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Changes in Thermodynamic Properties for Phase Transitions

o Let's consider a phase transition at T, p
a— f
the finite changes are given by
Ap = (T, p) — p*(T, p)

As = Sﬁ(Ta p) - Sa(T’p)
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Changes in Thermodynamic Properties for Phase Transitions

@ The change in the chemical potential can be given by
Ap(T, p) = AR(T, p) — TAs(T, p)

@ The chemical energy (—Apu), the thermodynamic driving force D, and
the amount of entropy produced As'" for a phase transition at
constant T', p are related by

D =TAs" = —-Ap

e If Ap is negative, the driving force D is positive, and the transition is
irreversible, producing As'™ amount of entropy. The larger the driving
force D is, the greater amount of the entropy As' is produced, and
thus the higher the degree of irreversibility for the phase transition.
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Changes in Thermodynamic Properties for Phase Transitions

@ The equilibrium transition temperature and pressure for a phase
transition are T, and p., the driving force is

D(T.,pe) = TeAs"(Te, pe) = —Ap(Te, pe) = 0
@ At equilibrium temperature and pressure,

Ap®(Te, pe) = AR (Te, pe) — TeAs®(Te, pe) =0
@ The enthalpy of phase transition,

AR(T) = hP(T) — h(T)

T
:hﬂ(Te)Jr/ hdT —

e

T
he(T,) + / cdT

T T
:Aho(Te)Jr/ cgd:r—/ c¢ydT
Te

e
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Changes in Thermodynamic Properties for Phase Transitions

o Let
Acy = cg — c;‘
then .
Ah(T) = AR°(Te) + AcpdT
Te

@ For the chemical potential,

la[Au(T) JT]|  As(T)  Au(T)  AWT)

T T T2

or

p
@ By integrating the equation,

AMT(T) _ AM;ETB) B /T [Af;(g)] T
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Changes in Thermodynamic Properties for Phase Transitions

e Under the equilibrium under (7¢, p.),
AhO(Teype) = TeASO(T67pe) = Qe
where Q. is the heat of transition under constant pressure and
temperature.
@ Therefore, the entropy of the heat generation for irreversible process,

Q.

As® (Tea pe) = T

@ For the temperature T,

o r ACp
AS(T,pe) = As°(Te, pe) + TdT

€
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Changes in Thermodynamic Properties for Phase Transitions

@ Since

dp = —sdT + vdp — 8—“ = —s
or),

therefore,

T
A,U(Ta pe) = A,UO(Teype) - /T AS(T, pe)dT

@ In sum, the finite changes are

Ah(T, pe) = Aho(Teape) + ACP(T - Te)
T
As(T, pe) = As®(Te, pe) + Acpln (T)

Ap(T, pe) = AR°(Te, pe) — TAs® + Acy(T = T.) — Ay Tln (§> |
e /NIE
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Changes in Thermodynamic Properties for Phase Transitions

e When Ac, =0
AM(Tape) = Aho(Teape) - TASO(Teape)

@ Since we have

Ah°(Te, pe)

Aho(Teape) - TeASO(Teape) =0— ASO(Teape) = T

proceed to

o AR (T, pe Ah°(T,, p.) AT
Ap(T, pe) = AR°(T,, pe) — T(T) = (T)

where
AT =T T,
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Changes in Thermodynamic Properties for Phase Transitions

@ For the process at p at constant temperature T,
Ap=P(T,p) = P (T, p) — p*(T, p)

@ For arbitrary pressure p,

P
wwm—(wway/ww
4
12 (T,p) = 1’ (T, pe) +/ WPdp
Pe

therefore,
p

AT, p) = M) + [ Avdp
p

€
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Changes in Thermodynamic Properties for Phase Transitions

@ Combining the temperature and pressure dependence of chemical
potential change for a phase transition,

T T Ac D
Au(T,p) = Ah® — TAs® + AcydT — T/ TpdT + / Avdp
Te e

e

@ When Ac, and Av are independent of temperature and pressure,

T
T—T.—Tl( —
*(7)

@ Introduce, Ap = p — pe, AT =T — T, under the equilibrium,

Au(T,p) = Ah® — TAs® + Ac, + Av(p — pe)

Ap = JAv

ATAS® — Ac, [AT (T, + AT)In <w>]

e
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Changes in Thermodynamic Properties for Phase Transitions

o f AT <« T,

ap_ AT (Ah" + AcpAT>

~ Av Te
it is known as Clapeyron equation.

@ For a phase transition in a crystal, incorporating effect of an applied

stress,
T
A,U,(T, O'ij) = Ah° —TAs® + AcpdT
Te
T Ac Tij
T/ 1_1pdT’+/e ve%’jdaij
€ 'L]

where £y 18 the stress-free transition strain which is a measure of the
relative stress-free lattice parameter change from the parent to the
produce phase and o;; is the applied stress. NI
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Changes in Thermodynamic Properties for Phase Transitions

o If the chemical potential change Ay for a phase transition in known as
a function of T and p, then

AS(T,p) = - ["Mgg?p)}

@ Similarly, the enthalpy change or heat of transition is

I(Au(T,p)/T)

_ 72

] = Ap(T,p) + TAs(T, p)

@ Finally, the volume difference is
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Changes in Thermodynamic Properties for Phase Transitions

@ The amount of entropy produced during a phase transition is

AT, p)

As"(T, p) = T

For spontaneous reaction, chemical potential reduces, therefore, the
irrerversible entropy increases.
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Changes in Properties for Chemical Reactions

@ For the chemical reaction at T and p,
VaA+vgB < voC +vpD

where v; is the stoichiometric reaction coefficient.

o HE ST and GE are the properties of reactants and H”, S¥ and G¥
are properties of products. At T" and p,

AG<Ta p) = GP(Tvp) - GR(Tvp)

AH(T,p) = H"(T,p) — H¥(T,p) = Q
AS(T,p) = ST(T,p) — S®(T, p)
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Changes in Properties for Chemical Reactions

@ Since we can write

GH(T,p) = vapa(T,p) + veus(T, p)

+vpHp(T, p)

( )

= ycﬂc(T,p) + VDMD(Tvp)
p)

p) +vpSp(T,p)

@ From thermodynamic relations,
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Changes in Properties for Chemical Reactions

e At T = 298K and p = 1 bar, we put circle to the right top,
AGS9sk 1 bar = [VObE + VDD — [vapd + vBup]
AHSogk 1par = |[VoHE +vpHp| — [vaHy + vpHp]

ASS9sK 1 bar = [VOSE + VDS — [vaSh + vpSE]

also
] o [¢]
AGQQB K,lbar — AH298 K,lbar — TASzgs K,1 bar

o If the reaction is irreversible,

AG39sK 1bar 7 0
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Changes in Properties for Chemical Reactions

@ The change of enthalpy of the reaction at T" and p = 1 bar,

T T
AH(T,1bar) = AH(298 K, 1 bar) — / CldT + / cldr
298K 298K
T
= AH(298K, 1 bar) + AC,dT
298K

where

R
Cp = VACp,A + VBCp,B

CP

p = l/Ccp,C +vpC D

AC, =C) —Cl
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Changes in Properties for Chemical Reactions

@ Since

{&AG(T,p)/T)] _ AH(T.p)
oT » T2

@ By integrating,

AG(T,1bar)  AG°(298K,1bar) /T AH(T,1bar) JIT
T - T - 298 K 208 K T2
e If AH(T,1bar) is independent of the temperature,
AG(T,1bar) AG°(298K, 1 bar)

T T =298K

= AH°(298K, 1 bar) <1—1>

T 298K
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Changes in Properties for Chemical Reactions

@ The entropy change is

o T ACP
AS(T,1bar) = AS°(298 K, 1 bar) + =rar
208k 1’
@ The Gibbs energy change is
T
AG(T,1bar) = AG°(298 K, 1 bar) — AS(T,1bar)dT
298 K

= AH(T,1bar) — TAS(T,1bar)

and we can have the entropy and enthalpy by

AS(T,p) = — {mc;g, p)]
AH(T,p) = AG(T,p) + TAS(T, p) NIE
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Changes in Properties for Chemical Reactions

o If the difference in compressibility between reactants and products are
negligible,
p
AG(T,p) = AG(T,po) + AVdp
1 bar

if AV is independent of the pressure,
AG(T,p) = AG(T,1bar) + AV (p — 1 bar) = AG(T, 1 bar) + AV Ap

@ When reactant and product is under the equilibrium, AG(T,p) =0 at
T, and pe,

AH(Tmpe)

AH(T,,pe) — T.AS(To,pe) =0 — T, = AS(T., pe)
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Changes in Properties for Chemical Reactions

@ The entropy produced AS™ or the driving force D in a reaction at
constant T" and p, _
D =-AG=TAS"
If a reaction is spontaneous, D as the amount of chemical energy that
is converted to thermal energy, which is positive.
@ At constant T' and V, the entropy produced for a chemical reaction is

. AU(T AF(T
as”=as(ry) - S0V ANLY)

for the spontaneous reaction, AF(T,V) < 0.
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Changes in Properties for Chemical Reactions

@ If a chemical reaction takes place adiabatically at constant pressure,
AS"™ = AS = S(T,1bar) — S(Tp, 1 bar)
o If a chemical reaction takes place adiabatically at constant volume,

AST=AS =S(T,V) - S(Tp,V)
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