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Chapter 15

CHEMICAL EQUILIBRIUM

(Partl)
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The Concept of Equilibrium

= Do all chemical reactions go to completion?

When you start with only reactants, do you end up
with only products?

= Most of chemical reactions are reversible. They do
not go to completion (just products present).

= |n fact, they will be left, at some instance, with a
mixture of reactants and products, which are in
equilibrium (their concentrations are not changing).
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Chemical Equilibrium

ke
N,0, (g) X 2NO, (g)

Reversible reaction

As time passes, more NO, is produced
and the brown color intensifies.

After some time, the brown color
stops changing. The concentration of
NO, becomes constant. Same does
the concentration of N,0,.

/ At this instance, does the
J reaction stop?
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Chemical Equilibrium

Rate forward = k([N,0,]
Rate backward = k, [NO,]?

kf
N,0, (g) - 2NO, (g)
The reaction is reversible, i.e. it does NOT stop but proceeds at both directions.
Reaction progress

[N,0,] is high ; [NO,] is zero
Rate forward >> Rate backward
Rate forward > Rate backward

Rate forward = Rate backward
Dynamic equilibrium is established

The reaction does not stop. It
b, continues running on both
&, directions at equal rates.
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Chemical Equilibrium

ke
N,O, (9) Y 2NO, (9)

Rate forward = k[N,0,]
Rate backward = k,[NO,]?

The rates of the reaction
(forward and backward

[\ Focveand neaciion t h t

il rates) change over time.

2 el The forward rate

2 gradually decreases,
Reverse racdon while the backward rate

gradually increases
(starting from zero).
Eventually, at equilibrium,
both rates become equal.

Tiime
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The Equilibrium Constant
ke
N,0, (g) T—) 2NO, (g)

= At dynamic equilibrium,

|'ateforward = ratereversed

or Equilibrium

kf [NZOA]eq = kr[Noz]sq /

Kk [NO,J,

“InN O 1 e
kr [NZO4]eq S~ Molar concentration

where K_ is the equilibrium constant, and the equation is
called the equilibrium expression.
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15.2
kf
N,0, (g) - 2NO, (g)
|
Initial Equilibrium
Concentrations (M) Concentrations (M)
NO,1
Experiment [N20a]i  [NO3 [N20aleq  [NO:leq (LERES
[N:0aleq

1 0670 [EL] 643 00547 465 x 1077

2 0446 L0500 0,448 00457  dee x 1077

3 0.500 0.0300 0.491 0.0475 460 % 10"

4 0600 (0400 0.594 00523 460 x 10"

5 0,000 0.200 0.0898 0.0204 463 =10
Regardless the initial concentrations of N,0, , the equilibrium
constant (K,) is almost constant at the same temperature.
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15.2
The Equilibrium Position
N,O, (g) == 2NO, (9)
= Each set of equilibrium
concentrations is called an Equilibrium
equilibrium position. Concentrations (M)
e P NO,1
An equilibrium position is [N:Osleg [NO;lg N0zl
different than the equilibri Saoes
fTierent than the equilibrium 0.643 00547 4.65% 1077
constant. 0.448 00457 dbbx 1077
= For a reaction system at a given 0491 00475 460X 107
temperature, there is only one W e LR
P 0.0898 00204 463 x 1070
equilibrium constant, but there
are an infinite number of T A
equilibrium positions. Equilibrium . Equilibrium
positions constant
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The Haber process:
Nz(g) + 3H2(g) p— ZNHB(g) the most important source
of ammonia worldwide.
TABLE 13.1  Results of Three Experiments for the Reaction Ny(g) + 3H,(g) =
INH, ()
Initial Equilibrrium _ Iy
Experime Concentration LLAICH
I 1.000 M ] = 0921 M
1000 M 0763 M K=602x 107
0 [NH,| = 0.15T M
1 N,] = 0399 M
[ = 1.19T M K=602x 107
J] = 0203 M
m 259 M
2TTM K= 602X 107°
5. LR2M
Dr. Al-Saadi Equilibrium positions Equilibrium constant




The Reaction Quotient

= For the hypothetical chemical reaction:
aA+bB == cC +dD
The reaction quotient is defined as:

(Cl<[D)
©ArEe
At equilibrium:
_ [ceoe 4
= W =K. Law of mass action
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The Reaction Quotient

= Thevalue of Q,:

D008, o can be calculated at
N N204(6) 2NO, (a) any time during the
\ 0.000 M 0.200 M .
\\ — reaction.
initial conc.
2 A el cone o changes as the
c [, reaction progresses.
N i o is equal to K, when
/‘-’ el the system is at
Y T equilibrium.
11 1M & }
Tt |
@ “"‘_'I“-; - g ';1‘];" PO ‘“ﬁr:;‘)‘: am 10t
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15.2
The Equilibrium Constant
= Exercise:

Bry(9)+Cl,(g) == 2BrCl(g)

The equilibrium concentrations at 100°C were found
to be [Br,],, =2.3 x 103 M, [Cly)eq =12 % 102 M,
and [BrCl],, = 1.4 x 102 M.

(a) Write the equilibrium expression.
(b) Calculate the equilibrium constant at 100°C.
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The Unit of Equilibrium Constant

= When we want to calculate the equilibrium constant
(K.), we leave out the units of the concentrations (or
partial pressures) of the reactants and products.
The reason is that each molar concentration (or
partial pressure) of the reactants or products is
divided by a reference state (1 M and 1 atm for
molar concentrations and partial pressures,
respectively). This brings up a unitless K.

Check pp. 622 of your textbook for more details.
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Magnitude of Equilibrium Constant

[CI[D}¢
AT,

aA+bB == cC +dD /<=( AP BP
a eq

C

= For the above reaction, three outcomes are possible:

. . R The value of
o The reaction goes to completion. The equilibrium e I 0ey
mixture will consist predominantly from products. [|arge

o The reaction doesn't occur to any significant degree. The value of
The equilibrium mixture will consist predominantly K. is very
from reactants. small

o The reaction occurs to a significant degree, but not to The value of
completion. The equilibrium mixture will have both  K_is neither
reactants and products in comparable quantities. large nor

small
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Magnitude of Equilibrium Constant

c d
aA+bB == cC +dD Kc=(&)
[Al9[B]> ‘ea
KC
102 10?

The magnitude of K. is The reaction will The magnitude of K is

very small. have an very large.

The reaction will equilibrium The reaction will go
almost not occur mixture of both almost to completion
reactants and
products.
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Heterogeneous Equilibria

CaCO4(s) —— CaO(5)+CO;(g)
[Ca0],, [CO,l,,
[CaCOs],

*

Think about it. If you increase the quantity ¢.cq,
of CaCO, or CaO solids, would their
concentrations change?

The concentration of a solid (or a pure
liquid) is constant and can be incorporated

into K"
K¢ [CaCO
[ 3]eq = [COZ]eq =Kc

[CaO]eq ~_  Real
equilibrium
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Equilibrium Expressions Involving
Pressures
N,0, (9) == 2NO, (g)
The equilibrium expression is given by:
K = (NO, 1%,
[NZOA]eq
In terms of equilibrium partial pressures of NO, and
N,0,, the equilibrium expression becomes:

(PNO )Zeq Equilibrium partial pressures
of NO, and N,0, gases

Generally, they are NOT. Because the partial
pressures of reactants and products in expresses
in atm are not equal to their concentrations

Are K. and K, equal?

Dr. Al-Saadi expressed in mol/L. 1
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The Relationship between K_and K,

= Consider the reaction:
aAlg) == bB(g)

B b P, b
(- 18 K, - 1P
[A]* (PA)°
Assuming ideal behavior:
nA\RT n
p,=—2— = —2RT =[ART
v v
Similarly: i
Py = [BIRT
R [BRT (BIRT)> _ [BY
Substitution in K, gives => K, = ————— = —— (RT)b@
(TAIRT)*  [A]”
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The Relationship between K_ and K,

= Consider the reaction:
aA(g) =— bB(g)

L P
(A (Pa)°
Since: b—a=A04n
Then:
Ko = 8 (R = &, (R
P [A]a c

where: An = moles of gaseous products — moles of gaseous reactants
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The Equilibrium Expression

= Exercise:
N,(g) +3H,(g) == 2NH;(9)
The value of K_ of the reaction above is 2.3 x 102 at
25°C. Calculate K, for the reaction at this temperature.
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Manipulating Equilibrium Expressions

= For any chemical reaction, if something gets changed
about how its equilibrium is being expressed, the
equilibrium expression must also change accordingly.

2NO(g) + 0,(g) === 2NO,(g)
__ INO,J,
¢ [NOJ%,[0,],,

At 500 K, K. = 6.9 x 10°.
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Manipulating Equilibrium Expressions

= For any chemical reaction, if something gets changed
about how its equilibrium is being expressed, the
equilibrium expression must also change accordingly.

= By reversing the reaction, we get:
2NO,(g) == 2NO(g) + O,(9)
, _ [NOP, [0l
°TINOR,

At 500 K, the new equilibrium constant (K’.) will be
the reciprocal of K. .

K.=1/(6.9x10%=1.5x106
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Manipulating Equilibrium Expressions

= For any chemical reaction, if something gets changed
about how its equilibrium is being expressed, the
equilibrium expression must also change accordingly.

= By multiplying the original reaction by 2:
4ANO(g) +20,(g) == 4NO,(g)
__ INojJ,
© [NOJ, (0,12,

”

At 500 K, the new equilibrium constant (K”.) will be
(K)?.

K’.= (6.9 x 1052 = 4.8 x 1011
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Manipulating Equilibrium Expressions

2NO,(g) —— 2NO(g) + Os(g) K, =1.5x10°
At 500 K
2H,(g) +04g) ===  2H,0(g) K., =2.4x10"
2NO,(g) + 2H,(g) —— 2NO(g) +2H,0(g)

[NOP%, [O3]eq [H,01%, [NOI2, [H,01%,

’ =

© T INO g [Hylg [07]eg  [NO,Iq [Hol%,

In fact when two reactions (one is with an equilibrium
constant K. , and the other is with an equilibrium constant K )
are added:

K’C = Kcl x KC

2
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Manipulating Equilibrium Expressions

= |n summary:

TABLE 15.2 i

Relationship te
Equation Equilibrium Expression QOriginal K, Equilibrium Constant

|ALJBL, I
1€ K.
[

2A(g) + 2Big) == 4Cig) L (K. ¥

Cotgioa g 4 madpliod by 1AL [BE,

3C1g) === Alg) + Big) 228 % |0

193 0t
1

FALE) + 1 Big) == Cig) X K 663 % 10
[ AT Bl
DL JEL,

Adg) + Bigi === Dig) + Eig) K K =K

0.5
[ALIBL,

Dr. Al-Saadi
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Manipulating Equilibrium Expressions

= Exercise:
At 500°C, K, = 2.5 x 10%° for,
ZSOZ(Q) + Oz(g) — Zsog(g)
Compute K, for each of the following reactions at
500°C :
(a) SO,(g) +1/20,(g) == 50;(g)
(b) 3504(g) == 350,(g) + 3/2 O,(g)
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