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Equilibrium in Solution

The chemical potential for molecules in solution is given by a formula
that is very similar to that for ideal gases:

w1y (T,p.ci)=p15(T.p)+RTInc, = 15(T, p)+ RTIn[A]

The precise definition of the standard chemical potential u45(T,p) is

now more complicated; it is defined at a given pH, salt concentration,
etc..., all solution properties that need to be defined in advance. We
will not go through those and take it as a given that the standard
state is appropriately defined.

Given a standard chemical potential (T, p), then the analysis that

we did for the ideal gas follows straight through and we find for a
solution process

va A(sol, T, p) + w B(sol, T, p) = ve C(sol, T, p) + w D(sol, T, p)
that following the ideal gas analysis in our previous lecture

A6(e) = &veus (T) + ot (Tﬂ—[VA”Z(T)”B“Z(T”+RT'”[%]

and the equilibrium constant K comes out through

AGS =-RTInK, K=e*"

rxn

[c]*[0]
(4] [8]*
concentrations Q are equilibrium concentrations.

Where kK =Q,, = at equilibrium as before, and where the
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Temperature dependence of K (or K,)

Ink(T) =

Y N dink d [ A6°) AG° 1 dAG°
RT dT  dT\ RT ) RT? RT dT

But at fixed pressure and/or solutions properties (p =1 bar, pH
constant, etc..)

dAG®  (OAG°
dr |\ oT

Jl bar,pH constant, etc...

and from fundamental equation
dé =-5dT +Vap = (%j =-5 = (aAéoJ =-AS5°(T)
P P

oT oT
dink AH°(T)-TAS°(T) s 1
daTr RT? RT

AS°(T)

dinkK(T) AH°(T)

dT  RT?
Integrating: InK (7;) =Ink (T}) + f%ﬂ'

At constant pi AH°(T)=AH"(T))+AC,(T -T;)

aT

AHO(T)+ AC, (T - T;
Ik (T;) =Ink (7)) + [ (1);T2/’( )

Over small Tranges, AC,(T -T;) can be assumed small and A~°_

independent of T.

AH (1 1 AH° (T, =T,
= | InK(T;)=Ink(T)+ 2 [Fl_ij:m,((er 2 (2 1j
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If AH°(T)<O0 (Exothermic) T7,>T means K,(T;)<K,(T;)
The equilibrium shifts foward reactants

If AAH°(T)>0 (Endothermic) T7,>T, means K,(T;)>K,(T)
The equilibrium shifts foward products

This is Le Chatelier's principle for Temperature

. Example: The Haber process

z No(9, T, p) + 3/2Ha(g, 7. p) = NHs(g, T, p)

AH,,

rxn

AG,

rxn

(298 K) =-46.21 kJ/mol
(298 K) =-16.74 kI /mol

16,740 J/mol

K = Hwa _ pt A&m :em3MJmﬂmQ%K):860

For p =1 bar this is pretty good, lots of product. However, the

reaction at room Tis slow (this is kinetics, not thermodynamics).
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Raising T to 800 K can speed it up. But since AH°(T)<0 (exothermic),

Le Chatelier tells us that the equilibrium will shift toward the
reactants.

Indeed: £,(800 K)=0.007

What to do? =  Note above K =[Pk,
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Again use Le Chatelier, but with pressure! If we increase p, Eq.
shifts foward products.

=  Run reaction at high Tand high p

For p=1bar, 7=800K, £ =0.007

X,
Ky = —si = (1)K, = 0.007
X X;—i/ZX/i//: p
But at p=100 bar, k, =(100)k, =0.7 much better!

o Heterogeneous Equilibria

If a product or reactant is a solid or liquid, it will not appear in the
ratio of partial p's for K, or in the concentrations if the equilibrium is
in solution. However, it must be used in AG.

Why? Take va A(s) + wB(g) = wC(t) + w D(g)
The solid and liquid are not mixed - they are pure states.
AG =[v, u.(s, pure, p)+v,ouy (g, mix, p)|=[vau, (1, pure, p)+ vy (9, mix, p)]

And for (¢) or (s)  u.(pure, p)~ u°(pure) (no p-dependence)

VD
= A6=Vc,ug+vb,ug—v,,,uf,—vByZ+RT|np—i=A6°+RT|nQ
Pe
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K =

P

But we still have

and

|

Lecture #16

v
Pe’

o _ o o o o
AGS, =V oltg + Vg — Vi — Vgl

Ink, =—%

e.g. the decomposition of limestone

CaCOs (s) = CaO (s) + CO: (9)

Calculate equilibrium vapor pressure at room

Data at 25°C:
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p—DD} No A or C involved.
&g

T =25°

Tand elevated T.

Substance CaCOs (s) CaO (s) CO: (g)
1° (kJ/mol) -1128.8 -604.0 -394 .36
AH? (kJ/mol) | -1206.9 -635.09 -393.51

At equilibrium,

AG = u(Ca0, s)+ u(CO,, g) - 1(CaCO;, s)

= 4°(Ca0, s)+ 4° (€O, 9) + RT Inp,, - 1°(CaCO, 5)

= AG° +RT|nKp

where K, = p,, (ateq.)

The equilibrium constant includes only the gas, but A&° includes

the solids too.

r&® (kT/mol) = -604.0 - 394.4 - (-1128.8) = 130.4 kJ/mol
aH® (kI/mol) = -635.1 - 3935 - (-1206.9) = 178.3 kJ/mol
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Equilibrium pressure:

(A6 _ 130,400 J/mol
RT ~ (8.314 J/K-mol)(298.15 K)

K, =1.43x10* bar

Ink, = - -52.50

Nothing there at room 7!  Try 1100 K:

AH (1 1
I peo, (1100 K) = In pro, (298 K)+—3 (1100 K 298 Kj

178,300 J/mol( 1 1

=-52.50- -
02 8.314 J/K-mol {1100 K 298 K

Pro, (1100 K) ~ 0.84 bar

): 0.17

There's probably some change in AA? over such a wide Trange,
but clearly the equilibrium shifts dramatically.



