Solubility Product Equilibria
I. The Solubility Product Constant, Ksp
A. We now turn our attention to equilibria involving aqueous solutions of ionic salts which are not very soluble in water.

B. When a saturated solution of a salt is prepared, a dynamic equilibrium is established between the dissociated ions and the insoluble solid at the bottom of the container.

C. In a saturated solution of barium sulfate, we have the equilibrium

BaSO4(s) 
	Kc
	=
	[Ba2+][SO42-]

	
	
	[BaSO4(s)]


1. The concentration of a solid is fixed by its density and remains constant no matter how much solid is added to the mixture.

Kc[BaSO4(s)] = [Ba2+][SO42-]

Ksp = [Ba2+][SO42-]

2. Ksp is called the solubility product constant.

D. The solubility product expression for a compound is the product of the concentrations of the ions produced in a saturated solution each raised to the power that corresponds to the number of ions in one formula unit of the compound (Solubility Product Principle).

CaF2(s) [image: image1.jpg]


 Ca2+(aq) + 2F-(aq)

Ksp = [Ca2+][F -]2
II. Relationship Between Solubility and Ksp 
A. If the solubility of a salt is known, its Ksp can be calculated.

Problem: The solubility of BaSO4 is 0.00246 g/L at 25oC.  Calculate the solubility product constant (Ksp) for BaSO4.

	molar solubility
	=
	2.46 x 10-3 g BaSO4
	x
	1mole BaSO4
	=
	1.06 x 10-5 M

	
	
	L
	
	233 g BaSO4
	
	


	BaSO4 (s)
	
	Ba2+(aq)
	+
	SO42-(aq)
 

	1.06 x 10-5 M
	
	1.06 x 10-5 M
	 
	1.06 x 10-5 M


Ksp = [Ba2+][SO42-] = (1.06 x 10-5)(1.06 x 10-5)

Ksp = 1.12 x 10-10
B. Knowing the Ksp of a slightly soluble salt, the solubility can be calculated.

Problem: Calculate the molar solubility of Ag2CrO4 in water at 25oC.

Ksp = 2.4 x 10-12 .

Let S be the molar solubility of Ag2CrO4.

Ag2CrO4(s) [image: image2] 2Ag+(aq) + CrO42-(aq)

     S                      2S               S

Ksp = [Ag+]2[CrO42-] = (2S)2S

(2S)2S = 2.4 x 10-12
4S3 = 2.4 x 10-12
S3 = 0.60 x 10-12 = 6.0 x 10-13                     

S = 8.4 x 10-5M

	Compound
	Molar Solubility
	Ksp

	BaSO4
	1.06 x 10-5
	1.12 x 10-10

	Ag2CrO4
	8.4 x 10-5
	2.4 x 10-12


1. The molar solubility of Ag2CrO4 is greater than that of BaSO4.

2. Ksp for BaSO4 is greater than that of Ag2CrO4 because of the [Ag+]2 term.

III. The Common Ion Effect and Solubility
A. If one of the ions of a slightly soluble salt is added to a solution of the salt from another source, the solubility of the salt will decrease as Le Chatelier's Principle predicts.

Problem: What is the molar solubility of Ag2CrO4 in 0.10 M K2CrO4(aq)?

Let S be the molar solubility of Ag2CrO4.

	 
	Ag2CrO4(s)
	[image: image3]
	2Ag+(aq)
	+ CrO42-(aq)

	from Ag2CrO4(s)
	 
	 
	2S
	S

	from .10 M K2CrO4(aq)
	 
	 
	 
	0.10 M

	equil concentrations
	 
	 
	2S
	(0.10 M + S)


Assume we can neglect the addition of S to 0.10 M.

Ksp = [Ag+]2[CrO42-] = (2S)2(.10) = 2.4 x 10-12
4S2(.10) = 2.4 x 10-12
S2 =  2.4 x 10-12/4.0 x 10-1 = 6.0 x 10-12
S = 2.4 x 10-6 M

B. The molar solubility of Ag2CrO4 in pure water is 8.4 x 10-5 M.

C. The Salt Effect

1. Ions different from those involved in the solubility equilibrium (uncommon ions) can have some effect on the solubilities of sparingly soluble ionic compounds (salt effect).

2. The presence of uncommon ions tends to increase rather than decrease solubility.

3. As the total ionic concentration of a solution increases, interionic attractions become more important and the "effective concentrations" (at causing colligative properties such as freezing point depression) become smaller than the measured concentrations.

4. This causes the solubility to increase in order to make higher concentrations of ions in solution.

D. In each of the calculations performed so far, we have assumed that all of the dissolved solute appears in solution as separated cations and anions.

1. In many cases ion pairs are formed in solution.  MgF+ - in a saturated solution of MgF2
2. We will continue to assume that ionization is complete in these solutions.
 

IV. Precipitation Reactions
A. We define the ion product of a salt (Qsp) as the product of the concentrations of the dissolved ions each raised to the power that corresponds to the number of ions in one formula unit of the compound.

PbCl2(s) [image: image4] Pb2+(aq) + 2Cl-(aq)

Qsp = [Pb2+][Cl-]2
Qsp < Ksp unsaturated, no ppt. forms

Qsp = Ksp saturated, no ppt. forms

Qsp > Ksp supersaturated, ppt. forms

Problem: Will a precipitate of BaSO4 form if 100 mL of 0.0010 M sodium sulfate, Na2SO4 and 100 mL of 0.010 M barium chloride, BaCl2, solutions are mixed?

	no. moles Ba2+
	=
	0.010 mole
	x
	.100 L
	=
	0.0010 mole

	
	
	L
	
	
	
	


	no. moles SO42-
	=
	0.0010 mole
	x
	.100 L
	=
	0.00010 mole

	
	
	L
	
	
	
	


	[Ba2+]
	=
	0.0010 mole
	=
	5.0 x 10-3 M

	
	
	.200 L
	
	


	[SO42-]
	=
	0.00010 mole
	=
	5.0 x 10-4 M

	
	
	.200 L
	
	


Qsp = [Ba2+][SO42-] = (5.0 x 10-3)(5.0 x 10-4)

Qsp = 2.5 x 10-8
Ksp = 1.12 x 10-10
Qsp > Ksp A precipitate will form.

Problem: Suppose we wish to recover silver from an aqueous solution of silver nitrate, AgNO3, by precipitating silver ions as the insoluble compound silver chloride, AgCl.  What concentration of Cl- ions (from NaCl) is necessary to reduce the concentration of silver ions to 1.0 x 10-9 M?

AgCl(s) [image: image5] Ag+(aq) + Cl-(aq)

Ksp = [Ag+][Cl-] = 1.6 x 10-10
(1.0 x 10-9)[Cl-] = 1.6 x 10-10
	[Cl-]
	=
	1.6 x 10-10
	=
	.16 M

	
	
	1.0 x 10-9
	
	



V. Solubility and pH
A. If the ions derived from a slightly soluble solute are able to enter into acid-base reactions with H3O+ or OH-, the solubility of the solute will be affected by pH.

B. Consider Mg(OH)2, for example.

Mg(OH)2(s) [image: image6] Mg2+(aq) + 2OH-(aq)          Ksp = 1.8 x 10-11
 
1. Basic solutions depress the solubility of Mg(OH)2.

2. Acid solutions increase the solubility of Mg(OH)2.

OH-(aq) + H3O+(aq)  2H2O

Problem: Will Mg(OH)2 precipitate from a solution that is 0.010 M MgCl2 if the solution is also made 0.10 M NH3?

NH3 + H2O [image: image7] NH4+ + OH-          Kb = 1.74 x 10-5
If we let x = [NH4+] = [OH-] and [NH3] = (0.10 - x) = 0.10, we obtain

	Kb
	=
	[NH4+][OH-]
	=
	x2
	=
	1.74 x 10-5

	
	
	[NH3]
	
	.10
	
	


x2 = 1.74 x 10-5(.10) = 1.7 x 10-6
x = [OH-] = 1.3 x 10-3 M

[Mg2+] = 1.0 x 10-2 M

Qsp = [Mg2+][OH-]2  = (1.0 x 10-2)(1.3 x 10-3)2
Qsp = 1.7 x 10-8       Ksp = 1.8 x 10-11
Qsp > Ksp A precipitate will form.

VI. Fractional Precipitation
A. It is possible to separate certain ions by making use of Ksp values.

Problem: A solution containing 0.10 M Sn2+ and 0.10 M Zn2+ is saturated with H2S.  What values of the hydronium ion concentration will allow only one of these ions to be precipitated as its sulfide?

            SnS(s) [image: image8]Sn2+(aq) + S2-(aq)   Ksp = 1.0 x 10-25
            ZnS(s) [image: image9]Zn2+(aq) + S2-(aq)   Ksp = 1.0 x 10-21
Let's calculate for each salt the value of [S2-] that will make the ion product equal to Ksp.
            For Sn Ksp = [Sn2+][S2-] = 1.0 x 10-25
                              = (.10) [S2-] = 1.0 x 10-25
	[S2-]
	=
	1.0 x 10-25
	=
	1.0 x 10-24 M

	
	
	.10
	
	


For Zn Ksp= [Zn2+][S2-] = 1.0 x 10-21
(.10)[S2-] = 1.0 x 10-21
	[S2-]
	=
	1.0 x 10-21
	=
	1.0 x 10-20 M

	
	
	.10
	
	


If the [S2-] is greater than 1.0 x 10-24 M but less than or equal to 1.0 x 10-20 M, only SnS will precipitate.

In a saturated solution of H2S, we can control [S2-] with the [H3O+]. 

H2S + H2O [image: image10] H3O+ + HS-     Ka1 = 1.1 x 10-7
HS- + H2O [image: image11] H3O+ + S2-    Ka2   1.0 x 10-14
We multiply the expressions for Ka1 and Ka2 for H2S.

	Ka1 x Ka2 =  
	[H3O+][HS-]
	x
	[H3O+][S2-]
	=
	(1.1 x 10-7)(1.0 x 10-14)

	
	[H2S]
	
	[HS-]
	
	


	[H3O+]2[S2-]
	= 1.1 x 10-21

	[H2S]
	


[H2S] = 0.10 M in a saturated solution.

For the lower limit, [S2-] = 1.0 x 10-24 M 

	[H3O+]2(1.0 x 10-24)
	=
	1.1 x 10-21

	(0.10)
	
	


	[H3O+]2 =
	1.1 x 10-21(.10)
	=
	1.1 x 102

	
	(1.0 x 10-24)
	
	


[H3O+] = 10 M

SnS will precipitate as long as [H3O+] < 10 M

For the upper limit, [S2-] can’t exceed 1.0 x 10-20 M

	[H3O+]2(1.0 x 10-20)
	=
	1.1 x 10-21

	(0.10)
	
	

	[H3O+]2 =
	1.1 x 10-21(.10)
	=
	1.1 x 10-2

	
	(1.0 x 10-20)
	
	


[H3O+] = 1.0 x 10-1 M = 0.10 M

B. When [H3O+] is greater than or equal to .10 M and less than 10 M, SnS will precipitate but ZnS will not.

