Lecture 23: Equilibrium

Equilibrium Constant and Gibbs Free Energy



Equilibrium Constant

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

Equilibrium Constant

@ d @ d @ d
P N 1 P U
(ar)*(aB) [A]*[B] (Pa)*(PB)
Substance Activity a; Simplified
P

Ideal Gas aJ:P—‘g aj = Py

Solute in solution  ay = [[}]]]O aj = [J]

Pure Solid / Liquid ay =1 ay=1

P°=1bar [J]°=12



Example: Writing Equilibrium Constants

e 2NO(g) + Cla(g) = 2NOCl(g)

_ (Pyoa)? _ [NOCI?
5= ol (o)~ INOP[CL]
* AgCl(s) = Ag™(aq) + Cl™ (aq)
K =[Ag"][Cl"]  K.=[Ag"][CI7]
e H2O(l) = H20(g)
K = Pg,0  Kc=[H20(g)]



Derivation of conversion formula

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

o loeDe L (Po(roy
[A]*[B]° (Pa)*(Pg)
Relate partial pressures to concentrations using the ideal gas law:
n b
nRT = [i] v = R’T
Lo (Pc/RT)*(Pp/RT)*
Substitute into K. K. =
(Ps/RT)*(Pg/RT)®
Factor RT with An = (c¢+d) — (a +b):
K = (RT)*"K,

Include standard states to make unitless for activities:
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Example: Converting between K and K.

Converting between K and K.

o TAn
K:(C]i ) K,

An = Ngas, products — Tlgas, reactants

No(g) + 3Hs(g) = 2NH3(g) K.=24x10"3 at 1000K
®RT\ A"
K- (SED) 'k,
An=2—-4=-2
o (1M 0.08314 Pt - 1000K -
1 bar

(K =347 x 1077

.24 %1073




Chemical Potential

AG° = —-RTInh K

Reactants

Equilibrium

Products

Completion

Chemical Potential

The chemical potential is the
change in Gibbs free energy with
respect to adding one mole of 7, at
constant T, P:
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dG = —SdT +V dP+_ p;dn;

wi = p; + RT In P



Gibbs Free Energy and Maxwell Relation

dG = —SdT +VdP+>  p;dn;
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Clairaut’s theorem:
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Identify first derivatives:




Chemical Potential of an Ideal Gas

Maxwell Relation + Ideal Gas Law:

O  _y. _ BT
<aP>Tn_V“ Iz

Write differential form:

RT
dp D d

Integrate from A to B:

B B T
A A

P
1B ZMA—l-RTlnP—B — | = pS + RTIn P;
A




Deriving Gibbs Free Energy of a reaction

Consider a reaction: A == B

dG = —SdT +V dP+ ) p;dn;

7

Write in terms of reaction coordinate &:

dG = —=SdT'+V dP — padé + ppdé
8G)
Y = HUB — HA = AGIXH
(8& pr 7
Substituting p; = p; + RT In P;:
AGum = (u% + RT In Pg) — (uS + RT In Py)

Aern = AGO + RT ln % — ‘ Aern = AGO + RT IDK
A



Connecting Gibbs to Equilibrium

AGin = AG°+RTIn K
At equilibrium, AGx, = 0:

0=AG°+RTInK
AG° = —-RTIh K

Relating Gibbs to Equilibrium
AG° = —-RTIn K

AG° K Favored

<0 >1 Products favored
=0 =1 Equilibrium
>0 <1 Reactants favored




