Ch 6
Equilibrium




A   ↔   B



Forward rate = -d[A]/dt = kf[A]


Reverse rate = -d[B]/dt = kr[B]

At equilibrium, forward rate = reverse rate (both reactions are occurring at the 
same rate)





K = [B]eq/[A]eq
Let K = 4 = [B]/[A] at equilibrium


Plots of reaction rates and concentrations vs. Reaction Time
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In general

K

aA  +   bB   (  cC  + dD,

where a, b, c, and d are stoichiometric coefficients



K = [product]p/[reactants]r = [C]c[D]d / [A]a[B]b


forward rate = kf[A]a[B]b, where kf is the forward rate constant



reverse rate = kr[C]c[D]d, where kr is the forward rate constant




kf[A]a[B]b = kr[C]c[D]d



K = kf/kr = [C]c[D]d / [A]a[B]b
Manipulating the Equilibrium Constant


HA  (  H+  +  A-


K1  =  [A-][H+]/[HA]

 +
H+  +  C  (  HC+


K2 = [HC+]/[H+][C]


HA  +  C   (  A-  +  HC+

K3 = [A-][HC+]/[HA][C]

K3 = K1K2 = [A-][H+][HC+]/[HA][H+][C] = [A-][HC+]/[HA][C]


HA  (  H+  +  A-


K1  =  [A-][H+]/[HA]


H+  +  A-  (  HA


1/K1 = [HA]/[A-][H+]
Free Energy and Equilibrium


G  
=    H       -     TS



free
   enthalpy

entropy



energy

temperature (K)

G( - reactants and products in their standard states (1 bar (1.01325 atm), 1 M )


G  = G(  +  RTln Q, where Q is the reaction quotient ([prod]p/[react]r)



when Q = 1 (standard state), G = G( (this defines G()



when G = 0, the reaction is at equilibrium, Q = K and, 



G(  =  -RTlnK



K = e-G(/RT



R = 8.314 J/Kmol

When G( is negative the reaction is favorable (product will form) under standard state conditions (G < 0 so K > 0)

When G( is positive the reaction will proceed in the reverse direction (reactants will form) under standard state conditions ((G > 0 so K < 0).
But standard states are usually not that interesting!
How do we predict the direction in which the reaction is favored under any given state of conditions?
By comparing the reaction quotient, Q, to the equilibrium constant.  Q is the same expression written above for K, but it is at any given state, not necessarily at equilibrium.

If Q<K, the reaction has to proceed to right to form more product until equilibrium is reached (Q=K)

If Q>K, the reaction has to proceed to left to form more reactant until equilibrium is reached (Q=K)

Let’s apply this by perturbing an equilibrium and letting the reaction reach a new equilibrium position.
Le Chatelier’s Principle


When an equilibrium is disturbed, the position of the equilibrium must shift in the 
direction that partially offsets the disruption

Example:



A ↔ B, K=2


INITIALLY, [A] = 2.00 M and [B] = 4.00 M at equilibrium

ADD 0.50 M of A



{[B]/[A]} at t = 0  is  4.00/2.50 = 1.60 = Q (reaction quotient)


Q < K, so the reaction must shift toward the formation of more product to re-establish equilibrium



K = 2.00 = (4.00+x)/(2.50- x), solve for x



The x represents the number of moles/L of A that react to form B upon 


reaching the new equilibrium. 


X = 0.33333333 M

At the new equilibrium position



[A] = 2.50 – 0.333333 = 2.17 M



[B] = 4.00 + 0.333333 = 4.33 M

A more complex example:
BrO3-  +  2Cr3+  +  4H2O  ↔  Br-  + Cr2O72-  + 8H+

K  =  [Br-][Cr2O72-][H+]8 / [BrO3-][Cr3+]2 = 1*1011 @ 25 C


NOTE: Water does not go into the equilibrium expression because it’s the solvent 
and therefore, its concentration remains a constant 55 M throughout the course of 
the reaction.  Therefore, it is incorporated into the equilibrium constant.

Initial equilibrium position of a 1.0 L solution



[Br-] = 1.0 M



[Cr2O72-] = 0.1 M



[H+] = 5.0 M



[BrO3-] = 0.043 M



[Cr3+] = 0.0030 M

After we add 0.1 mol of 1.0 M Na2Cr2O7 solution, in what direction will the equilibrium shift?

What are the new equilibrium concentrations?


Express the new equilibrium position in terms of x, where x is defined by 


the moles Cr2O72- that react to form Cr3+ upon reaching the new equilibrium 
position as follows:


Concentrations at t=0s (the instant Na2Cr2O7 is added)



[Cr2O72-] = (0.2)*(1.0/1.1)
 

[Br-] = (1.0)*(1.0/1.1)


[H+] = (5.0)*(1.0/1.1)


[BrO3-] = (0.043)*(1.0/1.1)


[Cr3+] = 0.0030*(1.0/1.1)

New equilibrium conditions:



[Cr2O72-] = (0.2 – x)*(1.0/1.1)
 

[Br-] = (1.0 – x)*(1.0/1.1)


[H+] = (5.0 - 8x)*(1.0/1.1)


[BrO3-] = (0.043 + x)*(1.0/1.1)


[Cr3+] = (0.0030 + 2x)*(1.0/1.1)
K = 1*1011 = 


(1.0 – x)( 0.2 – x)( 5.0 - 8x)8 (1.0/1.1)10

(0.043 + x)(0.0030 + 2x)2(1.0/1.1)3
This is difficult to solve by hand, but easy to solve with a computer.

Using Excel and successive approximation,
x = 0.0006044 M, so

[Cr2O72-] = 0.1994 = 0.2 M

 
[Br-] = 0.9994 = 1.0 M


[H+] = 4.9952 = 5.0 M


[BrO3-] = 0.044 M


[Cr3+] = 0.0042 M
Solubility Product Constant 

Solids are not included in the equilibrium expression.  This is because the concentration 
(mass/volume) of a solid is its density, which is a constant.  Since it remains constant throughout the course of a reaction it is incorporated into the equilibrium constant.
Example:

PbCO3(s)   (   Pb2+(aq)   +   CO32-(aq)


Ksp = [Pb2+][CO32-] = 7.4*10-14

Experiment 1: 
Add some solid lead carbonate into a beaker of water.  What will 
be the equilibrium concentrations of Pb2+ and CO32-?


[Pb2+] must equal [CO32-], because their only source is from PbCO3(s)


7.4*10-14 = [Pb2+][CO32-] = [Pb2+]2 = x2 


x = [Pb2+] = [CO32-] = 2.7*10-7 M
Experiment 2:
Add some lead carbonate and 0.10 mol of sodium carbonate into a beaker and add water until volume is 1.00 L.


Ksp = [Pb2+][CO32-] = [Pb2+](0.10 + [CO32-]lead carb)



Let x = [Pb2+], [Pb2+] = [CO32-]lead carb, so


Ksp = x(0.1+x) = 7.4*10-14  

It is best to make the assumption that 0.1 >>> x, and then check to make sure that 
it is according to your answer.
 
Ksp = x(0.1) = 7.4*10-14  


x = [Pb2+] = 7.4*10-13 M, assumption was valid

This illustrates the common ion effect!!!!


Addition of sodium carbonate to the water supply dramatically reduces the level 
of soluble lead that can come from lead plumbing.
The effect of Complex Ion Formation

For any real system there are many reactions that are at equilibrium.  All equilibrium conditions must be satisfied simultaneously (very important concept!!!!!)

Example1:

Place lead iodide in water 


*Without considering other soluble lead iodide species, 


we can say 2[Pb2+] = [I-], and let x =[Pb2+]


  Ksp = x(2x)2 = 4x3 , x = [Pb2+] = 0.001255 M
However, Life is not always this simple!!

Write the pertinent reactions.

1)
PbI2(s) ↔ Pb2+  +2I-


Ksp = 7.9*10-9 = [Pb2+][I-]2
2)
Pb2+  +  I-    ↔  PbI+(aq)

K1 =  100 =[PbI+(aq)]/[Pb2+][I-]

3)
Pb2+  +  2I-    ↔  PbI2(aq)

2 = 1400 = [PbI2(aq)]/[Pb2+][I-]2
4)
Pb2+  +  3I-    ↔  PbI3-(aq)

3 = 8300 = [PbI3-(aq)]/[Pb2+][I-]3
5)
Pb2+  +  4I-    ↔  PbI42-(aq)

4 = 30000 = [PbI42-(aq)]/[Pb2+][I-]4

[Pb2+] is the same in all six of these equilibrium expressions.  There can only 
be one [Pb2+] and one [I-] concentration.


Define soluble lead – any soluble species containing lead contributes to the total 
concentration of soluble lead.

6)
Soluble lead = [Pb2+]  +  [PbI+(aq)]  +  [PbI2(aq)]  +  [PbI3-(aq)]  +  [PbI42-(aq)]
Let x = [Pb2+], then


Soluble lead = 


[Pb2+] + K1[Pb2+] [I-] + 2[Pb2+] [I-]2 + 3[Pb2+] [I-]3 + 4[Pb2+] [I-]4
Also,


Ksp = [Pb2+][I-]2 = 7.9*10-9
And,

2(mol Pb) = mol I
(mass balance equation)
7)
2[soluble lead] = [I-]  +  [PbI+(aq)]  +  2[PbI2(aq)]  +  3[PbI3-(aq)]  +  4[PbI42-(aq)]

2[soluble lead] = [I-]  +  K1[Pb2+] [I-] + 22[Pb2+] [I-]2 + 33[Pb2+] [I-]3 +4 4[Pb2+] [I-]4 
So,




Using Excel and successive approximations (more on this in a little bit)
	[I-] =
	0.0023971 M

	[Pb2+] =
	0.0013746 M

	[sol.lead]=
	0.001715329 M

	
	


Example 2:

Place lead iodide in water and add sodium iodide, such that [I-] = 100. mM

Write the pertinent reactions.


PbI2(s) ↔ Pb2+  +2I-


Ksp = 7.9*10-9 = [Pb2+][I-]2

Pb2+  +  I-    ↔  PbI+(aq)

K1 =  100 =[PbI+(aq)]/[Pb2+][I-]


Pb2+  +  2I-    ↔  PbI2(aq)

2 = 1400 = [PbI2(aq)]/[Pb2+][I-]2

Pb2+  +  3I-    ↔  PbI3-(aq)

3 = 8300 = [PbI3-(aq)]/[Pb2+][I-]3

Pb2+  +  4I-    ↔  PbI42-(aq)

4 = 30000 = [PbI42-(aq)]/[Pb2+][I-]4

[Pb2+] is the same in all six of these equilibrium expressions.  There can only 
be one [Pb2+] and one [I-] concentration.

Define soluble lead – any soluble species containing lead contributes to the total 
concentration of soluble lead.

Soluble lead = [Pb2+]  +  [PbI+(aq)]  +  [PbI2(aq)]  +  [PbI3-(aq)]  +  [PbI42-(aq)]
Let x = [Pb2+], then

Soluble lead = x + K1x(0.100) + 2x(0.100)2 + 3x(0.100)3 + 4x(0.100)4
Also,



Ksp = x(0.100)2 = 7.9*10-9
So,






x = 7.9*10-7 M


Soluble lead = x  + 100(0.100)x  + 1400(0.100)2x  +  8300(0.100)3x  +  30000(0.100)4x

=
2.8677E-05 M


common ion effect!

Understand Figure 6-3

Example 3:

Place lead iodide in water and add sodium iodide, such that [Na+] = 1.0 M

Let x = [Pb2+],

Then

Soluble lead = x + K1x(1) + 2x(1)2 + 3x(1)3 + 4x(1)4 
Soluble lead = x  + 100x  + 1400x  +  8300x  +  30000x


≈ 39801 x

[Pb2+] =  x  =  Ksp/[I-]2 


assume that very little [I-] reacts, so that [I-] ≈ 1.0 M



x  = 7.9*10-9/(1)2 = 7.9*10-9M
Soluble lead = 0.000314 M



Complex ion formation dominates!


Again, this compares fairly well with Figure 6-3 in your text
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Back to example 1 and successive approximations
Excel Spreadsheet

	
	 
	A
	B
	C
	D

	
	 
	 
	 
	
	 

	2
	constant
	Ksp
	7.90E-09
	
	

	3
	constant
	K1
	100
	 
	 

	4
	constant
	B2
	1400
	 
	 

	5
	constant
	B3
	8300
	 
	 

	6
	constant
	B4
	30000
	 
	 

	7
	Input
	[I]
	0.00261
	 
	 

	8
	formula
	[Pb2+]
	0.00116
	 Eq 1
	 

	9
	 
	 
	 
	 
	 

	10
	formula
	[Pb2+]
	0.00116
	 Eq 1
	 

	11
	formula
	[PbI+]
	0.000303
	 Eq 2
	 

	12
	formula
	[PbI2]
	1.11E-05
	 Eq 3
	 

	13
	formula
	[PbI3-]
	1.71E-07
	 Eq 4
	 

	14
	formula
	[PbI42-]
	1.61E-09
	 Eq 5
	 

	15
	 
	 Eq. 6 
	"=B10+B11+B12+B13+B14"
	 
	 Eq 7

	16
	formula
	[sol.lead]
	0.001474
	0.001467
	"=(B7+B11+2*B12+3*B13+4*B14)/2"


Change the input values of B7 until the calculations in C2 and C16 match the values in B2 and B16, respectively.
