Chapter 14

Chemical Equilibrium



Approach to Equilibrium

Equilibrium has been achieved once
the concentrations reach constant

This molecule is cfs | cand frans pan of the time even
(but not necessarily equal) values.

part of the tme. .. after equilibrium has been achieved.

cis-2-butene trans-2-butena

trans-2-butens

0.01

cis-2-butene

Concentration (mol/L)

I —




Concentrations
of
Reactants and
Products

At different temperatures

(a) K.=9

(b) K.=1

) K.=1/9



Chemical Equilibrium

condition of areversible reaction where the rate of
the forward reaction is equal to the rate of the
reverse reaction

a dynamic condition, meaning that the reaction
continues with no net change in the amounts of
reactants and products

Independent of direction of approach

catalyst only changes how fast equilibrium is
reached



Reactants, Products, and Equilibrium

Pure reactants

NH;
" H, 1.41 mal/L
2 0.89 mol/L




Law of Mass Action

aA+bB+cC+ -~ @pP+gQ+rR+ -

Equilibrium Constant
 [PPIQI[RI" -
[A]a[B]b [C]c

C



Meaning of Equilibrium Constant

o K>>1: reaction is product-favored,
equilibrium concentrations of products are
greater than equilibrium concentrations of
reactants.

o K<<1: reaction is reactant-favored;
equilibrium concentrations of reactants are
greater than equilibrium concentrations of
products.



Valuesof K,

 value of equilibrium constant of areaction,
and that for Its reverse reaction, are
reciprocals of each other

2 NOz(g) & N204(g)
~ [N,0,

~ [NO,J?

C



Heter ogeneous Equilibrium

_ [Ca0][COzg)
: [CaCOsg)]

- concentrations of pure solids and liquids
are constant are dropped from expression

Kc = [COZ(Q)]

K




Acid Dissociation Constant

HC2H302 + H,O & H30+ + C2H302_

K =

H30™][C,H50;]

Ka: K X [HZO] —

H20][HC,H,0,]

[H30][C,H;0;]

[HCH0,]



Base Dissociation Constant

NH; + H,O & NH4+ + OH-

¢ = [NH,"][OH"
~ [H:0][NH;
Ko = K x [H,0] = [NH4*][OH]
NH;]




Autoionization of Water

H,O + H,O & H3;O" + OH:

- [HsO'][OH]

_ [H,0]?

Kw =K [H20]% = [H30*][OH] = 1.0 x 104

K




Stepwise Equilibrium

(1) N, + O 2NO K = INOJ
' 2(9) 20 (9) cl —
[NL][O;)]

(2) 2NO,, + O 2NO K NG

. + - =

(9) 2(9) 2(9) c2 [ N O] 2[ 02]
Combine (1.) & (2.)
Nag + 202q — 2NOyq,
NOJ?2 NO,|?
Kc = [ ] X [ 2] = Kcl X KCZ

[N,J[O]  [NOJIO,)



|deal Gas Law

PV = nRT
P=(n/V)RT

P, = [C|RT

[C] = P,/RT



Pressure Equilibrium Constants
N, + 3H, ¢ 2NH,

« = [NHJ* _ (Pys/RT)?
T INJH®  (PRT)(P/RT)?
Pusis? (URT)?
(PAo(URT)) (P A URTY)
Puhs? (1/RT)? (1/RT)?

Py, P, (URT)(URT)3 =1 (URT)(URT)3

N\
[




Ko VS Ky
N, + 3H, <> 2NH,

2
= ; (1/RT) — Kp (1/RT)-2
(/RT)(U/RT)3
In General
K=K, (1/RT)An
where An = #moles gaseous products
- # moles gaseous reactants




O,
N,O 45 & 2 NO,,

(b)
(a)



An equilibrium is established by placing 2.00
moles of N,O,, Ina5.00 L and heating the flask to
407 K. It was determined that at equilibrium the
concentration of the NO,, 1s0.525 mol/L. What isthe
value of the equilibrium constant?

% _ [NOyJ?
N204(9) & 2NQO,, ¢ [N,O,]
N2O4g < 2 N0y
Initial] {mol/L) 0.40 0
‘change] -1/2x X
Equilibrium]  0.40- 1/2x=0.138 0.525=0+X

=2.00

 _[NOJ?_ (05257
° [N,O,] 0.138




Predicting the Direction of a Reaction

Q<K - >0 =K. < = Q> K
Forward reaction Equilibrium Reverse reaction Equilibrium
occurs occurs
a
Kc 0 Kg KE

-




An equilibrium is established by placing
2.00 moles of N,O, Ina5.00 L at 298 K. What are
the equilibrium concentrations of N,O,, and NO,,)?
K.=1.70x 10% at 298 K.
_ [NG,J?

N2Oyg) & 2NOy Ke= oy~ 17

N2Oy) < 2 NOy,

Initial] {mol/L) 0.400 0
‘change] -X 2X
Equilibrium] 0.400 - x 2X




- continued

NO,]|? 2
_ | Z =170 = (2x)
[N,O,] (0.40 - X)
68 - 170x =4x2 X =0.396 mol/L

INO,] = 2(0.396 mol/L) = 0.792 mol/L
IN,O,] = 0.400 - 0.396 = 0.004 mol/L

K

C




L e Chatelier's Principle

If astress, such as a change in concentration,
pressure, temperature, etc., i1s applied to a
system at equilibrium, the equilibrium will
snift in such away asto lessen the effect of
the stress.



Production of Ammonia

catalysis
Nog + 3Hag &~ 2NHsg + heal
and temperature



| ncrease 1N Concentration
or Partial Pressure

an increase in N, and/or H, concentration (or
partial pressure), will cause the equilibrium
to shift towards the production of NH,



Decrease 1n Concentration or
Partial Pressure

for Nz(g) + 3 Hz(g) & 2 NHg(g)

likewise, a decrease in NH; concentration (or
partial pressure) will cause more NH, to be
produced



Changesin Temperature

- for an exothermic reaction, an Increase in
temperature will cause the reaction to shift
back towards reactants



Shifting of Equilibrium




Decrease in Volume

- adecrease In volume, causes the
equilibrium to shift to the right where there
are fewer gaseous molecules



Reaction Rates

reactions occur faster in gaseous phase than solids
and liquids

reactions rates increase as temperature Increases
reactions rates Increase as concentration Increases
reactions rates increase with a catalyst



Ammonia Synthesi's

reaction Is slow at room temperature, raising
temperature, increases rate but lowersyield

Increasing pressure shifts equilibrium to
products

Iquefying ammonia shifts equilibrium to
products

use of catalyst increases rate




My and H,

Matrogen and
hydrogen enter the
redactor near the top, ...

Catalyst

Hizating
cail

Haber-Bosch Process

Hs, My, and
ammrenla
Coaling
|
odre heated, and
j pass over a catalyst Caaling
H,:"ﬂ jacket
The resulting mixoure af
nitrogen, hydaogen, and
amminia thin poasses
4 through a cooling coil. ..
. othat condenses thae
ammionda o Heguled form.
R —
= e E—— Geseous
M and Hy
Uncombined
N, and Hy Liquid
Unecmbdnced nitrogen aMmmana
and hydrogen are NH:]

recycled o the
catilyiic chamber,




Entropy

e measure of the disorder in the system

e more disorder for gaseous systems than
liquid systems, more than solid systems



Equilibrium Systems

product-favored If K > 1
exothermic reactions favor products
INncreasing entropy in system favors products

at low temperature, product-favored reactions
are usually exothermic

at high temperatures, product-favored
reactions usually have increase in entropy
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