CHM 212
Chapter 8
Activity and Systematic Treatment of Equilibria

The presence of ions in solutions influences the equilibrium

· e.g. in an inert salt is added to a saturated solution of a sparingly soluble salt, the solubility of the salt would increase

· How will the equilibrium be affected?

· We have to take the ionic strength of the solution into account when we consider the equilibrium

We previously defined the equilibrium constant for the chemical reaction 



aA  +  bB  (  cC  +  dD

as
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However, we should write the equilibrium constant in terms of the solute activity (A) instead of concentration
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The activity of a species is related to concentration by a factor called the activity coefficient (()


AA = (A[A]

· activity coefficient is a factor that corrects for deviation from ideal behavior, especially if other ions are present
· normalizes laboratory measurements to the thermodynamically determined equilibrium constant

· in the limit that ( = 1, AA = [A]    (i.e. as ((1, AA( [A])

· the activity coefficient of neutral molecules is always unity, i.e. ( = 1

Electrolytes play a significant role on the position of equilibria
· activity correction may be necessary in your calculations
· high electrolyte content causes significant deviation 

· at low electrolyte content, i.e. as it approaches zero, the ion product constant approaches the thermodynamic equilibrium constant
The magnitude of the electrolyte effect on the equilibrium depends heavily on the charges of the electrolyte

· if only neutral species, then the equilibrium position is essentially unchanged

· if ionic species are present, then the charges of the ions plays a significant role

· higher valent ions (e.g. (2, (3) causes more deviation than singly charged ions
To see these effects, we calculate the ionic strength of the solution

· the ionic strength (()

· the ionic strength (() is calculated as:
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· Ci is the concentration of ion i, zi is the charge on ion i
· higher charged ions contribute more because of z2
EXAMPLE: Calculate the ionic strength of (a) a 0.1 M solution of KNO3 and (b) a 0.10 M solution of Na2SO4.

(a) KNO3 ( K+ + NO3- strong electrolyte so all KNO3 is converted to ions, so

[K+] = [NO3-] = 0.10M
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(b) Na2SO4 ( 2Na+  +  SO42-
[Na+] = 2 x 0.10M = 0.20 M, [SO42-] = 1 x 0.10M 
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As can be seen above, the effective concentration is changed by the presence of ions, especially multiply charged ions

What about multiple electrolytes in a solution?

EXAMPLE: What is the ionic strength of a solution that is 0.05M in KNO3 and 0.1M in Na2SO4?

The electrolyte/salt effect as demonstrated in the above examples results from electrostatic attractive and repulsive forces between the ions of the electrolyte and ions involved in the equilibrium
· ions from the dissociated reactant are surrounded by a shield of solution that contains a slight excess of electrolyte ions of the opposite charge

· the result of this shielding effect is the decrease attraction of the dissociated ions for each other 
· e.g. if BaSO4 (sparingly soluble) is placed in a solution of sodium chloride (electrolyte), the Ba2+ ions become surrounded by excess Cl-, while SO42- becomes surrounded by Na+ ions

· Net result, Ba2+ is less attracted to SO42- because of shielding, so solubility increases 

Activity Coefficients:
Activity is used to account for the effect of electrolyte/ionic strength on the equilibrium

· it is essentially the effective concentration

AA = (A[A]

( is the dimensionless activity coefficient, [A] is molar concentration of A
· activity coefficient and activity varies with ionic strength

· substitution of AA for [A] corrects for ionic strength effects on the equilibrium

Consider the solubility of a precipitate, e.g. BaSO4

BaSO4  (  Ba2+ + SO42-
The thermodynamic solubility product is
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This is related to the concentration solubility product (Ksp’) as
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Remember, ( changes with ionic strength (()

Properties of Activity Coefficients:
(1) activity coefficient is a measure of how effective a species influences the equilibrium in which it is a participant

(2) in very dilute solutions ionic strength is minimal and activity coefficient approach unity, therefore activity is essentially the same as the molar concentration

(3) at higher ionic strength (( > 0.1M), the activity coefficient increases and sometimes exceeds unity

(4) In solutions that are not too concentrated, ( depends only on the ionic strength of the solution, not the nature of the electrolyte

(5) For a given ionic strength,  ( of an ion deviates more as the charge on the ions increase, i.e. higher valent ions cause greater deviation
(6) ( of a neutral molecule is unity (i.e. 1) regardless of ionic strength
(7) At any given ionic strength, ( of ions of the same charge are approximately equal – any variations are due to the diameter of the hydrated radius

(8) ( of a given ion at a given ionic strength influences all equilibria in which it participates to the same extent

The Debye-Hückel Equation:

Used to calculate ( of a particular ion

· based upon the ionic atmosphere

· the extended Debye-Hückel equation (EDHE) is:
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at 250C
zi is the charge on the ith ion, ( is activity coefficient, ( is the effective diameter of the hydrated radius in pm (10-12m) and ( is the ionic strength of the solution
· The constants 0.51 is specific to aqueous solutions at 250C
· ( at various values of ( can be found in Table 8-1 of Harris
When the ionic strength of the solution becomes very small (<0.01M) uncertainties in ( become insignificant and



1 + 
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 ≈ 1

in the limit of low concentration the EDHE can be simplified further to
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This equation is called the Debye-Hückel Limiting Law (DHLL) and can be used to calculate ( when ( < 0.01M

To simplify our lives, we often neglect activity coefficients and use molar concentrations

· often the errors introduced are minimal

· however, they can sometimes be large, especially at high ionic strength, e.g. when ( > 0.01M

· with dilute solutions (( < 0.01M) of nonelectrolyte and singly charged ions, errors are minimal

· Whenever ionic strength exceed 0.01M activity correction must be made

Example:

It should also be noted that the definition of pH should also include activity correction
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Systematic Treatment of Equilibria
The systematic approach can be used to solve any equilibrium problem regardless of its complexity

· sometimes multiple and competing equilibria exist within a system
Example: consider the solubility of a compound like AgBr

AgBr  ↔  Ag+  + Br-

Ksp =  5.0 x 10-13
Recall to solve for the solubility:


S = [Ag+] = 
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= 7.1 x 10-7 M

To enhance the solubility of this salt we can add NH3 to the solution

· NH3 forms two complexes with Ag+
· As Ag+ is produced due to the solubility, it will be removed by the complex formed, therefore driving the solubility further to the right

The equilibria are as follows:


AgBr  ↔  Ag+  +  Br-



Ksp

Ag+  +  NH3  
    ↔  Ag(NH3)+

Kf1


Ag(NH3)+  +  NH3 ↔   Ag(NH3)2+
Kf2
As you can see, complex formation affects solubility

· these two equilibria compete

· to solve this type of problem requires a more rigorous approach than we have been using, i.e. square rooting Ksp
pH effects on solubility

What if one of the ions produced is the conjugate acid/base to a weak acid/base?

The pH of a solution plays a significant role on solubility as well

· complex equilibria exists again

· requires a more rigorous approach

Consider the solubility of the salt CaC2O4
· in this case we know that the oxalate anion produced is the conjugate base of the weak acid oxalic acid
CaC2O4  ↔  Ca2+  +  C2O42-


Ksp

C2O42-  +  H2O   ↔  HC2O4-  +  OH-
Kb1
HC2O4-  +  H2O ↔  H2C2O4  +  OH-
Kb2
To solve these types of complex equilibria we need to use a systematic approach

· involves solution of a series of simultaneous equations

Three types of equations are needed:

(1) All pertinent equilibria, e.g. the Ksp, and/or Ka, Kb, Kw  expression, etc

(2) a mass balance equation (MBE): relates the equilibrium concentration of all species in the solution to one another and to the analytical concentrations

(3) a charge balance equation (CBE): relates all positive charges in the solution to the negative charges.  Remember, the solution has to be electrically neutral, so amount of positive charges  have to balance the amount of negative charges.  Place them on opposite sides with their appropriate coefficients

· sometimes the charge balance equation is the same as the mass balance equation

· in a buffered system, there is no charge balance expression, so you can ignore this expression

Once you have defined all of your equations, count the number of unknowns that you have to solve for and count the number of equations

· you should have the same number of equations as unknowns

· if you are missing an equation, most likely you forgot that working in an aqueous medium you always need to include the water dissociation equilibria (Kw) 

Try to make simplifying assumptions to make your life easier

· don’t be afraid to make the wrong assumptions

· after  you have completed your calculations, you are always to check the validity of your assumption

· if you assumption was bad, then you simply start again, by making another assumption

Writing Mass Balance and Charge Balance Equations:
Write the MBE expression for a saturated solution of the slightly soluble salt Ag3PO4 which produces PO43- and Ag+ when it dissolves.

- N.B. PO43- is the conjugate base of a weak acid



Ag3PO4  ↔  3Ag+  +  PO43-
(2) Write the charge balance expression for the above system

Using MBE and CBE to solve complex equilibria:

EXAMPLE: Calculate the molar solubility of calcium oxalate in a solution that has been buffered so that its pH is constant at 4.00

What if the above system was not buffered? How do we solve?
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