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Chapter 7 Phase equilibrium in one component system

Thermal equilbrium T, =T,
1. * Thermodynamic equil. < Mechanical equilibrium P, = P,

Chemical equilibrium  z, = u,

* At constant T, P. equil. & G=Gupn, dG’=0
*G=H-TS
For constant P =1 atm with H(T), S(T) known.

one component
G(T) can be calculated for < closed system

single phase

G.(T) for different phases => stable (equilibrium) phase at
specific T is the lowest G, phase.
2. G(T), AG(T) at constant P =1 atm
Consider: P=1atm, T=273 K. H,0, =2 H,0,
* Adding heat, if (ice + water) coexist, only ratio of ice/water changes, total
Gibbs free energy G’ remains constant.
AG = Guon — Ginow =0

1.C. GHzo(l) = GHZO(S)

H,0() hasny o~ moles
Assume: b I

H,0() hasny, , ~ moles
G = . . *
G =Nyo,  Ghig, F Moy, “Bhijoyy sreveeeeeseessssessssseenes 1

= [nHZO(s) + nHzou) GHZO(S)

(nHzo(s) +Ny 0, Jis fixed. (closed system)

n
When —220 s changed. G does not change.
nH20(|)
* dG =-SdT +VdP + Z:,uidni constant T, P.
Grp=[dG =3 [pdn
G = Hii0 " M0 F M0y Ny, eeeeeeesssessssssss s, *2
c.p @@ Mo =Cho. # =G
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Chemical potential <> molar Gibbs free energy.

H; E[ J =(ji
ni TP

i
For one component system (1), n; =0

oG’

Definition: —
on,

Adding one mole of i, i.e. An;= 1

AG’ =G =
*P=1atm, T<0C. Giow < Ginon
o AG = Guoy— Girow >0 ice is stable.
T>0C. Giow > Gop ~ Water is stable.
G.(T)=? Gy,=? & Cp, Cpoy
Cops) =38 %-mole

_ J
Copy=7544 I
_ J
at 298K S =4477 i

__ J
* H,0 H) = —6944 Aole

=0

J
k-mole  H,

T, =0°C =273k,

_AH - J
AH,, =AH, =6008 3/

:
H(T)=[, C,-dT +Hy,

T C
)= Iz%?p AT+ Sy

~G(T)=H(T)-T-5(T)
{% =He =TS
Gyy=Hp=T-Sq
AGHl = GI _Gs = [H(I) - H(S)]_T[S(l) - S(S)]
AGs—>| =AH s—l -T- ASs—>|

S(T

T=T, AG,,, =0 AH, =T AS,_
when<T <T,  AG,,, >0
T>T, AG.,, <0
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Note:

(
|

malar enthalpy, H, joules

lemperature, K

I Ha0y5
8000} =) 4
-8000F 4

250 280 300 20 340

W —

molar entropy, S, jeules/K

50%
w ]

260 280 900 3%

340

HaOy

20F

T5, joules

HEO[SJ

10k

1 L L s "
260 280 300 320 340

temperature, K

260 280 300 320 340

G T MOy i

|

|

|

273 T

H(l) > H(S)
S(l) > S(S)
AH = H(]) - H(S) > O
AS = S(]) - S(S) > O but AH > AS

AG =AH - TAS {

low T: AH dominates
high T :- AS dominates

S lowT:AG >0, higtT:AG <0
atT=T,, AG=0
* Shape of G(T), AG(T) curves (P =1 atm)
D single phase:

oG

_j - 5<0
T ),

7e) (=) .
ot? ), \eT ),
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" T>0,$>0,Cp>0

A

"G

v

T
@ Phase transition: (melting)
AG = G(l) - G(s)
OAG
— | =-AS=-\S;,—S)<0
( aT jp ( (l) (5))

0’AG __(8AS) :_ACpN—[Cp(.)—Cp(S,]NO
or* ), or ) T T

*AC, indep.of T
*Richards'AS =~ 8.4 %-mole

AGA

Tlm >T >T
3. G(P), AG(P) at constant T.
* shape of curves G ‘r
(D Homogeneous single phase
(ﬁ} =V >0

oP J;

") (%) e

oP? T oP ); >

P

@ Phase transition (melting)

H,O, AV <0
(%j =AV =V =V 1.
oP ); Usual : AV >0

’AG) _(8AV) | . >0
[apz JT _( oP jT = [IBIVI ﬂsvs] {<O
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G

A

»
»

P

1 atm
Usual

4. Phase equilibrium between solid and liquid. T,.(P) = ?
Equilibrium. G, =G ..dGyy = dGg,
- {dG(l) =—S§,,dT +V,dP
dG() = —S,)dT +V(,dP
5 =8)dT +V(dP = =S5, dT +V,,dP
(d_Pj _S0) =S _ AS(so
AT Voy=Vio AV
and ~AG=0=AH =T -AS

(d_Pj __AH Clapeyron eq
dT ), T-AV '

s—l1)

Ex: H,O:s->1

AH, >0 dP
—|<0
AV, <0 \dT
PT=T, 4
If R.T.=-1°C under skate, (P 1), T, ~ -3

T.(P)="?

°C,ice melts

= water 1s lubricant.
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Most materials, AV4>0. .. P}t =T,*

latm p-----oooo o N em e

wn

\o]
Ny ) E P ——
(O8]

H,O
* Note: 3D diagram G-T-P (phase) Fig. 7-3(D) (or 7-8(G))
G(T,P)=H(T,P) - T x S(T,P)

Projection of G, = G, curve on (T-P) plane.

5. Solid (liquid) <> Vapor phase equilibrium
* Equilibrium vapor pressure over solid (liquid)?
Condensed phase — Vapor
AV =Vipa—Vend. = Viapor
dP) ~ AH  AH
(EL_ TTAV T,
Assume ideal gas, PV =RT

_(d_Pj _ PAH
\dT ), RT?

..dP_ AH
" P RT?
AH . .

dinP = =5 dT Clausius-Clapeyron eq. (ideal gas)
@

If AH # f(T), ie. C,(vapor)=C,(cond.)

ZAC, =0

SInP = —ﬂ + const.

RT

@

If AC, =constant = f(T)

=+ AH(T,)= AH(T, )+ jTT AC,dT
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)
L AH(T)=AH, + [ AC,dT

= AH, + AC (T —298)

— (AH,,, —298-AC, )+ T -AC,

AH 5 —298-AC,

~fdmp=] — -o|T+jA

Cp
dT
RT

Then lnP:TA+BlnT+C

If Ty, AHs, Cy, Cyy are known, then saturated vapor pressure P(T) can
be calculated.
Note: normal boiling temperature: Tb. AtT=T, P=1 atm.
e.g.  Comon=75441J/k
Cpizom = 30 + (10.7x107)T + (0.33x10°)T?  J/k
T,=100C =373k /AH,=41090 J/mole

AH evap
dInP = AT e *
RT

~AH,,. (T)=AH

evap (

{AH (373)= AH,

evap

(373)+ [ AC, (1 > v)dT

evap

AC, (15 V)=C, 400~ Cprom

= A, (T)= 41000 + [ [-45.44+(10.7x107 )xT +(0.33x10 )« T 2 |4

evap (

)+ 10.7><10'3(

= 41090 + (— 45.44)T =373 T2 -373%)

-(0.33x10° {l—ij
T 373

-5
= 58872 - 45.44T +(5.35x107 )xT 2 _@ ]
From the eq.*, we get
58872 45.44InT  (5.35x10°)xT  0.33x10°
=inP=- ) * + + const.

RT R R 2RT?
+T =373k, P=1atm, ..const.=51.1
58872 45.44l0gT (535x10°)  033x10° 511
2303RT R 2303R  2303x2RT? 2303

log P(atm) = -

Experimental data: log P(atm)= —@ —4.65logT +19.732
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100°C o°C
0 T T T T T
-05F -
Eq. (7.10)
E1.0f R
s
(=%
g
A5 -I
Ea.7.9)
_2_0 = B
1 L e 1 1
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S

6. Phase diagram in one component system
On a P-T space, draw curves for:

s—1,I->v and s—v equilibrium

From L =£, obtain P(T) curve.
daT J, T-AV

Fors < 1: AH (T): AH +LT [Cp(|) —Cp(s)]'dT

*if AH(T )isindep.of T, then dP = AH dT
AV T

P = ﬂ-lnT + const.

Normal melting T,,, P=latm, T=T, = const.

l>v A
For logP =—+BlogT +C
S<&>V T
A
B
£ I A — my b
. | . I
5 solid ]: liquid I
0 |
o | C
3 i\ / i For H,O
006~ ===~~~ =75 i
1}
: o vapor !
| | |
1 i |
[ |
c | : i
T ~
0°C' '0.0075°C 100°C

temperature, °C

O: triple point
At triple point <> P(s—v) = P(s—1) = Py
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.. if P(s—v)(T), and P(1—v)(T) are known,

T; can be calculated.

logP,, :%+ B, -logT +C,

logP, =$+ B, -logT +C,

i+ B, -logT, +C, :Tﬁ+ B, - logT, +C,

t t

* 3D diagram G-T-P

0.006 atm

*  According |Gibbs Phase Rule: F=C +2 - P|
F : number of degree of freedom

C : number of component
P : number of phase
2: T, P variables

single phase region = F = 2 (area)
For=3-P: Jtwophaseequil.= F =1(line)
three phase equil. = F =0 (point)

* G-T curves at different P (see Fig. 7.12)
* G-P curves at different T (see Fig. 7.13)
7. Solid-solid equilibria

*  Allotropy: elements exist in more than one crystal form.
e.g.Fe:a,v,0

*  Polymorphism: compounds exist in more than one crystal forms.
e.g. ZrO,: monoclinic, tetragonal, cubic, (liquid)

*  Solid(a) < Solid(B)
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(d_Pj AH —AS
dT T-AV AV

e.g. a—Fe(BCC)— y—Fe(FCC)— & —Fe(BCC)
V(e-Fe)>V(y-Fe)  (AV,, <0) (- prce > Pacc)
V(y-Fe)<V(5-Fe) (AV, >0)

SAH >0

(d_Pj <0, (d_Pj >0
dT /., dT ) s
For phase transition between condensed phases,

As ~ const. (insensitive to T, P)
AV

R £ -T + const.
AV

Ex1l. NaF
s<>g: InP(atm)= —[y"{_ﬂj—z.oum 43374, (1)
l<>g: InP(atm)= —(@J—z.slenT +34.66......... (2)
Q: (T, =2 b)T, =2 P, =2

(©)AH, =?  (d) WhenT=T, AH_(T,)
(@ AC, =Coy = Cye =7

Solu:
(aT=T,, P=1atm

from(2)< Inl=0=- 31090 2.52InT, +34.66
b
- T, =2006k
(b) At triplepoint: (1)=(2)
- 34430 _ 2.01xInT, +33.74 =— 31090 _ 2.52xInT +34.66
t t
=T, =1239k
P, =exp —M—Z 01-1n1239+33.74 | =2.29x107* atm
1239
() .+ dInP = AH2 dT,  ~AH = RTZKd lnpj
dT
| >v: InP :—311_&—2 52-InT +34.66
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SAH, =RT [3 #090 'Il' } 258500 —-20.95T

T =T, = 2006k, AH, ,, = AH, =216500 J
(d) AHy =H, -H  =H, _Hg +Hg —H,
:_(H _HI)+(H9 _HS):AHSHQ _AHlag

g

N dlnPsg ~
AH =RT~. T =286400-16.71-T

S AH, =AH_  —AH,, =27900+4.24xT
T=T,=1239, AH, =33150 ]

_ d 'AHs—>l _ J
() ACy ) =— = =424 Y ole

EX.2:  Carbon (Graphite) - Diamond P=2?
T=298k, H(graphite)— H(diamond)=-1900J
Seraphite = 5.73 J/k-mole
Sdiamond = 2.43 J/k-mole
Plaphivey = 2.22 g/em’
Pdgiamona) = 3.315 g/cm
Solu:  graphite — diamond atT =298k
AG =AH -T - AS
(H,—H,)-T(5, -5,
=(+1900)-298x(2.43-5.73) = 2883 J

(GA_GJ =AV, const.=T
oP
AG(P
[ "d(ac)=[ av - AV =V, -V,
M 12
_ _ cm
leamond - pd - 3515 =3415 /nOle

M 12 3
- - _ = _ cm
Vgraphite - P - 222 =5.405 /nOle

g

V=-199 Cm%nole

- AG(P)-2883 =[AV(P - 1)]x (0.1013 %}
atm-cm

. AG(P)=2883-1.99x0.1013x (P-1)
when AG(P)<0, phase transition occurs
2883

P>———+1=14300 atm.
1.99x0.1013
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