGENEOUS AND HETEROGENEOUS EQUILIBRIA

Homogeneous equilibria involve systems in which all reactants and products are the same phase (gases or solutions).

Heterogeneous equilibria involve systems in which more than one phase is present.

The position of a heterogeneous equilibrium does not depend on the amounts of pure solids or pure liquids present.  The fundamental reason for this is that the concentration of pure solids and pure liquids cannot change.
If pure solids or pure liquids are included in a reaction, their concentrations are not included in the equilibrium expression.

(7)  Write the expressions for Kc and Kp for the following processes:

a.  The decomposition of solid phosphorus pentachloride to liquid 

                phosphorus trichloride and chlorine gas.


b.  Deep blue solid copper(II) sulfate pentahydrate is heated to drive off 

                water vapor to form white solid copper(II) sulfate.

Solubility Equilibria

Ksp = solubility product constant 

Solubility refers to the amount of solute that dissolves in a given amount of water at a specific temperature.  Results in a saturated solution.

Sample 1.   Copper (I) bromide has a measured solubility of 2.0 x 10-4 M at 25 C.  Calculate its Ksp value.

Sample 2.   Calculate the Ksp for Bi2S3 which has a solubility of 1.0 x 10-15 M at 25 C.

Sample 3.   The Ksp for Cu(IO3)2 is 1.4 x 10-7  at 25C.  Calculate its solubility.

Common Ion Effect – How is solubility affected when the water contains an ion in common with the dissolving salt?

Sample 4.  Calculate the solubility of solid CaF2 in a 0.025 M NaF solution.  (Ksp of CaF2 = 4.0 x 10-11)

Precipitation and Qualitative Analysis

Ksp vs Q

K is called the solubility product constant.  It is calculated at equilibrium (saturated solution).   K = [+][-].

Q is called the ion product.  Q = [+][-].

If Q > Ksp precipitation occurs and will continue to occur until the concentrations are reduced to the point where they satisfy Ksp.

If Q < Ksp no precipitation occurs.

Sample 5.  A solution is prepared by adding 750.0 mL of 4.00x10​-3 M Ce(NO3)3 to 300.0 mL of 2.00x10-2 M KIO3.  Will Ce(IO3)3 precipitate? (Ksp of Ce(IO3)3 = 1.9x10-10)
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