ChemE 2200 — Chemical Thermodynamics Lecture 10

Today:
The Gibbs-Helmholtz Equation.
Solid-Liquid-Gas Phase Equilibria.
The Chemical Potential, p.

Defining Question:
For two phases,
thermal equilibrium requires equal temperatures,
physical equilibrium requires equal pressures, and
chemical equilbrium requires equal ????”

Reading for Today’s Lecture:
McQuarrie & Simon, Chapter 22.7, 23.1-23.4

Reading for Thermodynamics Lecture 11:
McQuarrie & Simon, Chapter 26.1-26.7



15t Prelim
TOMORROW, March 11, 7:30 — 9:30 p.m.

245 Olin Hall

Covers —
Atomic Orbitals
Molecular Orbitals
Molecular Spectroscopy
Electrons in Solids
Classical Thermodynamics through 15t Law

Covers —
Lectures through 15t half of Monday, 2/24 (Lecture T4)

Homework through Homework 5
Calculation Sessions through Calculation Session 5

You may use a hand-written, double-sided reference sheet.
Reference sheets will be submitted with the Prelim.
Reference sheets will be returned Wednesday, March 12.



Career Guidance Mondays

12:20-1:10 p.m.
165 Olin



ChemE Reunion June 2024



Recap: The Equations of Thermodynamics

natural fundamental
energy definition variables equation
internal U=g+w Sand I dU = TdS — Pay
Helmholtz 4=U-T8S Tand V dd = -SdT — PdV
enthalpy H=U+P}V  SandP dH = TdS + VdP
Gibbs G=FH—TF8 Tand P dG = —SdT + VdP

Properties of matter

@) _q,
or ),
ﬂ]:cp
or J,
2 .
o), "
B0
v\ar ),
_Jper
AC I

1(av
VI | B = %
V\aP )g

Kr

heat capacity at constant volume

heat capacity at constant pressure

Joule-Thomson coefficient

coefficient of thermal expansion

1sothermal compressibility

adiabatic compressibility

Maxwell practical
relation equation
orT oP oP
= | == dU = Cydl + |T|—| -P|av
aV]S [aSL v { aTl, } need C;
B -(Z) w-la (P or Gy
ov ), \oT )y 4 or ), and an
ﬂ] = [%] dH = Cpdl + {V_T[ﬁJ }dP equation
Fis AW /s oo of state.
ﬁ] __[ﬁ) as = Sear - [ﬁ] dP
aP), \or), - F ol
Some Useful Relations
o) _ Gy gp_gV+T[£] ﬂ]
W & example: I )
) % provides C,, 5Cvj _ | 2P
or), T v ), or?
dependence 4
2
oY) on V. acp]__TaV
ar ), oP ), or® )
) _ ﬂ] _ _L{ _T[EH
T ), oP. ) O or ),
Xy @] . {T—V[ﬁj }[@]
oP ), ov ), v ), \or ),
Ly -
ov



The Gibbs-Helmholtz Equation

(for the temperature dependence of G.)

Recall: The pressure dependence of G:

Useful Relation: (Z—gj =V —> dG = VdP atconstant T.
T

I:)2
AG = deP
R
For anideal gas, AG-= IﬂdP = nRTIn% at constant T.
1
R

For the temperature dependence of G, one can similarly start with a Useful Relation:

(@j _ s
T )

But there is an easier derivation.  Start with the definition of the Gibbs energy:
G=H-TS

Divide by T: & _A
T T



The Gibbs-Helmholtz Equation, cont’d

G_H 4
-

T
Differentiate with respect to T at constant P:

CP

= Cp  and a Useful Relation (ﬁj =
oT Jp

Substitute a Property of Matter @—I__rlj

5 T

6GIT)Y . 1, 1,4 C
( oT )P_ T2H+T§/Pj /?2/

(a((;{-r)j _H The Gibbs-Helmholtz Equation (1882)
P

T2

Also useful for temperature dependence of AG of a phase transition or chemical reaction:

oT T?

(‘XAern /T)j = — AH Also The Gibbs-Helmholtz Equation
P




one phase:
solid
liquid
vapor

two phases:
solid+liquid
solid+vapor
liquid+vapor

A Three-Dimensional Map of a Pure Substance.
Figure 4.109, p. 300, Duncan & Reimer
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Projections of Three-Dimensional Map onto Two-Dimensional Maps

AN




Thermodynamics of the Critical Point
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Liquid and vapor are indistinguishable above the critical point.
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at the critical temperature.

Figure 23.8 of McQuarie & Simon
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Figures 19.7, 21.2, and 23.10 from McQuarrie & Simon



Temperature Changes in Gibbs Energy at Constant Pressure

2

Gsolig = Giiquig at melting point

Gliquid = Gvapor at boiling point

Gsolid < Giiquid < Gvapor Pelow melting point

Gliquid < Gsolid < Gvapor above melting point, below boiling point

Gyapor < Giiquid < Gsolig @bove boiling point



Changes in T, and Ty, at Higher Pressure
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From a Useful Relation: (_j —\V
T

BecauseV >0, G increases with pressure,and  Vgig < Viiguia < Vgas

How does the melting point of ice change with increasing pressure?

Vi, >V,

water SO the melting point decreases a higher pressure.

Ice Skating! See McQuarrie & Simon Figure 23.6.
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Pressure Changes In Gibbs Energy at Constant Temperature

/
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Gsolid = Gliquig at melting pressure

Gliquid = Gvapor at boiling pressure

Gsolid < Giiquid < Gvapor at pressures above melting pressure
quuid < Ggyig < C?Valoor below melting pressure, above boiling pressure

G,apor < quuid < Gqqjiq at pressures below boiling pressure



Changesin T,

) qnd Ty, at prer Temperature
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From a Useful Relation: (ﬁj — —§

Because —S <0, G increases with decreasing temperature, and Sjig < Sjiguid < Sgas



Changes in T, and Ty, at Lower Temperature, cont’d

Consider a constant-temperature path below the triple point.

2

sublimation P

Draw a plot of AG vs T at constant P for a pressure below the triple point pressure.



The Chemical Potential, p

\
Consider a pure substance gas
with two phases present. > system
Gsystem = Ggas + Giiguid liquid )

Imagine an infinitesimal change: dn moles of liquid — dn moles of gas
dnjiguig = —dng,s  (closed system)
How does Gy, Change?

dGsystem =

Substitute dnjjguig = —ANy4

dGsystem = |:

oG oG;. . .
gas liquid
9as Jp T liquid /p 1
oG oG
Define the chemical potential = Mgas = ( gasj C Miquig = ( Ilqmdj
Ny P T ONjiquid o T

dGsystem = (Hgas_ Mliquid)dngas



The Chemical Potential and Chemical Equilibrium

dGs,ystem = (Mgas_ “quuid)dngas

For chemical equilibrium, dG = 0 = g = Wiguig

If not at equilibrium, change n, (and nj;giq)

For thermal equilibrium, dG = 0 = T o = Tjigq

Orev

If not at equilibrium, change S, (and S;q;q) dS = T

For physical equilibrium, dG = 0 = Py = Pjigig

If not at equilibrium, change Vg (and V;qiq)



Molecular Basis for Infinitesimal Mass Transfer

Does dGgy,rm decrease?
Consider a molecule If ‘yes’ — molecule stays
transfering to the gas phase In the gas phase.

from the liquid phase.
If ‘no” — molecule returns

to the liquid phase.

Assume dG IS negative when a molecule moves to the gas phase.

system

dGsystem = (Hgas - Mliquid)dngas

For dG <0and dng, >0, we conclude (pgss — yiguia) < O

system

The liquid has a higher chemical potential.

Molecule moves from high chemical potential to low chemical potential.



The Chemical Potential is the Molar Gibbs Energy

The Gibbs Energy, G, is an extensive property.

G Is proportional to the system size.

G o n
G = nu
n

Maxwell Relations and Useful Equations extend to Chemical Potential.

D@ @l

P



Recall AS

transition —

The Clapeyron Equation

Atequilibrium, pg = Miguig

gas

G

gas

V. dP — S dT

gas

— Gliquid

= \7quuiddP - S_quuiddT

(\Tgas _\Tquuid)dP — (S_gas - S_quuid)dT

AH

transition

T

dP _ Sgas - S_quuid
dT Vgas _Vliquid
dP — AIqtransition

dT  TAV,

ransition

The Clapeyron Equation (1834)



Note: not logP

The Clapeyron Equation, cont’d

dp = AI__I_transition
dT TAVtransition
slope = dp _ AI__liusion
dr TAVfusion
solid
liquid
0 =
T
slope = d_P _ AIqsublimatio N

dT  TAV,

ublimatio n



The Clausius—Clapeyron Equation

Consider the Clapeyron equation for liquid-gas transitions:

d_P _ AIqvaporization
dT T (Vgas _Vliquid)

Assume we are far below the critical point, such that Vs » Vigia = Vgas —Vigia = Veas

dP AH vaporization

T TV
- AH, . . .
Assume the gas is ideal:vgas — RT ~dP _ vaporization
P dT T( RT )
P
i d_P _ AHvaporization
PdT T?
note: d(ln P) — ldip d(InP) _ AHvaporization

The Clausius—Clapeyron Equation (1850)



Applying the Clausius—Clapeyron Equation

d(InP) _ AIqvaporization
dT RT?
In E)Z T2 A_
. vaporization
separate ‘n’ integrate: ] d(InP) = j RT?2 dt
In P]_ T]_

assume AH, ;i on 1S CONStanNt

InP. — InP _Aﬁvaporization 1 . i
2 1 R T2 Tl

Use to calculate the change in vapor pressure with change in temperature.

Also valid for vapor pressure above a solid. Why?

InP, — InP, = _Aﬁsublimation 1 1
2 1 R T2 Tl




Applying the Clausius—Clapeyron Equation, cont’d

d(InP) _ AI_Ivaporization

separate ‘n’ take indefinite integrals:

InP

(3) + constant
R T

dT RT?
InP = — AIqvaporization
hot cold

-~

AH

vaporizati on

slope = —
P R

If the line is straight,
the heat of vaporization
IS constant.



