Solubility Equilibria
(Qualitative Analysis)

Solubility Equilibria in Aqueous Systems

K,, (Equilibria of Slightly Soluble Salts, Ionic
Compounds)

Factors that Affect Solubility
(Common Ion Effect, Acid-Base Chemistry)

Applications of Ionic Equilibria to Chemical Analysis

Saturated vs. Unsaturated
Solutions of Slightly Soluble AgCl

Equilibria of Slightly Soluble Ionic
Compounds

When a solution becomes saturated and a precipitate
forms, a cloudiness appears, which is the insoluble
solute. Small amounts of ionized solute remain in
solution. A representation of the equilibrium relative
to the concentrations of the ions is referred to as the:
“Solubility Product”
or the ““Solubility-Product Constant” :

K,

Solubility-Product Constant, Ksp

* Consider

BaSO4(s) <= Ba*"(ag) + SO4*(aq)
Kgp=[Ba?*][s03]

* (BaSQ, is ignored because it is a pure solid so
its concentration is constant, i.e., a heterogeneous
equilibrium)

PbCl,, a
Slightly
Soluble
lonic
Compound

o [s there really any
Lead ion in solution?

* How can this question

be answered?
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Writing Solubility Product Expressions
for Slightly Soluble Ionic Compounds

Problem: Write the solubility product expression for :
(a) silver bromide;
(b) strontium phosphate
(¢) aluminum carbonate
(d) nickel(IIT) sulfide.(The sulfide ion acts as a base
and dissociates water to produce SH- and OH- .)

Approach: Write the equation for a saturated solution,
then write the expression for the solubility product.

Writing Solubility Product Expressions
for Slightly Soluble Ionic Compounds

Solutions:

(a) Silver bromide: AgBr, = Ag'y +Br

=[Ag*] [Br]

(b) Strontium phosphate: St3(PO, )y = 3 S, + 2P0,
Ksp = [Sr2+]3[P043—]2

(c) Aluminum carbonate: AL(COy); () = 2 AP, +3 CO%

K, = [AF[CO P
(d) Nickel(III) sulfide:
NiS; ) +3 H,0q) = 2Ni**,, +3HS",, +3 OH
o =IN*I[HSP[OH

Ksp of Some lonic Compounds-Part 1
|Solubility-Product Consmnts (Ksp) of Some lonic Compounds at 25°C

Name, Formula Ksp Name, Formula Kep
Carbonates

Barium carbonate, BaCO. 2.0x109, Chlorides -

Cadmium carbonate, caéo3 1ax10"‘ Copper (1) chloride, CuCl 1.9x1077

Calcium carbonate, CaCO. 3.3x10~° Lead (1) chloride, PbCl, 1.7x1070)
Cobalt (1) carbonate, CoCO, 1.0x10-10 Silver chioride, AgCI 1.8x10”

Copper (Il) carbonate, CuCO, 3 Xw"j Bromides
Lead (I1) carbonate, PbCO4 74x|0:: Copper (1) bromide, CuBr 5 x107°
Magnesium carbonate, M§°°33 5x1070 Silver bromide, AgBr 5.0x107"%

Mercury (1) carbonate, Hg,CO5 39x10“

Nickel (Il) carbonate, NIC 5 1.3x10°7  lodides 12

Strontium carbonate, SrCO. 54x|0“° Copper (1) lodide, Cul 1 x107)

Zine carbonate, ZnCO, “0x10-10 Lead (Il) iodide, Pbl, 7.9x1070

Ch t Mercury (I) iodide, Hg, 1, 4.7x10”
romates Silver iodide, Agl 8.3x10717

Barium chromate, BaCrO;  2.1x107!°
Eealcdlulrr crr:romate, g:grg. ;ang"": Hydroxides

ad (1) chromate, e x1 -
Sllverchroma(e. Ag,CrO,  2.6x10712 Aluminum hydroxide, AKOH), 3 x10°3 $

o Galsium hycroxide, CaOH); 65100 .
1040 Cobalt (Il) hydroxide, Co(OH), 1.3x10°

D e £ St Vi k. J20E
N 1

B uonde, BaF 1.5x10-8 lron () hydroxide, Fe(OH), L1800

Calcium fluoride, Caé 3. 2x10"' Magn: eslum hydroxide, Mg( H), 6.3)(10_“

Lead (Il fluoride, PbFy 3610 Mangane ) h;gzox,g;°ﬂﬁg,:‘"l°“'= 181006
o ) X

Mogurlioicelhor, 7808 MRS ol o, § e

Ksp of Some lonic Compounds-Part 2

Solubility-Product Constants (K,,) of Some lonic
Compounds at 25°C

Name, Formula Ksp Name, Formula Ksp
lodates Sulfates
Barium lodate, Ba(105), 1.5x10° Barium sulfate, BaSO, 1.1x1071°
Calcium iodate, Ca(10,), 7.1x107 Calcium sulfate, CaSO, 2.4x107°
Lead (Il) iodate, Pb(I0,), 25x10"*  Lead (Il) sulfate, PbSO, 1.6x10°
Silver iodate, AglO, 3.1x10° Magnesium sulfate, MgSO,  5.9x10~
Strontium iodate, Sr(10,), 3.3x107 Radium sulfate, RaSO, 2 x107"
Zinc iodate, Zn(10;), 3.9x107° Silver sulfate, Ag,SO, 1.5x107°
Oxalates Strontium sulfate, SrSO, 3.2x107
Barium oxalate dihydrate, 1.1x107 Sulfides ”
BaC,0,- 2H,0 Cadmium sulfide, CdS 1.0x10°"
Calcium oxalate monohydrate, 2.3x107° Copper (1) sulfide, CuS 8 x107*
CaC,0," H,0 Iron (Il) sulfide, FeS 8 x107'®
Strontium oxalate monohydrate,  5.6x107° Lead (Il) sulfide, PbS 3 x107%
SrC,0,- H,0 Manganese (ll) sulfide, M(nS 3 x107"
Mercury (ll) sulfide, HgS 2 x107%°
Phosphates Nickel (Il) sulfide, NiS 3 X107
Calcium phosphate, Cay(PO,), 1.2x107%%  Silver sulfide, Ag,S 8 x107®
Magnesium phosphate, Mg;(Podz 5 2)(10 Tin (Il) sulfide, SnS 1.3x107%2

Silver phosphate, Ag, PO, 07 Zinc sulfide, ZnS 2.0x102

Solubility Calculations and Ksp

i fSolubility Mx;larsolublhty - Molar )l z
" : :
| 7 @/ Wl (mol/L)  [wad  ofions 'aaj s




Determining K 2 from Solubility

Problem: Lead chromate is an insoluble
compound that at one time was used as the
pigment in the yellow stripes on highways. It’s
solubility is 5.8 x 10-° g/100mL water. What is
the K,?

Approach: Write the chemical equation for the
dissolution of the compound to see the number
of ions formed, then write the ion-product
expression.

Determining Kﬂ, from Solubility

PbCrO,

2 2-
Pb* ) + CrO,7 g

6
Molar solubility of PbCr0, = -5 X107 1080l Tmol POCIO:
m 2

=1.79 x 107 M PbCrO,
1 Mole PbCrO, = 1 mole Pb** and 1 mole CrO,>
Therefore [Pb*] = [CrO,>]=1.79 x 107 M
K, = [Pb*] [CrO,*] = (1.79 x 107 M)* =3.20 x 104
Note that the calculated value is different from the

table’s ( 2.3 x 1013 ); is the difference significant?
‘What factors might relate to the difference?

QUESTION #K.1

Calcium phosphate (Ca;(PO,), is only slightly soluble. In
fact, it is common ingredient in phosphate rock and is a
major source of phosphate fertilizer. If the molar solubility is
2 x 1077, what is the value of the K?

. 3x 1073
2 x 10710
3x 10732
. None of the above.

TOow >

Determining Solubility from K

Problem: Lead chromate used to be used as the
pigment for the yellow lines on roads, and is a very
insoluble compound. Calculate the solubility

of PbCrO, in water if the K, is equal to 2.3 x 10°1%.

Approach: Write the chemical equation for the
dissolution of the compound to see the number of
ions formed, then write the ion-product expression.
Solve for [Pb**] which equals the concentration of
PbCrO, present in solution.

Determining Solubility from K,

PbCrO,

2- 2-
Pb* ) + C1O,7 )

K, =23x 10" = [Pb*] [CrO,?]

Concentration (M) PbCrO, Pb?* CrO 2>
Initial - 0 0
Change : ~ ~x
Equilibrium - X X

Ksp = [Pb?] [Cr042‘] =(x)(x)=23x10"
x=4.80x 107

Therefore the solubility of PbCrO, in water is 4.8 x 107 M

QUESTION #K.2

Lead (II) iodide is used in some camera batteries. Pbl, has a
K,,of 1.4 x 10-%. What is the molar solubility of this
compound?

. 19x10°M
. 24x10°M
. 15x103M
. 84x10°M

gnw >




Relative Solubilities
PbCl, vs. PbCrO,

PbCrO, solubility in water is 4.8 x 107 M

Is PbCl, >, <,or =to it?

What information do you need to find? Ksp from table &
approximate solubility

Question: Relative Solubilities
Is PbCl, more soluble, less soluble or equal to
the solubility of PbCrO,?

PbCrO, solubility in water is 4.8 x 107 M

Is PbCl, >, <, or =to it?
PbCl, has a K, of 1.6 x 10~

A)>
B) <
C) =
D)?

Factors That Affect Solubility:
The Common Ion Effect
The solubility of a partially soluble salt is decreased
when a common ion is added.

Consider the equilibrium established when acetic acid,
HC,H;0,, is added to water.

At equilibrium H* and C,H;0," are constantly moving
into and out of solution, but the concentrations of ions is
constant and equal.

If a common ion is added, e.g. C,H;0, from NaC,H;0,
(which is a strong electrolyte) then [C,H;0,7] increases
and the system is no longer at equilibrium.

So, [H*] must decrease.

Visualizing the Common lon Effect

—— =
PbCIO, = Pb%, + CrO,  PbCrO,q == Pb¥,, + CrO% .
added)

Common-lon Effect

10-3
10+

. Pure water

10-5
10-6
10-7
10-8
10~

Molar solubility of CaF, (mol/L)

0 0.050.10 0.15 0.20
Concentration of
NaF (mol/L)

Common-lon Effect

* Solubility is decreased when a common ion is added.
Therefore the equilibrium shifts to the left.

¢ This is an application of Le Chatelier’s principle, for eg.:

CaF,(s) === Ca*'(aq) + 2F (aq)
¢ as F (from NaF, say) is added, the equilibrium shifts
away from the increase.
» Therefore, CaF,(s) is formed and precipitation occurs.

¢ As NaF is added to the system, the solubility of CaF,
decreases and more precipitate forms.

o What will happen if a large excess of NaF is added?




Calculating the Effect of adding a
Common lon on Solubility

Calculating the Effect of a Common lon on
Solubility

Problem: What is the solubility of silver chromate in
0.0600 M silver nitrate solution? K, =2.6x 102,

Plan: Write the chemical equation(s) and the
solubility-product expression for Ag,CrO,.
Qualitatively predict what effect the addition of silver
ion will have on the solubility of Ag,CrO,.

ALCIO, —— 2 Ag'y, +CrO43'(2q)

K, =[AgP[CrO]

Concentration (M)  Ag,CrO,,, ———=2Ag",, + CrO/,,
Initial 0.0600 0
Change +2x +X
Equilibrium 0.0600 + 2x X

Assuming that K, is small, 0.0600 M + 2x = 0.600 M
K, =2.6 x 10712 = (0.0600)%(x) x=722x101M

Therefore, the solubility of silver chromate is 7.22 x 101 M

QUESTION #K.3

The K, of Ag,CrO, is 9.0 x 10-'2. What would be the
solubility of this compound in a solution that was already
0.10 M in potassium chromate?

A.90x10"M
B. 95x10°M
C. 30x10°M
D. 47x10°M

Effect of pH on Solubility

®
~
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3
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70 50 30 1.0

Factors That Affect Solubility:

Acidity / pH
* Again, Le Chatelier’s principle applies, for eg.:
CaF,(s) === Ca*'(aq) + 2F (aq)

< If the F- is removed, then the equilibrium shifts

towards the decrease (the right) and CaF, dissolves.

«F-, a weak base can be removed by adding a strong
acid:

F'(aq) + H'(aq) <—=HF(aq)

% As pH decreases, [H*] increases and solubility
increases since fluoride ion is removed as HF.

e The effect of pH on solubility is dramatic.

Solubility and pH

Dissolution of

Mg(OH), by Acid




QUESTION

Predict what will happen when the pH of a saturated Mg(OH), solution is

increased to 12.00. For a saturated Mg(OH), solution, the pH = 11.03.

(A) More Mg(OH), will dissolve.
(B) Some Mg(OH), will precipitate out.
(C) A pH change has no effect on the solubility of Mg(OH),.

(D) There is insufficient information to make a prediction.

Testing for the Presence of a Carbonate
Solubility, pH and Carbonic Acid

Predicting the Effect on Solubility of Adding
Strong Acid

Predicting the Effect on Solubility of Adding

Strong Acid

Problem: Write balanced equations to explain whether
addition of H;O* from a strong acid affects the solubility
of:

(a) Iron (1) cyanide

(b) Potassium bromide

(c) Aluminum hydroxide

Plan: Write the balanced dissolution equation and note the

anion. Anions of weak acids react with H;O0* and shift the
equilibrium position toward more dissolution. Strong acid
anions do not react, so added acid has no effect.

Solutions:

(2) Fe(CN), ;= Fe?*;) + 2 CN, Increases solubility:
CN-ion is a weak base. It reacts with water to form the weak
acid HCN, so it would be removed from the solubility
expression.

(b) KBrg= K¥, +Br7,, No effect:
Br- is the anion of a strong acid, and K* is the cation of a strong
base.

(c) AI(OH); AP*(W +30H,, Increases
solubility: OH- reacts with the added acid to produce water in a
simple acid-base reaction.

QUESTION #K 4

The Chemistry of Limestone Formation

Gaseous CO, is in equilibrium with aqueous CO, in natural waters:

H,0()

€Oy €O g

The concentration of CO, is proportional to the partial pressure
of CO, ® in contact with the water (Henry’s Law; section 13.3):

[CO, (aq)] (proportional to) Pcq,

Henry's Law




The Chemistry of Limestone Formation

Gaseous CO, aqueous CO, continued:

The reaction of CO, with water produces H;O*:

CO, o + 2 HyO, H;0% ) + HCO57y,

Thus, the presence of CO, ,, forms H;O*, which increases the

solubility of CaCO;:

CaCO0; , + CO, o + H,0, ——

In what complex carbon based system is this a significant factor?

Predicting the Formation of a Precipitate:
0, vs. K,

Ca** ) +2 HCOy )

The solubility product constant, K, can be compared to Q,, to

understand the characteristics of a solution with respect to forming
a precipitate.

® O, =K,, : When a solution becomes saturated, no more solute will

dissolve, and the solution is called “saturated.” There
will be no changes that will occur.

® Q> K, : Precipitates will form until the solution becomes

saturated.

® Q,<K,,: Solution is unsaturated, and no precipitate will form.

Predicting the Formation of a Precipitate

Problem: Will a precipitate form when 0.100 L of a
solution containing 0.55 M barium nitrate is added to 200.00
mL of a 0.100 M solution of sodium chromate?

Plan: We first see if the solutions will yield soluble ions,
then we calculate the concentrations, adding the two volumes
together to get the total volume of the solution, then we
calculate the product constant (Qy,), and compare it to the
solubility product constant to see if a precipitate will form.

Predicting the Formation of a Precipitate

Solution: Both Na,CrO, and Ba(NOj), are soluble, so we
will have Na*, CrO,*, Ba?* and NO5 ions present in 0.300 L
of solution. We change partners, look up solubilities, and we
find that BaCrO, would be insoluble, so we calculate it’s ion-
product constant and compare it to the solubility product
constant of 2.1 x 1010,

For Ba?*: [0.100 L Ba(NO,),] [0.55 M] = 0.055mol Ba**

0.055 mol Ba**

[Ba*] = =0.183 M in Ba?*
0.300 L

Predicting the Formation of a Precipitate

Solution continued

For CrO,*: [0.100 M Na,CrO,] [0.200 L] = 0.0200 mol CrO,*

0.0200 mol CrO,*
0.300 liters

[Cro 2] = =0.667 M in CrO,>

Q,, = [Ba?*] [CrO,>] =(0.183 M Ba**)(0.667 M CrO,*) =0.121

Since K, =2.1 x 109 and 0,,=0.121, Qg ,>>K,, and a precipitate

will form.

QUESTION #K .4

Will a precipitate of BaSO, form when 10.0 mL of 0.0010 M
barium nitrate are mixed with 20.0 mL of 0.000020 M of
sodium sulfate? The K, of barium sulfate is 1.5 x 10-°.
Prove your answer by reporting the calculated value of Q.

. Yes; 0=20x 108
. Yes; 0=44x10"°
. No; Q=70 x 10-10
No: Q=30 x 1017

onQw>




Formation of Complex
lons

Formation of Complex lons

* Consider the addition of ammonia to AgCl (white
precipitate):

AgCl(s) === Ag'(ag) + Cl'(aq)
Ag'(ag) +2NHj3(aqg) <—= Ag(NH;3),(aq)
¢ The overall reaction is

AgCl(s) +2NH;(aq) <= Ag(NH3),(aq) + Cl'(aq)

» Effectively, the Ag*(ag) has been removed from solution.

* By Le Chatelier’s principle, the forward reaction (the
dissolving of AgCl) is favored.

Factors That Affect Solubility:

Formation of Complex Ions
» Consider the formation of Ag(NH;),*:
Ag'(aq) +2NHz(aq) <= Ag(NH;)(aq)
* The Ag(NH;),* is called a complex ion.
* NH; (the attached Lewis base) is called a ligand.

 The equilibrium constant for the reaction is called the
formation constant, K;

Kp-= [AgiNHs)z";]_
[Ag"][NH3]

* Lewis acid-base chemistry affects solubility.

Cr(NH3)e**, a Typical Complex lon

NH,
\

The Stepwise Exchange of NH, for H,0
in M(H,0),2*

M(H,0),%*(aq) + NHy(aq) <= M(H,0)y(NH,)* (a0) o= M(NH, ), (aq) + m,oml
3 more steps

Note the values, particularly the order of magnitude (exponent).

Formation Constants for Some Metal Complex lons in Water at 25°C

Complex Ion Ky Equilibrium Equation

Ag(NH;),* 1.7 x 107 Ag*(ag) + 2NHj;(aq) == Ag(NH,),"(aq)
Ag(CN),~ 1 x 10% Ag*(aq) + 2CN"(ag) == Ag(CN); (aq)
Ag(S,03),” 29 x 10" Ag'(ag) + 25,057 (ag) == Ag(S,04),% (aq)
CdBr,? 5% 10° Cd**(aq) + 4Br~(aq) == CdBry* (aq)
Cr(OH), 8 x 10 Cr¥*(ag) + 4OH™ == Cr(OH), (aq)
Co(SCN),2 1x10° Co?*(aq) + 4SCN " (ag) == Co(SCN);> (aq)
Cu(NH3),>* 5 x 10'2 Cu?*(ag) + 4NHj(aq) == Cu(NH,;);*"(aq)
Cu(CN)2 1% 10% Cu?*(ag) + 4CN(aq) == Cu(CN),> (aq)
Ni(NHz)e2* 12 % 10° Ni%*(aq) + 6NHs(aq) == Ni(NH3)>"(aq)
Fe(CN),* 1% 10% Fe?*(aq) + 6CN(aq) == Fe(CN)s* (aq)
Fe(CN)s*~ 1 x 102 Fe*(ag) + 6CN(aq) == Fe(CN)s> (aq)




Formation Constants (K f) of  Note the values: why are they
Some Complex Ions at 25°C different from the previous

Table Continued

Formation Constants (K;) of
Some Complex Ions at 25°C

Complex Ion K;
Hg(CN),> 9.3x 10%
Ni(OH),> 2x10%
Pb(OH)," 8x 10
Sn(OH); - 3x 10%
Zn(CN),* 42x 10"
Zn(NH,),2* 7.8x 108
Zn(OH),> 3x 101

table?
Complex Ion K,
Ag(CN)y 3.0x 10%
Ag(NH,),* 1.7 x 107 Are the
Ag(S,05),* 47x 1013  differences from
AIFS ’ 4x 101  the previous table
AI(OH), 3x 103 significant?
Be(OH),> 4x 1018
Cdl> 1x 100
Co(OH),> 5x10°
Cr(OH), 8.0 x 102
Cu(NH,),** 5.6 x 10"
Fe(CN)¢*+ 3x 103
Fe(CN)g*> 40x10%

QUESTION

Which of these actions will increase the solubility of Cu(OH),
in a saturated aqueous solution?

T) A small amount of crystalline Cu(NO,), is added.

1I) The solution is buffered at pH = 2.00.
III) Ammonia gas is bubbled through the solution.

A)land II B) I and III

C) I and III D) I, II and III

Calculating the Concentrations of
Complex Ions

Problem: A chemist converts Ag(H,0),* to the more
stable form Ag(NH;),* by mixing 50.0 L of 0.0020 M
Ag(H,0),* and 25.0 L of 0.15 M NH;. What is the final
[Ag(H,0),*1? K; Ag(NH;)," =1.7 x 107.

Plan: Write the equation and the K; expression, set up
the table for the calculation, then substitute into K; and

solve.

Calculating the Concentrations of
Complex Ions

Solution:

Ag(H,0),* ) + 2 NH; ) Ag(NH3),* o) + 2 H)O,

Ag(NH,),*
K. = M =17x 107
[Ag(H,0),*][NH;,]?
Finding the initial concentrations:
50.0 L x 0.0020 M
Ag(H,0),*], . =————=2 el B = 3% 103 M
(A0, i =50 o L 250 L *
[NH, 1, _250Lx0.I5M _ 50x102M
’ 500L+250L

Calculating the Concentrations of
Complex Ions

Assume that all of the Ag(H,0)," is converted Ag(NH,),*; set
up the table with x = [Ag(H,0),*] at equilibrium.

Ammonia reacted = [NH;]

W=2013x103M)=26x103M

Concentration (M) Ag(H,0),",, 2NH;,, —Ag(NHy),* 2 H,0,

Initial 1.3x 1073
Change ~(-1.3x103)

Equilibrium

[Ag(NH;),*]

1.3x 103

50x 102 0
~(26%10%) ~(+13x10%) -
47x102  13x10% -

K=
[Ag(H,0),"1[NH,]*

X =346 x 108 M = [Ag(H,0),*]

=1.7x107

X(4.7 x 102)?




QUESTION #K.5

As you have seen one method that can increase the
solubility of some salts is to form a soluble complex ion.
CuS has a K, of 8.5 x 10%. The reaction

Cu?*(aq) + 4 NH;(aq) — Cu(NH;),>*

has an equilibrium constant of approximately 5.6 x 10'!.
What would be the approximate molar solubility of CuS in
a 1.0 M solution of NH;?

A. ~69x 107 M

B. ~92x103M

C. ~48x103 M

D. The molar solubility would be very, very small, and it is
not significant whether the solubility is either A, B, or C.

The Amphoteric Behavior of
Aluminum Hydroxide

OH

Al(H0)2(OH)(ag) + H:00) |

l 3H0() + Al(H0)¢"(@a) . AKH,0)3(OH)y(s)

Factors That Affect Solubility:

Amphoterism

Amphoteric oxides will dissolve in either a strong
acid or a strong base.

Examples: hydroxides and oxides of AI¥*, Cr3*,
Zn**, and Sn2*.

The hydroxides generally form complex ions with
four hydroxide ligands attached to the metal:
Al(OH;)(s) + OH(aq) =—= Al(OH)4 (aq)

However, hydrated metal ions act as weak acids.

Factors That Affect Solubility:

Amphoterism

 Since hydrated metal ions act as weak acids, the
amphoterism is discontinuous (See rxn. #3):
Al(H,0)6™ (ag) + OH(ag) =~—= Al(H;0)s(OH)*'(ag) + H,0()

IAI(H,0)5(OH)**(ag) + OH(aq) === Al(H,0)4(OH),"(ag) + H,0()
IAI(H,0)4(OH)"(aq) +OH(ag) <—=Al(H,0);(0H)3(s) + H,0())

|A1(H;0)3(0OH)3(s) + OH(ag) =—= Al(H,0),(OH)4 (aq) + H,0()

QUESTION #K.6

A Sequence of Reactions Affecting
Silver lon Solubilities

Provide complete net ionic equations (NIEs) for each of
the eight silver metal ion reactions in the video (i.e. for
each addition) and the respective K, or K; value that

relates to that particular NIE.
http://chemconnections.org/general/movies/Precip-Equil-I.mov




Precipitation and Separation of lons
BaS04(s) =<—= Ba?*(aq) + SO4*(aq)
¢ At any instant in time, Q = [Ba*][SO,*].
*IfO>K,,
+If O = K,,, equilibrium exists.
+If 0 <K, solid dissolves until 0 = K.
* Based on solubilities, ions can be selectively removed
from solutions.
 Consider a mixture of Zn?*(ag) and Cu®*(ag). CuS (K, =
6 x 107%7) is less soluble than ZnS (K, = 2 x 10%),
CusS will be removed from solution before ZnS.

precipitation occurs until Q = K, .

Precipitation and Separation of lons

* As H,S is added to the green solution, black CuS forms
in a colorless solution of Zn?*(aq).

* When more H,S is added, a second precipitate of white
ZnS forms.

Selective Precipitation of Ions

* Jons can be separated from each other based on their salt
solubilities.

¢ Example: if HCl is added to a solution containing Ag*

and Cu?*, the silver precipitates (K,, for AgClis 1.8 x
10719) while the Cu?* remains in solution.

¢ Removal of one metal ion from a solution is called
selective precipitation.

Separating lons by Selective
Precipitation

Problem: A solution consists of 0.10 M AgNO; and
0.15 M CuNO;.Calculate the [1-] that can be used to
separate the metals as their iodides.

K of Agl=83x10"7; K of Cul = 1.0 x 102,

Plan: Since the two iodides have the same formula type
(1:1), directly compare their K, values. NOTE: Cul is
about 100,000 times more soluble than Agl. Therefore,
Agl precipitates first. Solve for [1-], which is the
concentration for a saturated solution of Agl.

Separating lons by Selective
Precipitation

Solution: Writing chemical equations and ion-product expressions:

H,0
Agly) ——— Aghq + 1"

)
H,0

@ K, = (Al

CUI(5>

Cut + g K, =[Cu'][l"]

Calculating the quantity of iodide needed to give a saturated solution
of Cul:

K -12
[I'J:¢ _10x10" =10x10'M

[Cu*] 0.10 M

Selective Precipitation

The concentration of iodide ion that will give a saturated solution

of copper(l) iodide is 1.0 x 10! M. This concentration will not

precipitate the copper(I) ion. It will remove most of the silver ion.

Calculating the quantity of silver ion remaining in solution we get:
83x 107

[Agtl= Ko _ = 83x10°M
iG] 10x 10!

Since the initial silver ion was 0.10 M, most of it has been removed,
and essentially none of the copper(I) was removed, so the separation
was quite complete. If the iodide was added as sodium iodide, you
would have to add only a few nanograms of Nal to remove nearly all
of the silver from solution:

1 moINal 149.9 g Nal
10X 101 mol T x ot x 998Nl _ | 56 ng Nal

mol I~ mol Nal

Selective Precipitation
Qualitative Analysis:
Separating & Identifying Metal Ions




General Strategy & Procedure for
Separating lons in Qualitative Analysis

Add Add
precipitating precipitating etc.
ion ion
—_— —_—
Mixture Remaining Remaining
of ions ions ions
Q Q
=] =]
] 2
2 g
@ @
o (]
—> Precl

—> Precipitate
1

QUESTION #K.7

To separate a solution containing 0.000 10 M silver and 0.10
M lead ions, as done in some qualitative analysis separation
schemes, a source of I~ may be slowly added to the mixture of
ions. Which will precipitate first: Agl (K, = 1.5 x 1071¢) or
PbL, (K, = 1.4 x 10%)? Also, what would be the
concentration of I~ necessary to see that first precipitation?

. Agl; [I] would be 1.5 x 10-12 M
. Agl; [I') would be 1.4 x 104 M

. PbL,; [I] would be 1.4 x 1077 M
. Pbly; [I'] would be 1.4 x 10°M

g0 wp

Add 6 M HCI
Remaining cations
Add HS,
02MHCI
Remaining cations
§ Add (NHJ)S,
Precipitate s
Group 3—Base-insoluble sulfides
and hydroxides: AIOH),, Fe(OH):, Remaining cations
Cr(OH);, ZnS, Nis, CoS, MnS
Add (NH,),HPO,
Precipitate NH

Group 4—insoluble
phosphates: Bay(PO,),,
Cas(POL);, MENH,PO,

Group 5—Alkali metal
ions and NH, "

Na*, K%, NH,"

Separation into lon Groups

Ion Group 1: Insoluble chlorides
Ag*, Hg22+’ Pb2+

Ton Group 2: Acid-insoluble sulfides
Cu2+, Cd2+, Hg2+, AS3+, Sb3+, Bi3+, sn2+’ Sn4+, Pb2+

Ion Group 3: Base-insoluble sulfides and hydroxides
7Zn%*, Mn2*, Ni2*+, Fe+, Co?* as sulfides,
and AI**, Cr** as hydroxides

Ion Group 4: Insoluble phosphates

Qualitative Analysis for Separating Cations

Acidity to
Acd PHOS,
BMHCI Solble | 803 HoS
cations.
fon Groups. fon
2345 34,
2 2
8 8
fon
fon Group 1
Insoluble
chiorides 3
AgCl, HazCla,
POCl

A
NHg/NH* Add
butfer (pH 8) Soluble  (NHi)HPO, Soluble
cations. cations.
lon Groups lon Group 5
45 Alkah metal
ions and NH,*
Na®, K*, NH,*
8 &
2 2
lon
lon Group 4
Insoluble
ey phosphates
Nas(PO2.
CaPOU)
Bas(PO2
D E

Mg2+’ Ca2+’ Baz+
Ion Group 5: Alkali metal and ammonium ions
Na*, K*, NH,*
Step 2 - -
. o Qualitative
top 1
N ' N Analysis
Aql! &
- ?|: el § Scheme for
AP E S
w - - Agh AP,
Cu?* and
Step 3 | 3+
N:‘?;H Y Fe
A -
Step a
Add HCI,
NazHPO,
- Steps
§ add KSCN




