CHE 115

V. Chemical Equilibrium

Chemical Equilibrium

A) Law of Chemical Equilibrium
Concentration expressed as molarity

(o] - _Molesof A units _mﬁ'e Y

Molarity of A = S,
volume in liters

Consider the hypothetical reaction

A@ + B(@ — C( + DI(9
Compound A is alowed to react with B and the concentrations of the reactants and products are
plotted as a function of time.

Plot of the Concentrations of A, B,
and C or D versus Time
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Note: After eleven seconds the concentrations do not change with time.

Chemical equilibrium is the condition that exists when the concentrations of the reactants and
products no longer change with time. Chemical equilibrium is a dynamic state. 1t occurs when
the rate of the forward reaction (A + B ~ C + D) equalsthe rate of the reverse reacion (A + B
< C+D).

A *B(@ ==C(@ +D(

indicates equilibrium
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At equilibrium there is a specific relationship between the concentrations of the reactants and
products.

Consider three experiments for the reaction
A(@+B(g = C(9) +D(9)
in which the initial concentrations of A and B vary from experiment to experiment.

Table of Equilibrium Concentrations

Exp. # [Alg [Ble [Cle [Dle
1 3.00 2.00 1.00 1.00
2 9.60 10.0 4.00 4.00
3 0.500 3.00 0.500 0.500

The following relationship fits the data in each experiment.

@ = 0167 = constant = K,
[Alg, [Blg

For the general reaction
mA(g) + nB(g) +- = pC(9) +qgD(g) + -~

K, is defined

[C, [y -
A", [B], -

The magnitude of the constant K, depends on the nature of the reaction and the temperature.

= K

c

The units of K, depend on the specific reaction.

Example A+3B =2C

o e e DL
[Al,, [BI%, [E“ mole

Example A+ B = C+ D
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mole]2
K, = [Cly [Pl units: [L} = unitless
[Alg [Blg, m'%er

Terms:
When K < 1, then the equilibrium is said to lie to the left.
When K > 1, then the equilibrium is said to lie to the right.

B) Equilibrium Calculations

Example#1: Initialy, 0.2660 mole of PCl; and 0.3340 mole of Cl, are placed ina 2.00 L
container at 300°C. If the moles of PCl; are found experimentally to be 0.0660 at equilibrium,
calculate K for the reaction

PCl; + Cl, = PClg
at 300°C.

Plot of the Concentrations of PCl,,
Cl, , and PCI, versus Time
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where [A];, istheinitia (at time = 0) molarity of A and [A], is the equilibrium molarity of A

Important observations from the above plot
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* Initial moles of a substance + change in moles of substance = equilibrium moles of substance

Example:
initial moles of PCl + changein molesof PCl; = equilibrium moles of PCl,

0.0 molesof PCI; + 0.0660 moles of PCl; = 0.0660 moles of PCl,
* The changes in number of moles of reactants and products are related by mole ratios.

These observations can be utilized in an Equilibrium Table to solve equilibrium problems.

Equilibrium Table

Change in moles
of PCI5 = (equilibrim
/") moles PClg) - (initial
PCl3 + Cl, === PClg , |molesofPCls)

/
/
/

initial: ~ 0.2660 0.3340 0.0 /" mole
14
change: -0.0660 -0.0660 0.0660 mole
equil: 0.2000 0.2680 . 0.0660 mole
f—_'*% ,’/ \\
Negative sign | AN
indicates moles / - e -
of Cl, are /,' Change in moles of Cl, =
consumed / (change in moles PCI5)(1 mole CI2 /1 mole PCI5)

Equilibrium moles of CI2 = (initial moles CIZ) + (change in moles CIZ)

Substituting the equilibrium moles into the equilibrium expression

0.0660mole
B U P o R 246 -
c PCl Cl 0.200mole] [ 0.268mole " mole
PO (O], [oomi] oz

Example #2: Initially, 3.00 moles of PGl and 3.00 moles of Cl are placed in a 5.00 L container
at 300C. Calculate the equilibrium concentration of PCI, [RCI] .. K is 2.46 L/mole.

Unknown: [PCl ], , Let x = moles of PCl; at equilibrium.
Knowns: initial moles of PCl, = 3.00 mole, initial moles of Cl, = 3.00 mole, volume of container =
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5.00L, K, = 2.46 L/mole
Concepts: chemical equilibrium, molarity

Substitute known values into equilibrium table.

PClL + cr = PCJ
initial 3.00 3.00 0 mole
change mole
equil X mole

Use the concepts presented abovditmfthe table.

PClL + cr = PCJ
initial  3.00 3.00 0 mole
change -x - X X__ mole
equil  3.00 - x 3.00 - x X mole

Substituting equilibrium moles into the equilibrium expression

X
Kcﬁ%z%%
A - A - rme
(POl [Calq [ﬁ} [ﬁ}
2.46x? - 19.76x + 2214 = 0
For the quadratic equation
a +bx+c =0
the solutions are
_ 2 _
x - _—b*yb® - 4dac
2a
Substituting
« . “bxyb®-dac _ ~(-19.7) + /(-19.8) - 4(2.46)(22.1)
2a 2(2.46)

x = 1.35, 6.67

Although both roots (1.35 and 6.67) are mathematically correct, only one root satisfies the physical
constraints of the problem and that root is 1.35. If root 6.67 is used, then the moles of PCl and Cl at
equilibriumwould be - 3.67 (3.00 - 6.67) and tkeguilibrium concentrations of Pl and Cl would be
0.734 M. A negative or zero equilibrium concentration for reactants or productsis physically impossible.
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X = 135 mole = moles of PCl, at equilibrium

X 1.35mole
PCI = =
[PCl] & 5.00L 5.00L

(3.00-x) (3.00- 1.35) 1.65mole

PCl]. - - _
[PClle, 5.00L 5.00L 5.00L
1.65mole
(Gl = =500

The degree of dissociation, a, of B
B = 2A

isdefined as

change in moles of B
initial moles of B

and the percent dissociation is () (100).

Example #3: 1f 3.00 moles of B are placed ina 1.00 L flask at 25°C, calculate the degree of
dissociation, a, of B. K_for B at 25°C is 0.100 mole/L.

Unknown: changein moles of B. Let X = change in moles of B
Knowns: initial moles of B = 3.00 mole, volume of flask = 1.00 L, K, = 0.100 mole/L
Concepts. chemical equilibrium, degree of dissociation

Substitute known values into the equilibrium table.

B = 2A
initial 3.00 0 mole
change - X mole
equil mole

Thereaction must go to theright in order to produce A. Moles of B will be consumed and thus,
the change in moles of B will be -x.

Use the concepts presented above to fill in the table.

B = 2A
initial 3.00 0 mole
change - X 2X mole
equil  3.00 - x 2Xx mole

Substitute equilibrium moles into the equilibrium expression.
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A |ioor]

c [Blg [31.(_)(;)01)(}

- 0.100 ”‘%‘e

4,00x? + 0.100x - 0.300 = O

x = 0.261, -0.287

x = 0.261 mole = change in moles of B

o - ch_ar?ge in molesof B _ X _ 026lmole 870102
initial moles of B 3.00mole 3.00mole

C) Factors Affecting Equilibrium Concentrations at Constant Temperature

Le Chatelier’s principle - when a system is in equilibrium , a change in any one of the factors upo
which the equilibrium depends will cause the equilibrium to shift in such a way as to diminish the
effect of the change.

To determine if the reaction

aA@ + bB@ = cC@ + dD()

will go to the left or to the right to reestablish the equilibrium, Q is defined as

I:C]Cin |:D]din

I:A]ain I:B]bin
If Q< K_, then the reactionilvgo to theright to reestablish the equilibrium. Moles efctants
A and B will be consumed and moles of products C and D will be produced.

If Q> K_, then the reactionilvgo to theleft to reestablish the equilibrium. Moles of products C
and D will be consumed and moles e&ctants A and B Wbe produced.

1) Addition or Removal of Moles of Reactants or Products

Example#4: 1f 1.00 mole of PGl is added to the equilibrium in Example #2, what will be
the NEW equilibrium concentration of RCI ?

Unknown: new equilibrium molarity of PCl; after the addition of 1.00 mole of PCl;

Knowns: equilibrium moles of PCl,, Cl,, and PCl; (1.65, 1.65, and 1.35 mole) before the
addition of 1.00 mole of PCl; (see Example #2); K, = 2.46 L/mole; volume of the
container = 5.00 L
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Concepts. chemical equilibrium, Q, molarity

Sep #1: Evaluate Q and determine whether the reaction will go to the left or
right to reestablish the equilibrium.

PCl, + Cl, = PCl,
initial  1.65 1.65 1.35 +1.00 mole
The moles in the table are the equilibrium values from Example #2 and the 1.00 mole of
PCl; added.
(2.35mole)
Q - [PClg;, _ [ 5.00L } _ 43 L
[PCL].. [CL]., [(1.65mo|e)} [(1.65mo|e)} 7 mole
5.00L 5.00L
Q - 4315 > 246 L - K
mole mole

Since Q > K, thereaction will go to the left to reestablish the equilibrium. Moles of
PCl; will be consumed and moles of PCl; and Cl, will be produced.

Sep #2: Solve the equilibrium problem.

Let x = changein molesof PCls. Sincethe reaction goesto theleft to reestablish the
equilibrium, moles of PCl; will be consumed and the entry for PClg in the row labeled
“change” of the equilibrium table will bex.

PCl + cl - PC

initial  1.65 1.65 2.35 mole

change X X - X mole
equil 1.65 + x 1.65 + x 2.35-x mole

2.35-x
_ [PCIS]eq _ [ 5.00L } _ 246 L
¢ PCl Cl 1.65+x] [ 1.65+x " mole
[ S]Sq [ Z]Sq [ 5.00L} [ 5.00L}

0.492x? - 2.624x + 1.010 = 0

x = 0.361 mole = change in moles of PCI
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(2.35mole-x) _ (2.35mole-0.36mole) ~ 1.99mole

PCl],. -
[PClele 5.00L 5.00L 5.00L

2) Change in Volume of the Container

Example #5: |If the volume of the container in Example #2 is decreased from 5.00 L to
2. 00 L, will the moles of PCI, at the NEW equilibrium be greater or less than the moles

of PCl; in Example #27?

Unknown: new equilibrium moles of PCl; after the volume of the container in Example #2 is

reduced to 2.00 L
Knowns: equilibrium moles of PCl;, Cl, and PCl; in Example #2, new volume=2.00 L, K, =

2.46 L/mole
Concept: Q, molarity

Step #1
e ¥ a, = PCl,
initial ~ 1.65 Les P
(1.35m0le)
® - g, o L - 0992 L
[PClyJin [Cl]in [(1-65”“8)} [(1.65mo|e)} ) mole
2.00L 2.00L
Q - 092t < 246t -k
mole mole

Since Q < K., thereaction will go to the right to reestablish the equilibrium. Moles of PCl, and
Cl, will be consumed and moles of PCl; will be produced. The moles of PCl; at the NEW
equilibrium will be greater than the moles of PCl; in Example #2.

D) Dependency of K on Temperature

Plot of In(K,) versus 1/T for the reaction

N,O, @ = 2NO, (9
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Plot of In(K ) versus 1/T

/

InKg), —==

slope =- AHIR

In(K_)

In{Kp}lz = /

0 . .
0.0031 0 q032 0.0033 0.0p34 0.0035

1T (K™

1T 1Ty

Equation for a straight lineis
y = (dope)x + (intercept)

wy - 2R -

where C is a constant.

Consider K, at T, and K, at T, for a specific reaction, then

10
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o, - [ - <
2
o, - 23] -
In(K,), - In(K)_ = {;;HH% ) Tij

Rearranging

In(Ky), = [%HTZT z_TH +In(K,),

When 4H > 0, heat is absorbed and the reaction is said to be endothermic.
When 4H < 0, heat is evolved and the reaction is said to be exothermic.

Example: If K, =0.09823 at 20°C and 0.4554 at 40°C, calculate AH for the reaction.

N,O, @ = 2NO, (9

o, - [,

Rearranging

(0.4554) H(313 K)(293 K} - 585104

(Kp)zﬂi} - (8314 'n[ (0.09823) | 20K

AH - Rln[_
K 1T, - T,

E) Entropy and Free Energy

11
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The thermodynamic function entropy, S, is ameasure of the disorder or randomness of a system.
Entropy is a state function.

The second law of thermodynamics states that an increase in entropy of the universe is associated
with every spontaneous process. The change in entropy of the universe is the sum of the changes
in the entropy of the system and surroundings.

ASuniv = Asws * ASsurr (1)

For aprocess to proceed spontaneously AS,,;, must be a positive number. If AS,;, iSanegative
number, then the process will proceed spontaneously in the reverse direction and when AS,,;, = 0,
then the system is at equilibrium.

The change in the entropy of the surroundings, AS,,,, is dependent on the hesat that is transferred
between the system and the surroundings. For a constant pressure and constant temperature
process

ASSJrr — qSJrr — - (qp)ws — - AH (2)
T T T

As an example consider the reaction

N,(9) + 3H,(@ - 2NH;(g) AH® =-92.4kJ, AS°=-1985J/K

The change in the entropy of the surroundings with the formation of two moles of NH; is

- (- 92.4kJ) {%}

As, = —AH 310
T 298K K
and the change in the entropy of the universeis
J J J
ASuy = ASys + ASy, = -1985. + 3100 = 1U1-o

The entropy of the system, AS°® = - 198.5 JK, decreases primarily because there are fewer
product molecules than reactant molecules. The reduction in number of molecules resultsin a
lowering of the positional disorder. Although AS® for the reaction is a negative number, AS,,, >
0 due to the large increase in the entropy of the surroundings and the reaction proceeds
spontaneoudly to the right.

For a constant pressure and constant temperature process, eq 2 can be substituted into eq 1.

ASm = AS.+ 21 - as. 280 (g

T T
Multiply eq 3 by - T and rearrange.

12



CHE 115 Chemical Equilibrium
-TAS,;,, = AH - TAS (4

Gibbs free energy, G, isdefined as
G = H-TS
For a constant pressure and constant temperature process
AG = AH - TAS 5)
Comparing eqs4 and 5
AG = -TAS

univ

A constant pressure and constant temperature process will be spontaneous when AS,;, > 0or AG
<0.

Example: Calculate AG ° a 25°C for the following reaction?

Hy(@9 - 2H(g AH® =436 k), AS® =985 JK

AG® = AH° - TAS = 436kJ - (298K)(98.5i)[£J - 407K)
K| 1000J

F) Reaction Free Energy

For the generic reaction
aA() + bB@ - cC( +dD(g

the reaction free energy, AG, isdefined as

Partial Pressure of Gas C

Standard Reaction  apsolute Partial Pressure of Gas D
Free Energy Temp l

VN (pep
AG = AG® + RTIn C—Db
a
A
Reaction Free Ideal Gas | T

Energy Constant Partial Pressure of Gas B

Partial Pressure of Gas A

A plot of G for the above reaction versus the extent of reaction yields

13
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Plot of G versus Degree of Reaction
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Degree of Reaction

The degree of reaction is a measure of the extent to which the reaction has advanced from the left
to right.

The slope of the above curve at any point is equal to the reaction free energy, AG. When the
degree of reaction is O, only the reactants A and B are present, 4G < 0, and the reaction will
proceed spontaneoudly to theright. When the degree of reaction is 1.0, only the products are
present, 4G > 0, and the reaction will proceed spontaneoudy to the left. When the degree of
reaction is 0.16, 4G = 0 and the reaction is at equilibrium.

At equilibrium, AG =0and

(Pe)®  (Pp)¢
AG = 0 = AG® +RTIn{M}

(P2, (Pe)°,

(6)

K, is defined as

14
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_ [P Po)’,

P [<PA):q <PB)bJ

(7)

Substituting eq 7 into eq 6 and rearranging
AG® = -RTIn(K) or K = exp{ AGOJ

Relationship between K and K,

For the generic reaction

aA@ +bB@ ~- cC( +dD(g

(P2, (o)’

p
Assuming ideal gas behavior
P, - {%}RT = [AIRT; P, = [BIRT; P, = [CIRT; P, = [D]RT

Substituting

(ICIRT) (IDIRT) %, [C]°%, [D]%,

[Al% [B]

:{w} _

(P2, (o)’

(RT)C+d7afb

p

(IAIRT)?, ([BIRT)",

and

K, = K (RT)"

whereAn=c+d-a-h.
G) Standard Reaction Free Energy and Standard Absolute Entropy
1) AG®

15
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The free energy change for the formation of a compound in its standard state from its
elements (most stable form) in their standard statesis call the standard free energy of
formation, AG®; .
Example:
N,(@ + 3H,(@ ~ 2NH;(g) AG®; =-33.2kJ
By definition AG®; for elementsin their most stable formis zero.

A table of AG®; isfound in the text. See example below.

To calculate the standard reaction free energy, AG°, from the standard free energies of
formation

AG® ion = 2 Voroau NGy (Product) - Y v, . AG®; (reactant)

2) S°

where v, called the mole number, is the stoichiometric coefficient in the thermochemical
equation.

Thethird law of thermodynamics states that the entropy for all pure, perfectly ordered,
crystalline substances is zero at absolute zero(0 K). Consequently the absolute entropies,
S°, of all compounds and elements in their most stable form can be determined. Some of
these entropies are list in a table of thermodynamic data found in the text.

Example: Table of Selected Thermodynamic Data

Substance AG?; (kJ/mole) S° (J/mole-K)
CO, (9) -394.4 213.6

H,O (1) -237.2 70.0

H, (9) 0.0 130.5

H (9) 203.3 115

To calculate the change in the standard entropy for a reaction

AS’ (eation = Z Vproduct S’ (product) - Z Vieactant S (reactant)

16



