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vapor pressure over PURE liquid (notation)

M
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Gene E&R Raff
(many others)

gas 2 liquid as pressure increases (vary P, const T)

Deglress piston Depress piston
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P INCREASES
Lo BN o]
gai‘ p 8 8 Gas phase
gt Lo P=P
Lmld 1
T T,
P<F @ ®
\
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4=V EQUILIB Depress p
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Depress pision
————————

P'J:. = vapor pressure of P INCREASES
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liquid = vapor as heat added (vary T, const P)

Add heat
ML

3

T CONSTANT

Gas phase

LESS LIQUID
(SOME EVAPORATES)

P:P;I

Add

P CONSTANT

T INCREASES
Add more heat
———

Gas phase

only

."":f-'r‘I

heat

maore
P, T CONSTANT

ALL VAPOR
(ALL EVAPORATES)

dG for phase change at constant T,P

X% property X, phase y

same T,P for each phase

dG =—SdT +VdP +_ u.dn,

phase

phase o

one component 'A' in phases o and [ constant T, P

dG, , = 1 dn'” + 1P dn'”

B) — _ @
dn;’ =—dn,

dG; , = (:ugl) e

A

) dn'
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-
at equilibrium 11 (@ = B ; 1 is ESCAPING TENDENCY ﬁfb

4Gy = (4 =)

at equilibrium dG, =0

(02)]

() _
=H,

My

Jor spontaneity dG,, <0
dGT,P = (;u;a) - ,uﬁf’ ) dn;a) <0

(@)

49 >u? = dn'® <0 molecules lost from phase o
UP >u® = dn® >0 molecules gained by phase a

4“ isthe ESCAPING TENDENCY high u— low p

hyper — mellow

for moleculesin phase o

Question:

can my pressure cooker heat water to 200C
without exploding?

T=298 K
P*=0.032 bar

T=473 K
P*=15.5 bar

https://www.engineeringtoolbox.com/w
ater-vapor-saturation-pressure-
d_599.html

https://www.engineeringtoolbo
x.com/water-properties-
d_1573.html
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phase equilibrium one-component systems (i.e pure substances)

Ao) 22 A(B)
at equibrium  Au=0 =y =u?
How can P and T covary to maintain equilibrium?
H(T,P)=u” (T,P)
Tand Pcovary — du® l l du®  Tand P covary

1 (1, P,) = (T, P,)

ﬂ(m(h)zﬂ(ﬂ)(ﬂ) a7t .dp e,u("’)(Tz,P

S}

)=u?(T,,P,)

before after

conditions for remaining at phase equilibrium (one-component),
covary T and P

(T, R) =P (T, R) —LE, i (7, p) = 4 (T, P,)

d,ll(a) =_SOGT D LY@ gp@ — _§PBqr® LB gph — dlu(ﬂ)
with

TO=TB® =T dTD =dTP =4T
PO =pB _p apD =qpP =4p

—SAT +VOdP =—-SPdT + VP dp
(E(ﬂ) _ g(a) )dT — ([7(,5) _ 17(04) )dP
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phase equilibrium (one-component)

(g(ﬂ) _§@ )dT — (17(/1’) Y@ )dP

dr AV,

dpP AS
[ ) =—f —] ¢ = phase change
phase equilibrium

| eqn. 8.13 E&R,

since phase change is an equilibrium (reversible) process

AP_I¢
AS, =—"
AH

(4) _ o,
dT phase equilibrium A

~N
o~

I application to liquid 2 gas (vapor) or solid 2 gas

("_Pj _AH,
dT phase equilibrium T AV¢

vaporization — condensation liquid 2 gas (vapor)

or
sublimation — deposition solid 2 gas
I7s0h.d and I7h.quid are small compared to Vvapor AI7¢ = 17‘,‘,1,0,
. = = RT
assume ideal gas AV, =V, :T
( dP j _ AH, PAH,
T RTN RT?
dT torse2g T E RT
P

(d(lnP)J _ Aﬁvﬂpor sub

dT RT?
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1. application to liquid 2 gas (vapor) or solid 2gas

dpP _AH, PAH,
dT lLorsz2g

d(lnP) — Aﬁvapor sub C|aUSiUS-C|apeyr0n
ar ) i BT ~eqn. 8.19 E&R,,,

forsorl=gas K, =(agas/as,é,)E(Pgas/l)
Qo jueh like (d(an,, )J CAH,,
equilibrium

RT?

‘b ’ dT
Léf‘@ré midterm 2

13

1. application to liquid 2 gas (vapor) or solid 2gas

[d(lnp)] _A}_Ivaparsub
equilibrium

dar RT?
= ¢ o i i 29
.[d(ln P)= j- ITE dT (assume AH independent of T sometimes??)
B T
P2 A}_I s 1 1 E&R,,, eqn 8.20 where ¢ is vaporization
In Fl =" R 72 - Tl similar for sublimation

application to problems:  nomalb.p.(1 atm), standard b.p. (1 bar)

to get vapor pressure given T°jjing and AH, 5, :

atT}=Th” P=P . =Ilatm

vapor

ln I’vapar(T) :_AHWI’ l_L :AHW” L_l
latm R T T R T, T

bp

14
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1. application to liquid 2 gas (vapor) or solid 2gas

application to problems: tn| P |_ _AH, 11
latm R |T, T::
P

to get Tyjing When P 1atm: 3 -
° I)ntm _ AHWP Tbl’ 1
bp D

bp latm

(i)
{T

T_] B :
" [1 % ln[P‘””’ J]
AH

(ln(—P“"" ]] - AHWI, =— AHvap Ti
Ty

1. application to liquid 2 gas (vapor) or solid 2gas

application to problems: to get Thoiling When P 1atm :

|:7qbp 1

TR
bl’] [1_ R_pr ln( Patm ]]
AH

1latm

vap

Denver: elev=1610 m P=0.822 atm

P T,
ﬂ}<0 = {Lj’}<l = T,<T,

P <latm ln[
1 atm

bp

Death Valley: elev =-82.5 m, P=1.010atm

T,
Lf}l = T,>T,

bp

P
ﬂ]>0 = l:

P >latm ln[
1atm

16
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Denver vs Death Valley

li} 1
= ;
b 1- R_Tb” In L
AH, ~ \latm
{ T, }_ 1 B 1
373 “mol™
(8:32457 K~'mol )(3731()]” P, {1_'07631’{ P, ﬂ
40.65x10° J mol™ Latm Latm
Denver: elev 1610m P=.822 atm T,,=367.5K
Sealevel: elev

Om P=1.00 atm T,,=373 K
Death Valley : elev -82.5m P=1.01 atm T,,=373.28K

II. application to solid & liquid

[dP j _ AH ¢ T, i, for phase equilibrium at P = 1 atm
T phase equilibrium TA V¢ what is T, at other pressures?

AV T AV
AT __ 2% 4p = yn| oz |2 [P-latm]
T AIimelting . AH

melting

melting
Tine | Viewia = Vi
In n:eltmg — Irqmi solid [ P _1 a tm]
T melting AH

melting

will increased pressure raise or lower T, ing

AHmelting >0

(usual) Vjiquia > Vsoiid T meiting Increases

(When??) Vigua < Vsoia  Timerting decreases
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phase rule one-component system (save proof for later; f=c-p+2, c=1)

f= degrees of freedom
p=phases simultaneously present

2 variables : T, P (same for each phase)
p-1 restrictions: u(® = u®) =y =

f: degrees of freedom = (variables-restrictions)

f=2-(p-1)=3-p
1 phase: T,P vary independently
f=3-p 2 phases present: T and P covary

3 phases present: fixed T and P

phase diagrams one component: phase vs (P,T)

BE[A]JWARE: when we study multicomponent phase
diagrams the axis variables may not be P, T

20

10
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HWT7 #45 (phase diagram but note log P axis scaling)

45. E&Rw P8.1

Within what range can you restrict the values of P and T If the following information

is known about CO;? Use Figure 8.12 10 answer this question.

NOTE: The critical point is at Te=31.1°C and Pe=72.8 atm.

a. As the temperature is increased, the solid is first converted to the liquid and
subsequently 1o the gaseous state.

b. As pressure on a cylinder containing pure CO; is increased from 5 to 80. atm,
no infertace delineating liquid and gaseous phases is cbserved. (nofe the 5 atm
here differs from E&Re USE THIS VALUE, it makes more sense)

. Sold, liquid, and gas phases coexist at equilibrium

d. An increase in pressure from 10. to 50. atm converts the liquid to the solid.

e An increase in temperature from -80.* 10 20.°C converts a solid 10 a gas With no
intermediate liquid phase

10000 —{

1000 — Solid

Sublimation point
7aS5'Cat 1 atm
U
14

Triple point
""""" {5 56.6°Cot5.11 atm

00 — Ges

0.001

T T T T T 1 1 T T
140 120 <100 -B0 €0 -40 -20 O 20 4 & 8 100
Temperature, T ("C)

Figure 8.12 The P-T phase diagram for CO2 21

phase diagrams (f=3-p)

“state” or “phase” as a function of P, T

A
[ ]
£
&
o
@
]
& .
high T
1.0 B
| (-57°C, 5.1 atm) gas
Deposition 1 phase, f=2
78 31 vary both T,P

A CO, Temperature (°C) *

CO2 22

11
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phase diagrams (f=3-p)

“state” or “phase” as a function of P, T

'y
E
K SOLID
o
@
@
o
lower T
I iqui
! {-57°C, 5.1 atm) liquid
iti GAS
Deposition ; 1 phase, =2
- 31 vary both T,P

A CO, Temperature (°C) g

23

Co,

phase diagrams (f=3-p)

“state” or “phase” as a function of P, T

'
Critical point
(31°C, 73 atm)
E
=
L4
2 Con#ensation
o
[
o
lower T more
o .
! {=57°C, 5.1 atm) solid
Deposition ! GAS
I
-78 3
A COs Temperature (°C) E

24

CO,

12
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phase diagrams (f=3-p)

“state” or “phase” as a function of P, T

Pressure (atm)

Critical point
(31°C, 73 atm)

LiQuip

: (=57°C, 5.1 atm)
Deposition ! GAS
1

-78

Yw

A COz

Temperature (°C)

CO,

high T
gas

lower T
liquid

lower T more
solid

25

phase diagrams (f=3-p)

“state” or “phase” as a function of P, T

Pressure (atm)

Critical point
(31°C, 73 atm)

LiQuip

Con#fensation

Yw

A COz

Temperature (°C)

CO,

low P
gas

raise P
liquid

raise P more
solid

26
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two-phase equilibrium (p=2)

f=3-p =1

ar AH

i
dT TAV,

equilib

27
phase diagrams (f=3-p)
liquid < solid equilibrium line (melting, freezing or fusion)
'
T's and P’s
for liquid<>solid
= equilibrium
kS SOLID
% 2 phases,
* f=3-2=1
10 et Triple point T and P covary
: (=57°C, 5.1 atm)
D iti 1 GAS —
eposition : @ _ AHlm
-78 3 dT Ny TAVﬁ‘S
A COs Temperature (°C) =
C02 28

14
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phase diagrams (f=3-p)

liquid < gas equilibrium line (vaporization, condensation)

T’s and P’s

equilibrium
SOLID
2 phases,
f=3-2=1
T and P covary

B gl [select T, then P determined

1
Deposition 5 e select P, then T determined]
1

Pressure (atm)

-78

Temperature (°C)

Cco,

Yw
VR

[

~
N—
£
B>
=

S

A COz

phase diagrams

solid <« gas equilibrium line (sublimation, deposition)

2 phases,
f=3-2=1
T and P covary

Pressure (atm)

T’s and P’s

for solid¢<>gas
equilibrium

T
T
Deposition :
1

-78

Temperature (°C)

Cco,

Yw
VR
[
~
N———
]
3
Y
5
s

A COz

15
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critical point and triple point

« Triple point: for a pure substance, there is only one point
(value of T and P) where all three phases (solid, liquid, and
gas) can simultaneously exist in equilibrium

+ Critical point: point (value of T and P) above which liquid
and gas become one phase (fluid or supercritical fluid)

-
i

movie: benzene critical point A B

originally from: jch d.chem.wisc.edu/j html

You
http://www.youtube.com/watch?v=79H2_QVBMGA II-
e 31

why does ice float ?

* H,Ois polar and can form hydrogen bonds
(macho intermolecular forces)
» High surface tension and capillarity

» Hydrogen bonds form very open structure in solid H,O (ice)
giving ice a lower density than H,O liquid. ICE FLOATS!

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

32
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ice bomb !!!!

—p

Originally at
http://www.jce.divched.org/JCESoft/CCA/pirelli/pages/ccaicebomb.html

33
remember for CO, : P increases gas — liquid — solid
CO,(s) 2CO0,(¥) stope | 22
219) V2 dT ) &,
(ﬂ) _AH,,
T ), TAV,,’ Critical point low P
_ 31°C, 73 atm’
A, >0; (o G gas
V5>Vs AV >0 LiQuip
dp E raise P
=>|— >0 = SOLID ..
dT ) 0, o ) |IqUId
3 §ponsation (more dense)
@
&
0 [Sigiimation—" iple poi raise P more
i solid
i (most dense)
1
78 a1
A COs Temperature (°C) E

C02 34
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phase diagram for water

remember for CO,.P increases gas — liquid — solid

but for H,0 4 o
. | poin
as P increases: | (374°C, 218 atm)
li
gas SOLID | Loup
! |
; /\
Solid % slope [%J
l 2 -
;_é' 1.0F==——==———- -
iaui Triple point |
liquid o (0.01°C, 0.006 atm) |
WHY? (—] <o | ons
dT ), .y :
for ice = water E
[dp] AHmelt AFI > 0 B i o
= = = 5 mel Temperature (°C) 4
dT sz TAI/meII ‘ B Hzo
dpP
V.>V, AV, <0=>|— <0 HZO
’ T )., 35
ice skater myth g (ice skater real; Kristi Yamaguchi)

Does the weight of an ice skater
create a pressure that melts ice to
form a liquid groove for skate?

lnTmeIr=(AV;{_V“‘)(P_]atm))

latm Sfusion

(l7e - I7A) < 0= pressure'melts' ice

E&R@n Problem P8.3
508 bar for AT=-3.5°

‘thin blade’; 78kg=172lIb;
Phin blade =243 bar; AT=-1.67°

NO, not even if they are quite ‘weighty’!

(not enough pressure and further details of

water-ice phase diagram)
e.g. Rosenberg, Robert (December 2005). "Why is ice slippery?". Physics Today: 50-54.

36
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Rosenberg, Robert (December 2005). "Why is ice slippery?"”. Physics Today: 50-54.

Figure 1. An ice skater exerts pressures on the order of a
few hundred atmospheres on the ice surface, enough to
reduce the melting temperature by only a few degrees.
Premelting—the development of a liquid-like surface layer at
temperatures below freezing—and frictional heating of the ice
as skaters move around must account for ice's slipperiness at
the wide variety of subzero temperatures found in nature. (Ice
Skating, by Hy Sandham, 1885, courtesy of the Library of
Congress

80 60 ~10 20 0 20 40 60 8 100 120
‘TEMPERATURE (°C)

Free surface

The nature of the liquid-like layer is not
clear from experimental measurements,
so theorists have tried to clarify the 37
situation.

effects of inert gas (increased total pressure) on vapor pressure
E&R,,, sec. 8.7

pure H,O
at 298K
- il | P*,= 0.0316 bar
Paxternss = 0.0316 bar P xterngr= 1.00 bar
(b) (a)
[aﬂ;f:o] 0] P=1 bar

op | =V

¢ ‘normal’ H,0 in P,=1 bar
ﬂ},‘:o increases at P, increase
y [H,0 (9) + N,(g) + O,(9)]
P, o) Must increase to restore ¥ = at 298K
U
(g) Plo S " =
RTln[Pé_’ ]: | voar Pogtomar = 1.00 bar | Prao= 0.031622 bar |
P o
P (©)

38
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E&R,,, section 8.7 (effect of inert gas on vapor pressure )

Temperature = T
i [ ®@ O@ O
Ce 6 OO
® OO® O

|<— Pressure = P4+ Pp

0® O @ @ [~ Vaporphase

H,O at 300 K
P* 20= 0.328 atm

add air (inert N, + O,)
to raise P,y,=1 atm

new P ;= 0.32832 atm
Condensed phase A (P/P.)H20=1 .00071

39

FEnd of Lecture

40

20
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triple point

triple point: simultaneous equilibrium of gas, liquid solid

Critical point
(31°C, 73 atm)

LiQuiD

208 vaporizdtion 3 phases,
f=3-p
f=3-3=0
T and P fixed

SOLID

Pressure {(atm)

1.0 e Triple point
(=57°C, 5.1 atm)

1
1

Deposition : GAS
1

A CO; Temperature (°C) = -
41

vary T and P through critical point

fluid

Pressure (atm)

1
1

Deposition ! GAS
1

"’L_.E

A COs Temperature (°C)

42
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