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Chapter 5 Phase Equilibrium
5.1 The Fundamental Fact of Phase Equilibrium
R
(D phase—a region of system inside which intensive properties do not change abruptly as
a function of position
@ ( condensed phase- liquid, solid
{ vapor phase | Eﬁ fol 73 PECYERE, U :{

allotropy [Fil 5k | -
LN e ")
polymorphism %4f1{# FL phase F¥ 6

diamond = graphite
0,=0,

7[:§Jt'r gas [{F|— 7 phase

2. A BRI
FJT®m #7 [l phase, dG=dG"+dG™
%] 2- phase .V closed system  dn” =—dn™ [N P +n" =n
i=1,2, o (3« compoent)
fi dG=-8"dT +V " dP + Z pdn

i=1

+ (=SUAT +V 4P+ pdn™) TR EESY dT =dP =0
=l

= Z(/,I(D ,uim))dnia) =0 (:L fg’:[ﬁq%{j)

?’F'[partial molar G
FFI'Y 1= p" | at equilibrium

yri 3£ 5 [l dG < 0 £} spontaneous process

@ v[[ i(l) (U) E[“dn(l)<o
® il < | plan 0 J WF;E[‘F | S

IF2ES P PL ¢ 5% “chemical potential” I/ FFIY

5.2 The Gibbs Phase Rule
(1) %} 1-phase, c-component, fo! ¢ + 2 variables (Fbﬁl?i mole &)

(EI g F,J"EJ intensive variable, [[[ffel c+1 (i mole Bp’ 4T, ﬁ?ﬁL_in =1)
(2) p-phase, c-component

f: number of independent intensive variables (degree of freedom)
f=c—p+2| Gibbs phase rule
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<EIF A> © Rlfel ¢p + 2 variable
{Fﬁ phasef[1) x; =1 | p ([Hequation
(E! i

[Fil— component i+ Fﬁ phase V g HHIE  F ¢(p—1) fHequation

Mo =™ =™ == ™ pr2-p—clp-1)=c-p+2
<HfiB>: (- component &ﬁ phase [[1 2 #1557, El%}*— et e, Hoc
=)~ phase [[1, in =1, F| p {l# equation —p
-’pr T P +2
<Mortimer *'|> : f:p($+l)—@—1)($+2)=c—p+2

<Note>: [ &¢ i 7 mole By
[ f e B, sy IR%™ 1 parameter B, &0 ¢ (A mole By ( ~ TFES ¢ V1)
=24 fiu— s parameter, 7+ single phase (p = I)Eﬁ HOETR

g

f7] :  1-component system:

1, f£2 (PVTHIF2|'[*{)

2, fi=1 AR 2 q%ﬂ I = %Y e.g. specify P or T for H,O
3, /=0 triple point([] ™ qa' plid %ﬁA) P, T RLEIEY, T feid

I'}*}<V phase diagram ] :

= B — neg. slope ( 7 E# )

0. (@

p
p
p

N critical point
liquid
1 atm d

| |
solid | |

4.6 Tomr A | gas
| |
I
D™ |

| |~

A ontec 00 9300 < T
0.0024%C

for flizfe —ARRIHGET =5,
ISR 2 bl e i@ 0°C HLEEE R 100°C

(3) number of component

¢ = numberof substance—numberof relations

® [~

©) "qu—“[‘iﬂl%p

® [“HRE (7 LY D
bl FEE L] i JE’ 2 pFE substance (rmxtureﬂ» = |IF
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7] @O H,, Oz, H,O ﬁiﬁ?” c=3
YITE | [ [ (LB T c=2 catalyst T
PRI 2:1 V Hy * O c=1 (ﬁ‘} : A HyO B catalyst)
Ell %TE)I— £ substance ¢ prepare
(@ NaCl, NaBr i?\*ﬁ??ﬁ, c=3 H]: Na", ClI, Br
<pTE 1> £]H,0,Na",CI, Br', c=4, {fl [Na"]=[CI']+[Br], fi#c=3
<pT# 2>: ¥ H,0, H',OH,Na",CI',Br, ¢=6, {{!l H,O=H'+OH , [H']=[OH],
[Na ]—[Cl']+[Br'], ie=3
<RI 3> c=3 P TR = APl
<Note>: ¢ qL{ 70 mole Hrkl— {f# parameter fi*y
® 7N solution HIF[Na , K", CI',Br',Li", HJc¢=5
pEb e H | NaCLKClLKBr, LiCl i
([/Na*,CI,K*,Br’, ¢c=4 (KCl, NaCl , KBr , NaBr [ {15 13 i [ 4H,O[Ii")
{5 —1 =4 (FFrlne)
@ Ca™ ¥ Cl'inH,0, {[[c=2 (PR Frsrc— —1)
f[‘/ﬂm,? |CaCl, &~ J\flj fl
YU, file =1, £=122+251 GRRHES)
B B, (R R0, i U mole B

-
E
-
E
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5.3 Phase equilibrium in 1-component systems

TR, G =G, Y EE- i dT, | dP @R i)

sEEFT i, ¢ =G, [#dG =dG"

~8YdT+VPdp=-S"dT+V"dP
P _AS
N

Clapeyron Equation, AS=8" -8® Ay =y _p®

Note: E HH[[E) Maxwell relation (a—Pj =(8—Sj
or ), \oV ),

(1) solid-liquid equilibrium (?ﬁ’[ﬂffj ﬁlq%ﬂlj/ HlizsL AB)
AS/AV 27 Ll constant

AS AH AT
P-P=""4(T —-T
S AV(2 = AV T

aP _ AH AH . T,

[ @ -p)=2 1
R TN AR N s

(f: Dy, =0.9917 g/em’  AH, =333.5 J/g=333.5 m’Pa/g
D, . =0.9998 g/ecm’ =3291 cm’-atm/g

water

400 atm . mp ' ?

(6558 o)
(400-1)- 09998 09917 In T,
3291 27315
C109x107 = L T,=270.2K, (% 2K
27315
pAS LFHE»‘HT'FWJ‘ NEHES
50kg ¥ 5% 0.2cm” 79 H[|P = ?OT(? 8 =4.8x10° Pascal »48atm
X
AT =~0.35K
(2) AR AR B (i EEIARLY st AC)
S
p
dp_AH AT B S8 LN mman peT R £
P RT P R \T, T j
Clausius - Clapeyron equation
7

FHERIOE BT T eV 0 TR0 (ISP A ,,)

> S]]
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ﬂg°+RT1n%o=u1°+Vm(P—P°) ~°

P u°—un° —-AG°
In- = e T80 AGooy e
P° . RT RT v e T H

AG,° P AG/
Y =—R In . [H
T P° a/T
e dInP —AH, P, —AH, (1 1
, In=2= —
d/T P R \1, T

G’Jé]ém A(l):A(g) ) Kv:PA:P IJP%‘A:.I/%Q;‘E{
OInK, _—AH, i_—AHV[L_ij
oL R P Ro\&
T

<Note>[iH2e e ff1l il 2, FUAFIRLL fIssL AD)RIQ)KT
sublimation(ﬁc[‘ # 24K AHgup>AHyyy ﬁﬂa{ FAENIFLAC A
(3) vapor pressure and external pressure

R F[]‘]sru['u p LB AR 1L | pure substance, 12 E {495~

Z/[Iz@*fE[ M55, E[J,ngo+RT ll’lpl/o=,ul°+Vm(Pl —P°)

PREFC)—

[K} %] pure substance, [I[| B'=P,

YREE P53, AR, BITESELE,, 4+ RT In 2/ < oy, (Bl P

Ff’sr

RT lniz
P

1

V (P)-P) F(SF — JEES]IN | vapor pressure figh

VTEFI

[~5

f kL AH {7 enthalpy of

> S]]

§ PAEL Y ESCEE 953 O, liquid P o R gas X, i VT E,[@ch/ R TR [EEN = S BN

[l : 298.15K , H,0,, 757H%T 23.756 Torr
latm &%, RT In—2—=18.05-(760—23.756) c¢m’ - Torr
23.756
=18.05><10—6x736x101325 Pascal-m’
18.05x107°x736x10132
5 / 0_714x10™
153756 8314x29815

P=23756 """ =23773 Torr, 14[10.017 Torr
R 5
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5.4 The Gibbs Energy and Phase Transitions

372 K i, <A
(1) £3fF latm ™ ,{ Eﬁ e o !

374K [, H,0,, fEREE:

W

25 R A Figure 5.5 <P 1>

(5_Gj __s
or ),

('S > Stiquia » ﬁ'sf G,,, -V slope g1 ffifeg (ﬁ {EHFjmore negative)

<P 2>
G=H-TS

T IR, PRE L S J\Elfjﬁﬁ il G more negative
(SRR, FSRIETRL H T Eﬁjﬁ il G more negative
(2) BRI R, prNE S [ 2

E <§;3 [H 1>

).+

Vess > Viauia> FA Crap Jslope™, ﬁyﬁgj E&E\jj Giquia g |

22K Figure 5.6

<FPH 2>
G=U+PV-TS
(IR, FEHERL S SVl G more negative
RS, IR RN %’T il G more negative
(3) vander WaalsEquation

P
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V
dG =-8dT +VdP
=VdP atconstant T
AG = j VdP
> P
G

|
B ' BTG 1 AR

>P
§ Lever Rule
ngr xg(Vg —Vi)=x,V:=V,)

g x_g:VT_I/Z
X, <V =Vr

Vy—Vr

Vi Vi Vg R
VeV,

Xy Xe
(4) stability I/ criteria

(85/ ) >0 ] Cy >0

(617 ) A1 >0 %El Callen Chapter 8

Berry Chapter 19
i FATY VAW [HIH 1 D-E-F #1557 stable

y Vi =xV, +xV,y=(x;+x)V;

PREFC)—

Vi=dl|

[~5

T E]
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(5) Classification of Phase Transitions
(D First-order phase transition
G continuous , {f/Z '} 1 {f# 1st derivative (S ﬁ‘} V)kL discontinuous
C, ¥ 15 — o at phase transition
[N SAg T 1, Vigh P g

REHAFigure 5.5 REBAFigure 5.8 REZIAFigure 5.7
REMAFigure 5.9 2EHAKFigure 5.10

Tt phase transition Eﬁ ,
2nd derivative — oo

(@ Second-order phase transition

G % 1st derivative kL continuous , [f!Z ’p— [ 2nd-derivative fL discontinuous
C, & B finite break

REBAFigure 5.11 REBAFigure 5.12

7 % AL

s normal
T 50 5 }stateFé?JH'.ﬁi

superconducting
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(® order-disorder ({E”F{IJT FTkL 1st or 2nd order)
gpi: p-brass. (Zn:Cu=1:1) 742K % £ | order-disorder transition (ordered Eﬂj i CuFl=" 7t Zn cubic
cell f[Ifef])
(® lambda transition (Hell)

W

22K Figure 5.13

» 7 reach oo ({I] 1st order)

ch_l‘i'l‘i' ’—%’F” ZRIR '—ﬂ (T[] 1st order )
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5.5 Surface in One-Component System
(1) Surface Tension
%%c@gwm 2155 f-bulk 2] surface Fr{ED P

surface tension arca

2E A Figure 5.16 LR SR PR T R B o1,
dU =TdS +2Lydx ([nj fsurface)
dw,, =dU—dqm =dU-TdS =2Lydx=F, dx

rev

#y‘ y= E,
iforce per unit length exerted by surface ﬁjﬁ" £ Hisurface tension
ﬁ? dG=—-8dT+VdP+yda
@ constant 7, P ~, dG=yda ,ﬁ'f minimize a [i'V& ) G
wwﬂﬁﬂﬁw i, 2 T £ o 1

@y{a—GJ =(a—‘4j =(8—U] R B b ALY B A SRR R

oa Oa v Oa &

©) ( oy j _| 0 (BA) L i(a_Aj :_(G_SJ =—S (surface entropy)
oT 0T\ da)ry |, |0a\oT )y, oa )11y

] “molar” quantity
fely i EL TS RV Aat constant T,V
G atconstant 7', P
Y g R LET A mole 7 G at constant T, P

a7 S =—(§—;) , 7 {'] chemical potential
Y

oa oa
i Ay =Ug- TS,
. oy oy
Al y=Uy-TSg=Ug +T| —=| , Ug=y-T
Iy =Us =18 =0, (arjv - (aTj

F'1 surface tension a1} surface energy

@ Uy [an ZEn), As:(a_A] =7

10
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(2) Bubble Pressure / Surface Pressure

3

Vzgﬂ'l” . dV =4xridr,

a=4rr* , da=S8rrdr, ﬁ'yda:ng
r

dA=-SdT — PdV+ Lay

r

W

Yy R =
253 A Figure 5.18 surface pressure == : e
y b

R, A Pl

<pl- %E‘:{,ii>
piston [*[F[— ‘| J‘ﬁj
f'1 piston [* ELJ%?E‘% U&?E}FW@%IF :
dw,, =-PPdV® —PO4V® +yda
(%EEE}T 2 surface tension)
fI1 piston I/ @'%ﬁ
dw,, =—P¥dV =-PO@v® + ar')

(PO =P )ay =yda = 2 gy
r

>
a1 |(P® - P®)==L| Laplace equation
r

<t

1 zm [V droplet at 25°C (¥ =0.07197 Nm™)
1x10°°
(/' 1mm . droplet, P — P® =142x107 atm

@ <«— bubble

=1.44x10° Nm > =1.42 atm

<t

I AP_4V [NERE) 2 't surface
r

11
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(3) Capillary Rise  E1 JI=# 9=y

> = . . . 2 f\ T <
RZH K Figure 5.17 (b) 1st approximation : mg = p (ha)g = _Va’ PRl rE= 51 (i o ok
4 r

il
2 = l h
fir r=opghr
N )_—IS, T
wh- 2y (BEy =
pgr iy B

[E1-: © plELp, —p,  liquid= vapor[i p [V
@ (¥~ meniscus

< 1> [ 2 e

:I"(ﬂ'l’ )—%gnﬁ:%nﬁ:%ar

1 2
p (hajg +p( S anjg =7ya

Nl ] renelos-2e
3 r

1 1
V=—pgm+§0r

2
<2> TR IR I RLO £
pye (h rcosé?}(e 4 %

R =rcosé&

rsingd
ﬁ
o

12
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(4) Effect of droplet size on vapor pressure
/planar liquid 2] : ﬁ 'J §& 1/ liquid surface
dG =-SdT +VdP +y da+ u®dn
dV =Vdn
2 2V

B da=sdV=mdn
= Tﬁ ;] r ApVixr-

1 dG =—-SdT +VdP + {MP) +ﬁ} dn
r

EIEEESN 0 liquid 4 —,u(p)+2Vy @

r 19 =p°+RT In P (droplet)

o P pe

U vapor u=u +RT1nF < p®
4 =p°+RT In o (planar)

(p) 1. (d) (d)
Fr[’sr y°+RTlnP +%:,u°+RT1nP— , | In P() 2y ﬁ'sfr%if;}'J‘
P> r P° P®  RTr } PO @
y H

] : 298.15K, H,0, P =23.756 Torr, y=0.07197 Nm"?

(H r=254x10"m ¥ 0.025 4 m [F§
d 2x1.806x107°x0.07197

PY = 8314x298.15x2.5x107°

P(p)

P9 =24.756torr
/] droplet ZksaENfiE T [k i B A

2l

Note:

@© S a8 (cavity), ZhsEG |
PO 21y
n =—
p® RTr

ﬁrﬁ* FHs T (380D superheat liquid (for i’ﬁ ZH LV container, T Fﬁl? | cavity)
@ SHIFF 2

o O

vap. pressure vap. pressure ‘]
| A
g A I L[
® “FLFJ | y acetone fEiel nozzle,

1g Agl — 10" droplet, heterogeneous nucleation

13

> S]]



5.6 Surface in Multicomponent Systems
1. Density profile near the surface region

(1) 1-component system

22Z K Figure 5.19 (a)

PO ) [

zo VIR ¢ ffli shaded area {15

(2) 2-component system

PP A R component [ 7o,

RZH KFigure 5.19 (b) E{HF‘J i component-2-zo T Tﬂlﬁ[[ﬁj
j‘E?[ﬁIJ B solvent ’E@ﬁl Tty

— »3‘:
L*Eﬁ HF surface excess' 7,

(@)

n, '=n;, —n,

(o)

(1r)

—n.

1

E ,- /> 0, accumulation at surface

”i( o)
2. Thermodynamics
dG" =-SVdT +VdP+ " dn”
dG" =-S"dT +v"dP+ Z wdn”
dG =—-S8dT +VdP + z,uidn[ +yda

<0, avoid the surface

f5d[G-G"=G" |=~[§=8" —S® |aT +[V =V "~V |dP+yda+} ud|m—n" —n |

A dG? =-S9dT +yda+_ pdn'
dG'”H[|surface Gibb's energy
F A, GO =Y 456 =3 ™
G=ya+ Z un,
Ff['? G =ya+ z un'”
[RIF=Ti* 3L T Gibb's -Duhem equation:

ady+Y n"du =0
©)

AN
0

ﬁ‘/ dy==>T'"dy , T ==— surface concentration

a

t Y[ EET I compoent 7 (A[HETIL llul)f & Dy, HIC 851, compoent i 7 & 7+ interface,
IFH[Jsurfactant 7 [HREUCE o &~V Y[t [Icompoent i ffi y 37[1, [[/compoent i ﬁﬂfﬁ'ﬂinterface

3. dy=-T,%u,-TYdy =T, dpu, (solvent 1 VT, =0)

=)

> S]]
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