Recitation: 7
10/16/03

Solutions
Open SystemsVariables:S,V, N:

dU = TdS — PdV + " pydn;

where

_ou
= anl S,Vn;

Forthe Legendrd@ransformswe have:
H=U+ PV — dH:TdS+VdP+Zuidni
F=U-TS  — dF =—S8dT - PdV + ¥ udn;
G=U-TS+PV — dG=—sdl+VdP+ . dn,

_ou _OH _OF oG
Hi = on; SVin, ~ Ony S,Pn, - O T.V,n; Oy T,Pn;

Thechemicalpotential,;.; hasdifferentdefinitions,dependingon the potential. However,the def-
initions are equivalentas can be seen in the previceguation.

Using the Euler Relations:
U=TS5—PV+3 pn;
G =2 pin
Using First Law,and Euler Relation for the Energyne can get the Gibbs-Duhem Equation:

SAT — VAP + Y " ndp; =0

The Gibbs-Duhenrelationtells you that thermodynamigotentialsin a systemarenotinde-
pendent.A changein oneof the potentialshasto be accompaniedby a correspondinghangen

therest.

At constantemperatur@andpressurethe Gibbs-Duhenrelationimpliesthat, by knowingthe
thermodynamidehaviorof oneof the components; of the systemit is possibleto determinghe
behaviorof the rest.To do this we havéo do aGibbs-Duhem Integratian



For a compositesystem,at constantpressureand temperature(at mechanicaland thermal
equilibrium),the conditionof equilibriumis suchthatthe systemminimizesits Gibbsfree energy
by changingts compositiony;. Foreachcomponentor whichthereis no constrainin its transfer
acrosghe composite systemiaternal boundaries, the equilibrium condition implies that:

u?zug=-~=uf
W=y o= =
ppo= o= =

Forall ¢ phasesandk components.

Note thatthis equilibrium conditionis valid, aslong asthe internalvariablesthat canchange
arenot coupled. For example,it is commonthat solidschangetheir molar volume astheir com-
positionchangesso, in this casethe conditionof all the chemicalpotentialof i beingequalin all
phasess not the correct one.

Whenp$ > uf, andcomponent canpassacrossthe /3 boundarytherewill bea driving
forcefor themasdlow of i, Ap,; = uf‘—uf until thesystemeachesanequiIibriumstate.uf = s
So—dn{ = dnf. Component flows from the high chemicalpotentialregionto thelow chemical
potentialregion. The massflow of ¢ is parallelto minusthe gradientof the chemicalpotentialof
component.

Partial Molar Quantities B
Foranyextensiveguantity,Y’, it is possible to define a corresponding partial quantjty

Y, — (9Y>
on; PT\n,

It is possible to define a change in the chemical poteptiaf component:

d[LZ' (P, T, xi)P,T = RTdIn (az)

Whereaq; is anarbitrary activity function that just makeslife easierwhentrying to describethe
thermodynamicsef the systemWe can integrateéhe previousquation on both sidesptaining:

i (P7 T7 xi)P,T = :u;'k (P, T)P,T + RT'In (al)
wherey! (T, P) is the reference state at the safandT’.

The standard stai@ (T, P = 1 atm.) is at P= 1 atm..

In general,
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Since ¥/ ~ 0 for condensed matter; ~ 1! for moderate pressures.

partial Pressures
Whena gasis in equilibriumwith a condenseghasethe activity of component in the con-
densedhase is such that

_ P

P
wherep; is the partial pressuref component in thegasmixtureand P, is thevaporpressuref ¢
whenyou havea gasof pure componentovera condensed phase composed only. of

a;

In general,

ai = 7iZ4

where~; is called the activitycoefficientof 1.

Raoult’'s Law

day _
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Henry's Law:

das
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Relationship between Henry’sand Raoult’'s Laws:
The Gibbs-Duhem Equation tells you that:
r1dIny, + zodIny, =0

Differentiatingthe Gibbs-Duhem equation, with respectitg we have:

dl dl
x2—0 x2—0

dl’g dl’g




dxa dxa

If Henry’sLawis obeyed(x2 M) = 0) , thenRaoult'sLaw hasto beobeyed(xl “”“—71) = O).
x2—0 x2—0

The opposites not true.
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-

/7 .
/ ) inf

Henry's Law

Figurel: Raoult'sLaw and Henry'sLaw

Intercept Rule:

Figure 2:Intercepts Rule

Proof:
Foramolar extensiveproperty,Y,,, in a binary system, we have:

Y = 211 + 22Y5 (1)



dYn,
dxo

If we differentiate

, considering that; + =z, = 1 anddzr; = —dxs:

dYs o oY, OYy
= -V +Y L2
dIQ 1+t {Il 81'2 + o 31:2

Thelastterm(in brackets)s equalto zerobecausef the Gibbs-DuhenkEquationandwe have:

_ o dYy;
R 2
o)
Substituting Eq. 2 into EqQ. 1, we have:
_dYy, _
Yy =m (Yz - M) + x2Y5 (3)
d$2

Re-arranging, we finally have:

dYy
dl’g
Fora Gibbs free energys. composition curvewe have:

Yo =Y + 11

GM

29

2

Figure 3:Intercept RuleMolar Gibbs Energyand Chemical Potentials

Calculation of Solubility Limits:
For a systemof componentsd and B, andassumingequilibrium betweenthe liquid andthe
solid phases, the followingondition must hold:

pwh = i
[p = p

Assuming that componem in the solid phase does not dissobay A,

L, S,
pp = g’ + RTn (v3) = pg, = pi”



Therefore,

L

SO _ L0
_ B B
Tp =exp |

RT

- “AH, T
P TRT T,

Melting Point Depression
With the same example,

s
AGm (i) = RT In (a—L)

The differencein the partial molar Gibbs free energyof i is just the differencein chemical
potentials.

For B, we have:

as
AGm (B) = RT In (—f)
ap
AGm (B) 1 L
=1 ~
RT " (1 — xﬁ) A
And
xf‘ — AL(BQAT

R-(T37)
A lowersthemeltingpointof B. SinceA doesnotdissolvein solid B, atanygiventemperature

belowthemeltingpointof B, thereis athermodynamiairiving forcefor forming theliquid phase,
which can dissolve A.

Ideal Solution

a; = Iy

for all 3.

G = 2445 + 2pu% + RT [x41n (x4) + x5 1n (25)]
ASpmiz = —R[zaln(x4) + zpln(xp)]

Ideal Entropyof Mixing is alwayspositive.
— Mixing is a highly irreversiblgrocess.



