CHAPTER 16 – Solubility and Complex Equilibria
Topics to be covered:
· Solubility equilibria and solubility product constant, Ksp; 

· Determination of Ksp from solubility and vice versa;

· Factors that affect the solubility of slightly soluble salts;

· Solubility properties in qualitative and quantitative analyses of cations and anions; separation of ionic compounds based on their solubility using fractional precipitation.

· Complex ions and their equilibria; 

· Effect of complex ion formation on the solubility of a compound.

___________________________________________________________________________

Solubility Equilibria
16.1  Solubility Equilibria and the Solubility Product Constants
When a slightly soluble salt such as silver chloride, AgCl, is dissolved in water, a saturated is quickly obtained, because only a very small amount of the solid dissolves, while the rest remains undissolved. The following equilibrium between solid AgCl and the free ions occurs in solution:


     AgCl(s)  ⇄    Ag+(aq)  +  Cl-(aq);    

 Ksp =  [Ag+][Cl-]

Ksp is called the solubility product constant or just solubility product.  

General Expressions of Solubility Product Constant, Ksp

For solubility equilibrium:  MaXb(s)  ⇄   aMb+(aq)  +  bXa-(aq),






Ksp = [Mb+]a[Xa-]b
A.  For ionic equilibria of the type:  MX(s) ⇄   Mn+(aq) +  Xn-(aq);
  Ksp = [Mn+][Xn-] 

If the solubility of compounds is S mol/L,  Ksp = S2;  (  S = ((Ksp)

For example,  the solubility equilibrium for BaSO4 is   

BaSO4(s)  ⇄   Ba2+(aq) +  SO42-(aq);
Ksp = [Ba2+][SO42-] = 1.5 x 10-9
If the solubility of BaSO4 is S mol/L, a saturated solution of BaSO4 has 


[Ba2+] = [SO42-] = S mol/L,  Ksp = S2; and  S = ((Ksp) = ((1.5 x 10-9) = 3.9 x 10-5 mol/L

B.  For ionic equilibria of the type:  MX2(s) ⇄   M2+(aq) + 2X-(aq),    Ksp = [M2+][X-]2 ;

and for the type:   M2X(s)  ⇄   2 M+(aq)  +  X2-(aq); 
    Ksp = [M+]2[X2-]

For both types, if the solubility is  S mol/L,  Ksp = 4S3;  (  S =  (Ksp/4)1/3

For example,  CaF2(s)  ⇄   Ca2+(aq)  +  2F-(aq);
 Ksp = [Ca2+][F-]2 = 4.0 x 10-11
The solubility of calcium fluoride is  S = (Ksp/4)1/3 = (4.0 x 10-11/4)1/3 = 2.2 x 10-4 mol/L

C.  For solubility equilibria of the type:  MX3(s) ⇄   M3+(aq)  + 3X-(aq),    Ksp = [M3+][X-]3 

Or one of the type: M3X(s)  ⇄   3 M+(aq) + X3-(aq),

Ksp =  [M+]3[X3-]

If the solubility of the compound (MX3 or M3X) is  S mol/L,  Ksp =  27S4;  (  S = 
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For example, Ag3PO4(s)  ⇄   3Ag+(aq) + PO43-(aq);
Ksp = [Ag+]3[PO43-] = 1.8 x 10-18 

The solubility of silver phosphate is  

S = 
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  = 1.6 x 10-5 mol/L

D.  For solubility equilibria: M2X3(s)  ⇄   2M3+(aq) + 3X2-(aq),     Ksp = [M3+]2[X2-]3
OR, one of the type:  M3X2(s)  ⇄  3M2+(aq) +  2X3-(aq),

Ksp = [M2+]3[X3-]2

If the solubility of the compound M3X2 is S mol/L, then [M2+] = 3S, and [X3-] = 2S; 

Ksp = (3S)3(2S)2 = 108S5;  (  S =  
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For example,  Ca3(PO4)2(s)  ⇄   3Ca2+(aq) + 2PO43-(aq),


Ksp = [Ca2+]3[PO43-]2 = 1.3 x 10-32;  

 (  the solubility of Ca3(PO4)2 is  S =  
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  = 1.6 x 10-7 mol/L

Calculating Ksp from Solubility
1. 
Suppose the solubility of PbSO4 in water is 4.3 x 10-3 g/100 mL solution at 25 oC. What is the Ksp of PbSO4 at 25 oC?

Solution:



        


Solubility of PbSO4 in mol/L = 4.3 x 10-3 g  x    1000 mL/L   = 1.40 x 10-4 mol/L






100. mL          303.26 g/mol


That is, a saturated solution of  PbSO4, contains [Pb2+] = [SO42-] = 1.4 x 10-4 mol/L


For the equilibrium:  PbSO4(s)  ⇄   Pb2+(aq)  +  SO42-(aq);


Ksp = [Pb2+][SO42-] = S2 =  (1.4 x 10-4 mol/L)2 =  2.0 x 10-8 

Exercise-1
1.
If the solubility of MgF2 is 7.3 x 10-3 g/100 mL solution at 25oC, what is the Ksp of MgF2? 

2.
A saturated solution of calcium hydroxide has a pH = 12.17. Calculate the solubility of Ca(OH)2 and its Ksp at 25oC.

___________________________________________________________________________

Determining Solubility from Ksp
1. 
If the Ksp of Mg(OH)2 is 6.3 x 10-10 at 25 oC, what is its solubility at 25 oC (a) in mol/L, and (b) in g/100 mL solution at 25 oC?

 
(a)  Solubility equilibrium for Mg(OH)2 is: Mg(OH)2(s)  ⇄  Mg2+(aq) +  2 OH-(aq)






    Ksp = [Mg2+][OH-]2  =  4S3 = 6.3 x 10-10 

     
Solubility of Mg(OH)2: S = 
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(b)  Solubility in g/100 mL solution =  (5.4 x 10-4 mol/L)(58.32 g/mol)(0.1L/100 mL)






        =  3.1 x 10-3 g/100 mL solution.

Exercise-2
1.
The Ksp of PbI2 is 1.4 x 10-8. What is its solubility in grams per 100. mL of solution at 25oC?

2.
Calcium hydroxide, Ca(OH)2, has Ksp = 1.3 x 10-6. How many grams of Ca(OH)2 can be dissolved in 250-mL solution to make a saturated solution at 25oC?

___________________________________________________________________________

Relative Solubility from Ksp

For compounds whose formula yields the same number of ions, their Ksp value can be used to determine relative solubility. That is, larger Ksp implies greater solubility.

Common Ion Effect of Solubility


The presence of common ion decreases the solubility of a slightly soluble ionic compound. For example, in the following equilibrium


PbCl2(s)  ⇌   Pb2+(aq)  +  2 Cl-(aq)
If some NaCl is added to a saturated solution of PbCl2, the [Cl-] will increase, and according to Le Chateliler’s principle, the equilibrium will shift in the direction that tends to reduce [Cl-]. In this case, the equilibrium will shift left, to form more PbCl2 solid, hence decreasing the amount of PbCl2 that dissolves into solution.

Sample Problem-1:

The Ksp of BaSO4 is 1.5 x 10-9 at 25 oC. (a) What is its solubility in water at 25oC? (b) What is the solubility in 0.10 M Na2SO4 at 25 oC?


Solubility equilibrium for BaSO4:  BaSO4(s)  ⇄   Ba2+(aq) +  SO42-(aq);
  

Ksp = [Ba2+][SO42-] = S2 = 1.5 x 10-9

Solubility of BaSO4 in water is  S = ((Ksp) =  ( (1.1 x 10-10) =  3.9 x 10-5 mol/L


Let the solubility of BaSO4 in 0.10 M Na2SO4  be x mol/L


Then, the solution contains  [Ba2+] = x mol/L  and [SO42-] = (0.10 + x) mol/L



Ksp = [Ba2+][SO42-] =  (x)(0.10 + x)  =  1.5 x 10-9 


By approximation, since x << 0.10 M, (0.10 + x) ~ 0.10, and



Ksp = (x)(0.10 + x) ~ (x)(0.10) =  1.5 x 10-9;
(   x  =  1.5 x 10-8 mol/L

The Effect of pH on Solubility


pH affect the solubility of slightly soluble compounds containing anions that are conjugate bases of weak acids, such as F-, NO2-, OH-, SO32-, and PO43-, but not those containing anions which are conjugate bases of strong acids, such as SO42-, Cl-, Br-. For example, in a saturated solution of calcium fluoride, CaF2, the following equilibrium exists:



CaF2(s)  ⇄   Ca2+(aq)  +  2F-(aq)
When a strong acid is added to the saturated solution, the following reaction occurs:



H+(aq)  +  F-(aq)  (  HF(aq)
This reaction has the net effect of reducing the concentration of F- ions, which causes the equilibrium to shift to the right and resulting in more of CaF2 to dissolve.

Exercise-3
1.
Calculate the solubility of PbCl2 (Ksp = 1.6 x 10-5) and AgCl (Ksp = 1.6 x 10-10) in 0.010 M NaCl solution.

2.
What is the solubility of CuS (Ksp = 4 x 10-37) and ZnS (Ksp = 2 x 10-25), respectively, in solution buffered at pH = 8.00? (For H2S, Ka1 = 1 x 10-7; Ka2 = 1 x 10-19)

___________________________________________________________________________

Precipitation and Qualitative Analysis


For solubility equilibrium:  MaXb(s)  ⇌   aM+(aq)  +  bX-(aq),

We can express the ion product, Q, as follows:  Q = [M+]oa[X-]ob

Where [ ]o is the initial concentration of each ion in solution. 

For a given pair of ions pertaining to a slightly soluble compound, if:

· Q = Ksp; ( solution is saturated, but no precipitate is formed.

· Q > Ksp; ( solution is saturated and a precipitate is formed.

· Q < Ksp; ( solution is not saturated

Sample problem-2:

If 20.0 mL of 0.050 M Pb(NO3)2 is mixed with 30.0 mL of 0.10 M NaCl, will PbCl2 precipitate form?  Ksp of PbCl2 = 1.6 x 10-5.




    Pb2+(aq)  +   2Cl-(aq)  ⇄   PbCl2(s)

[  ] after mixing
  0.020 M      0.060 M




Qsp = [Pb2+][Cl-]2 = (0.020)(0.060)2 = 7.2 x 10-5 > Ksp 




Qsp > Ksp (  PbCl2 ppt will form.

Exercise-4:
1.
At what pH a solution containg 0.10 M Ca2+ ions will form a precipitate of Ca(OH)2? 

(Ksp = 1.3 x 10-6 at 25 oC for Ca(OH)2)

2.
Will Ag2SO4 precipitate if 30.0 mL of 0.050 M AgNO3 is added to 20.0 mL of 0.10 M of Na2SO4 solution?  Ksp = 1.2 x 10-5 for Ag2SO4 at 25oC.

_________________________________________________________________________

16.2  Precipitation and Qualitative Analysis

The presence of certain ions, such as Cl-, I-, SO42-, Ag+, etc. in water can be determined qualitatively and quantitatively by precipitation method.  Cl- and I- can be precipitated as AgCl and AgI, respectively, by adding AgNO3 solution.

Synthesis
Certain industrial chemicals, such as AgCl, AgBr, AgI, that are needed in photographic industries are prepared by precipitation. 


AgNO3(aq) + NaBr(aq)  (  AgBr(s)  +  NaNO3(aq)
Since the Ksp of these compounds are very small, the precipitation reaction practically goes to completion. The separation and purification processes are simple.

Selective Precipitation


Because of the different solubility of compounds, the separation of ions from a mixture of solution can be accomplished by selectively precipitation. This selective precipitation is carried out by adding the precipitating ion until the ion product, Q, of the more soluble compound is almost equal to its Ksp, but the Ksp of the less soluble compound is exceeded as much as possible. For example, because of the different solubility of CaSO4 (Ksp = 6.1 x 10-5), and BaSO4 (Ksp = 1.5 x 10-9), Ca2+ and Ba2+ can be separated from a solution by selectively precipitating BaSO4 using Na2SO4 or H2SO4 solution. 

Sample problem-3:


An aqueous solution contains Ca2+ and Ba2+ ions at concentrations 0.10 M and 0.010 M, respectively. What concentration of SO42- must be present so that the maximum amount of Ba2+ ion precipitates as BaSO4, but Ca2+ remains in solution ?  Ksp of CaSO4 = 6.1 x 10-5;  Ksp of BaSO4 = 1.5 x 10-9.

Exercise-5:

1.
How many grams of AgCl will precipitate out when 50.0 mL of 0.050 M AgNO3 is added to 50.0 mL of 0.10 M NaCl?  What is the concentration of Ag+ that remains in solution after the precipitation?  

Ksp = 1.6 x 10-10 at 25 oC for AgCl.

2.
A solution contains 0.10 M in Cl- and 0.010 M in I-.  At what concentration of Ag+ would (a) AgI begin to precipitate; (b) AgCl begins to precipitate? What is the concentration of I- when AgCl begins to precipitate? (Ksp[AgCl] = 1.6 x 10-10 and Ksp[AgI] = 1.5 x 10-16)

3.
Sea water contains Mg2+ at a concentration of about 0.015 M. Would precipitate of Mg(OH)2 form if a sample of sea water is added to a saturated solution of Ca(OH)2 ? What concentrion of Mg2+ is present when the solution is just saturated with Ca(OH)2 ? 


(Ksp = 1.3 x 10-6 for Ca(OH)2;  Ksp = 8.9 x 10-12.

(((((((((((((((((((((((((((((((((((((((((
Qualitative Analysis: Identifying Ions in Mixtures of Cations

The separation and identification of ions in a mixture is called qualitative analysis. The technique employs the different solubility of ionic compounds in aqueous solution as well as the ability of certain cations to form complex ion with ligands. For many transition metals, their complex ions are often colored, which can be used in their identification.

Separation into Groups

The general approach in the qualitative analysis of cations is to separate them into various ion groups.

Ion group 1: Insoluble chlorides.  Treating the mixture with 6 M HCl will precipitate Ag+, Hg22+, and Pb2+ ions as chlorides, leaving other cations in solution. The formation of a white precipitate indicates the presence of at least one of these cations in the mixture. 

Ion group 2: Acid-insoluble sulfides. The supernatant from the above treatment with HCl is adjusted to pH ~ 0.5 and then treated with aqueous H2S. The high [H3O+] in solution keeps [HS-] very low, which precipitates only the following group of cations: Cu2+, Cd2+, Hg2+, Sn2+, and Bi3+. Centrifuging and decanting gives the next solution.

Ion group 3: Base-insoluble sulfides. The supernatant from acidic sulfide treatment is treated with NH3/NH4+ buffer to make the solution slightly basic (pH~8). The excess OH- in solution increases [HS-], which causes the precipitation of the more soluble sulfides and some hydroxides. The cations that precipitate under this condition are: Zn2+, Mn2+, Ni2+, Fe2+, Co2+, as sulfides, and Al3+, Cr3+, and Fe3+ as hydroxides. The precipitate is centrifuged and the supernatant decanted to give the next solution.

Ion group 4: Insoluble phosphates. The slightly basic supernatant separated from the group 3 ions is treated with (NH4)2HPO4, which  precipitates Mg3(PO4)2, Ca3(PO4)2, and Ba3(PO4)2. 

Ion group 5: Alkali metal and ammonium ions. The final solution contains any of the following ions: Na+, K+, and NH4+. 

Sample qualitative analysis.


A solution contains a mixture of Ag+, Al3+, Cu2+, and Fe3+ ions. Devise a scheme to separate and identify each of these cations.



     Mixture: Ag+, Al3+, Cu2+, Fe3+ (colored solution)






  add 3 M HCl,






   centrifuge




   Precipitate (white) 

      Supernatant (colored)



       AgCl


      (Al3+, Cu2+, Fe3+)








   









     add 6 M NaOH,








       centrifuge










   





  Precipitates


    Supernatant (colorless)




      (Cu(OH)2 & Fe(OH)3)

        Al(OH)4- 






  add 6 M NH3 




 Precipitate


     Supernatant



    Fe(OH)3


      Cu(NH3)42+


(dark brown)


     (dark blue)

______________________________________________________________________________

16.3  Complex Ion Equilibria

A complex ion consists of a central metal ion that is covalently bonded to two or more ligands, which can be anions such as OH-, Cl-, F-, CN-, etc. or neutral molecules such as H2O, CO, and NH3. For example, in the complex ion [Cu(NH3)4]2+, Cu2+ is the central metal ion with four NH3 molecules covalently bonded to it. All complex ions are Lewis adducts; the metal ions act as Lewis acids (electron-pair acceptors) and the ligands are Lewis bases (electron-pair donors). 
The Formation of Complex Ion
In aqueous solutions, metal ions form complex ions with water molecules as ligands. When another ligand is introduced into the solution, ligand exchanges occur and equilibrium is established. For example, when NH3 is added to aqueous solution containing Cu2+ ion, the following equilibrium occurs:



Cu(H2O)62+(aq)  +  4 NH3(aq) ⇄   [Cu(NH3)4]2+(aq) + 6H2O




Kf  =  
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     At molecular level, the ligand exchange process occurs in stepwise manner; water molecule is replace with NH3 molecule one at a time to give a series of intermediate species, each with its own formation constant. For convenience, the water molecules can be omitted from the equation.

1.
Cu2+(aq) + NH3(aq)  ⇄   Cu(NH3)2+(aq);



Kf1  =  
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2.
Cu(NH3)2+(aq) + NH3(aq)  ⇄    Cu(NH3)22+(aq);



Kf2  =  
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3.
Cu(NH3)32+(aq) + NH3(aq) ⇄   Cu(NH3)42+(aq);



Kf4   =  
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The overall formation constant is the product of all intermediate formation constants:


Kf  = Kf1 x Kf2 x Kf3 x Kf4 =  
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Kf is called the formation constant for the complex equilibrium.

Sample problem-4: 

If a 30.0-mL solution containing 0.020 M Cu2+ is mixed with 20.0 mL of 0.20 M NH3 solution, what is the concentration of Cu2+ in solution? Kf = 5.0 x 1012 

Solution: 
First calculate the concentration of each species in the solution after mixing, but before formation of complex ion Cu(NH3)42+:


[Cu2+] = 0.020 M x (30.0 mL/50.0 mL) = 0.012 M


[NH3] = 0.20 M x (20.0 mL/50.0 mL) = 0.080 M

Write the equilibrium expression:


Cu2+(aq) + 4 NH3(aq) ⇄   Cu(NH3)42+(aq)  +  4 H2O

Since Kf is very large, we can assume that all of Cu2+ is converted to Cu(NH3)42+. 

Then,  [Cu(NH3)42+] = 0.012 M and  [NH3] = 0.080 M – (4 x 0.012 M) = 0.032 M

Next, consider the following (reverse) equilibrium:


Cu(NH3)42+(aq)  ⇄   Cu2+(aq)  +  4NH3(aq)


Kc  =  
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  =  1/Kf =  1/(5.0 x 1012) = 2.0 x 10-13

Set up the following equilibrium table:

Concentration (M)
Cu(NH3)42+(aq)  ⇄   Cu2+(aq)  +   4 NH3(aq)
(((((((((((((((((((((((((((((((((((((((((
Initial:

   
0.012 M
      0.000
0.032 M

Change: 

     - x

      + x

  + x
Equilibrium:

(0.012 – x)
         x

(0.032 + x)

(((((((((((((((((((((((((((((((((((((((((
Since Kc is very small, we assume that  x << 0.012 M,

Then,  (0.012 – x) ~ 0.012, and  (0.032 + x) ~ 0.032 

Kc =  
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[image: image15.wmf]4

-13

(0.032)

)(0.012)

10

 x 

0

.

2

(

 = 2.3 x 10-9 M
Formation of Complex Ions and the Effect on Solubility 


Ligand increases the solubility of slightly soluble ionic compounds if they form complex ions with the metal ions. For example, silver chloride, AgCl, is more soluble in ammonia solution because silver ions form complex ions with NH3:



       AgCl(s) ⇄   Ag+(aq)  +  Cl-(aq);
Ksp = 1.6 x 10-10;


Ag+(aq)  +  2NH3(aq) ⇄   Ag(NH3)2+(aq);

  Kf = 1.7 x 107;


AgCl(s) +  2NH3(aq)  ⇄   Ag(NH3)2+(aq) + Cl-(aq);



        Knet =  Ksp x Kf  =  (1.6 x 10-10)(1.7 x 107)  =  2.7 x 10-3 

Exercise-6:

1.
Calculate the solubility (a) in mol/L and (b) in g/L of AgCl in 2.0 M NH3(aq). What is the concentration of Ag+ in this solution? (Ksp = 1.6 x 10-10;  Kf = 1.7 x 107 for Ag(NH3)2+)

2.
Will AgCl precipitates form if 5.0 mL of 0.10 M AgNO3 is added to 5.0 mL of solution containing 0.10 NaCl and 2.0 M NH3? (b) Will precipitate form if [NH3] = 1.0 M?

3.
Calculate the concentrations of Ag+, Ag(S2O3)-, and Ag(S2O3)23- in a solution prepared by mixing 20.0 mL of 0.010 M AgNO3 and 30.0 mL of 2.0 M Na2S2O3 ?




Ag+(aq)  +  S2O32-(aq)   ⇌   Ag(S2O3)-;

Kf1 = 7.4 x 108 



       Ag(S2O3)-(aq)  +  S2O32-(aq)   ⇌   Ag(S2O3)23-(aq);
Kf2 = 3.9 x 104 




   Ag+(aq)  +  2S2O32-(aq)   ⇌   Ag(S2O3)23-(aq);
Kf = 2.9 x 1013 

___________________________________________________________________________
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