Use of Maxwell Relations;

e What isthe Internal Pressure ?
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e Whatis 2HO 7
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* Determination of C; -C,
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Properties of the Gibbs Free Energy

o Temperature Dependence of the Gibbs Free Energy

Constant Pressure
Single Component System

4G, = VipdP - Sy, dT

| | BGm0  _
solid liquid  gas T 2p o
T, T, T SO <S(L)<<§, (V)

At point A the solid isin equilibrium with the liquid G,(S)= G, (L)
At point B the liquid isin equilibrium with the vapor G, (L)= G, (V)



e Gibbs-Helmoltz
Equation:

Useful in Applications
to Chemical Equilibria
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* Pressure Dependence of the Gibbs Free Energy at cst T

4Gy = Vi dP
P

DG, = oV, (P)dP
R

At low P, liquids,

Vin IS solids at
Independent | |ow P
of P

DG =Vin(Pr - R)

Ideal gas

V,_ =RT/P

At high P,
Need E.O.S.
V. =f{(PT)

- DGm = RTInaEPf 2
m — (é‘F—
| 9
liquids,
solids at
high P
L\ Pr
DG, ‘Vm(P)dP




Phase Diagram of Single Component Materials

 PhaseDiagram: P=1(V,T)
— Coexistence Curves
— Triple Point
— Critical Point
* Location of Phase Boundaries:
Homd
P o7
—ifV (L)>V_ (SthenT,
Increases with Pressure (general)
—ifV,(L)<V.,(SthenT,

decreases with increasing pressure
(water, €etc..)



 Two phasesa and b arein equilibrium at temperature T and
pressure P, if G, 2 (P, T) =G, > (P,T)
L et us change P by dP and find out what is the corresponding
dT required to preserve the equilibrium between the two phases.
Changesof T by dT and P by dP lead to a change of G by dG
dG. 2=-S.2dTl +V_2adPforthea phaseand
dG,° =-S.PdT +V_PdPfor theb phase

To preserve equilibrium conditions,

G2+dG.2=G, >+dG P whichimplies
dG,2=-52dT+V 2adP =dG =-SP,dT+V_PdP
(Smb 'Sma ) dT = (Vmb - Vi@ ) dP

dP DS DH Clapeyron Equation
dT DV _TDv| (describesthea <—= b coexistence curve)

Note at equilibrium, DG =DH - T DS = 0 for the transition



»  Solid - Liquid Equilibrium

dP_ DI—IfUS(T’P) b P_P*_I_DHfUS(T*’P*)I T O
dT ~ TDVi (T, P) DV; o(T*,P*)  &T*p

If DH; . and DV, can be assumed independent of T and P

Liquid - Vapor Equilibrium

dP _ DHvap(T1 P) aDHvap(T’ P) _ DHvap(T’ P)

T TDVigy(T.P) ~ TVyuu(T.P)  TRT
P

dP  DHygp(T.P) gT
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If DH, ,, can be assumed independent of T and P.



e Solid - Vapor Equilibrium:
dP _ DHg (T, P) DHsub(T P) DHsub(T, P)

dT  TDVgy(T, P) CTV o (T, P) TRT
P
o dP _ DHg (T, P) dT
P R T2
b In Po -DHSu ?__ io
P*d R 6T T*o

If DH,, can be assumed independent of T and P

* Closeto thetriple point DHg, = DH; + DH, 4,
Because H isa State Function



Properties of Simple Mixtures

&)X 0

e Partial molar value of extensive property X Xy = Con: 5
J9n,PT

IS an Intensive property of a component in a mixture

» Chemical Potential: Partial molar Free Energy: m,
Activity: a

&G O /

wj = :MJ'CE+RT|n(a\])

&n; 5
n,PT
\ Standard State (P = 1 bar)

e Idedl Binary A-B Liquid Solution: Raoult’s Law
P, =X, P,* wherea, = x, =n,/ (n, + ng) molefraction of A
DGy = (Na+Ng)RT(X4 IN(Xa) + Xg IN(Xg))
DHix =0 DVix =0 DSix =- (Natng) R (XA IN(Xa) + X5 IN(X3))



Phase Diagrams

e Gibbs Rule of Phase: The number of independent intensive state
variables necessary to fully define the state of a system iscalled
the variance of the system(or the # of degrees of freedom) and is
givenby F=C-P+2 where
C = # of independent constituents (# of speciesif no reaction)

P = # of phases
2 accountsfor T and P

e F=0 thesystemisinvariant (triple point)
F =1 the system is monovariant (L/S, L/V, S/V coexistence)
F = 2 the system is bivariant (single phase & single component)
F = 3 the system istrivariant (single phase & 2 components)



Chemical Equilibrium

e Consider thereaction2A +3B —= C+ 2D
If we define the extent of reaction by z, when the reaction
advances by dz , the amount of reactants changes by:

dn, =-2dz
dng =-3dz
dn. =dz

dny=2dz

In general, for areaction written as
Sn;J=0, thendn;=n;dz

At constant temperature and pressure:
dG =m), dn, + my dng + m: dn- + m, dng
dG= (-2m, -3 +m +2m, ) dz

In general dG = Smydn; = (Smyn,) dz




5
» Definethe Reaction Free Energy as: DRG= ?f E
PT

e Definethe Chemical Potential of Each Species by:

&G 0 /E
== = + RT In(a
" 88”J é’n|,P,T = (J)

where a,1s Py/P° or f/P° for gases and unity for pure liquid
and pure solids.

DG =D;G° +RT InQ  (Q iscalled the reaction quotient)

For the example above D,G° = - 2m,° - 3my° + m° + 2m,°
1.2
_ %%
and  Q=—5—
agaa

In general, D;G°=Sn,m° and Q= ?a:]/‘]




« Atequilibrium, DiG=0 === |K =

¥
In generd, go aJ =

RT InK =- D;G° and K can be calculated at a given
temperature from the free energies of formation for each of
the reactants and products

DRGAE =av jDj GAE(J) Standard Gibbs Free Energy
J ~——__ of Formation of 1 mole of
Substance J at temperature T

and 1 bar found in
thermodynamic tables.



Response of Chemical Equilibriato Conditions

e Pressure Dependence:
K depends on DG°(T) and T and NOT on pressure.

o Temperature Dependence:

S

g JaT — T2
P
& ap oG/ 60
Gd £+ o
¢ T o -DrHE where D ;H° is given by:
¢ T T? DrH’E =& v 3Df H5(J)
< 5 3
2 InKo _ DrH’E Note that the enthalpic term

& ot zP: RT 2 will also dependon T !



If the standard reaction enthalpy can be calculated at T* (generally at
298K) and if the molar heat capacity of reactants and productsis
known as afunction of temperature, an expression for the temperature
dependence of the reaction enthalpy can be obtained. Then the
equilibrium constant can be calculated at any temperature (T,) In
terms of the equilibrium constant at T* (the latter being calculated
from the standard free energy of formation of products and reactants).

K(T) T pDoHA(T
HinK == =R 2( )
K(T*) RT* T

dT

/E /E T
DrH™(T)=DRrH"(T*) + aDRCp(T)dT

T*
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