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Phase boundary lines in phase diagrams of unary systems
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Phase diagrams: multicomponent phases

Importance of the chemical potential:

Equilibrium between phases of a single component

in equilibrium: |H,0(a) < H,0(8) —> |4, = H;

Equilibrium between phases of components | in mixtures

H,O (©) + EthOH (© <] _phase a

< phase f
H,0 @ + EthOH )

In equilibrium: (4; , = 4 4

components | 3

{ phases a, f



Lecture 3: mixtures of compounds

Components (compounds): (123 ... C

Molarity (mol/L):  |c = 7 molsolutei  _n,

' volume V solution V

Molality (mol/kg): |, — _#molsolutei _n

' mass msolvent m

n.

Mole fraction (): X, = #mol S_OIUte ! = N
total # mol in solution Z n, n
j

n. 1 n
. = —|:— .:—:1
2N L T




Phase diagrams of mixtures of compounds

Gibbs Phase Rule

# independent intensive variables: |F

F=C-P+2

# components (compounds): C

# phases in mutual equilibrium: P

[ F =2:P,T free to choose

1 F=1:P(T) or T(P)

| F =0:P,T fixed values of compound

5



Phase diagrams of mixtures of compounds

Gibbs Phase Rule F=C—-P+2

# independent intensive variables: |F

# components (compounds): C P, T

=

# components in each phase: |E

# phases in mutual equilibrium: P




Phase diagrams of mixtures of compounds
Gibbs Phase Rule EFE=C—-P+2

# independent intensive variables: |F

# components (compounds): C
n 1 n
i ~“n n=< n

# phases in mutual equilibrium: P

all components in each phase: F=P(C-1)+2




Phase diagrams of mixtures of compounds

C —1 independent X; per phase

T,.P for all phases

Equilibrium condition:

F=P(C-1)+2

|

a—

u =p’fori=1,..,Canda, B =1,..,P
pf = pul= ) = ..l = 1,

Y ) e ) = 1,

wE = pul=pul =.ccceei il = s B

(P —1)C conditions

F=P(C-1)+2-(P-1)C=C—-P+2




Phase diagrams of unary systems

— F=2 =

Pressure, p

1
2 a

Temperature, T

unary phase diagram

P, T

Gibbs phase rule
F=C-P+2

F: # degrees of freedom
C: # components
P: # phases



Phase diagrams of unary systems

o

o

o L

a

o P=a,

= forbidden
F=1, Phase
P=2 o

P(T)orT(P)

Temperature, T

unary phase diagram

Gibbs phase rule

F=C-P+2

10



Phase diagrams of unary systems

=1 _—>F:O» P, T fixed

C
P =
=
%0:
S| F
“1 P

Phase

Gibbs phase rule

V , F=C—-P+2
“P P=4,

= forbidden

1. Phase
2 0

F
P

Temperature, T

unary phase diagram

11



Phase diagrams of unary systems

Pressure, p

Gibbs phase rule

Temperature, T

unary phase diagram

F=C-P+2

12



Phase diagrams of binary systems

Phase | Phase Gibbs phase rule

F=C—P+2
;

. forbidden

Pressure, p

F=0,

P=3

F=1, Phase
P=2 3

Temperature, T

13



Phase diagrams of binary systems

Gibbs phase rule
F=C-P+2

Pressure, p

Xy+Xg =1

14




Phase diagrams of binary systems

C=2 _
le} = E=3

Pressure

/ / Gibbs phase rule

\ Phase hase F — C - P + 2

Phase
o

Phase
F=2, B P=4,
| forbidden
i F=10;
P=3
] e Phase Temp'
55 P=2 0
QO
& X, + X, =1
O A B 15




Phase diagrams of binary systems

C=2 _
le} => E=3

/ Gibbs phase rule

\ Phase hase F — C - P + 2

Phase
o

Phase
F=3 B
oo _ allowed

P=3
] v F=2 Phase / Temp_
<N
S P=2 3
o"o

L
S X, + X5 =1

16



Partial molar quantities in mixtures

17



Partial molar quantities in mixtures

The chemical potential of a component I in mixtures
(Study guide p.11-13)

mixture mEEp |dn; =0 i n=
T T,P,n |

J#i

dG =—SdT +VdP + > x,dn,

) (@) e i
8ni T.P.ng 61 E:)

Amount of component #; ———

U, E,ui® +RT In &,

a:: the activity of component I in the mixture

U the chemical potential is a partial molar guantity *




Partial molar quantities: Chemical potential

The chemical potential of a component I in mixtures

, (@] T
ani PT.,n.. ©

J#I1

U, E,ui® +RT Ina,

a b
Amount of component 7; ——

P.

Perfect gasses |& =P—;)

For pure liquids |& ~1

For pure solids a, ~1




Partial molar quantities: Chemical potential

The chemical potential of a component I in mixtures

, (@) T
ani PT.,n.. ©

J#I1

U, E,ui® +RT Ina,

a b
Amount of component 7; ——

puem—

P® =1bar
1

Standard state O 4 [,
for component | |

component 1 IS pure 20




Partial molar quantities: Chemical potential

Activity and activity coefficient

u=u’+RTIna =u°+RTInx +RT Iny™

(Mole fraction example)

Mole fraction |y — # mol solute | a =v.
X ; ; [ 7/l
() total # mol in solution
Molarity |, _ _ #molsolute | ® =1mol/L
(mol/L) " volume V solution —
Molality b — #mol solute 1 n, N 0° —1mol/k
(mol/kg) mass msolvent m 7 — )
example [pH =—-log a , = —logy,,. ”




Partial molar quantities: Chemical potential

The chemical potential of a component | in mixt%i@\

§ (@]
ani PT.n

J#i

U, E,ui® +RT Ina,

X

\

binary systems |G

for phase a

22

(Study quide p.13)




Partial molar quantities: Partial molar volume

The partial molar volume of a component 1 in mixtures

= - 58 T
S A a
oV E / ;
V B E }*’fater 3
. — - — )]
| an_ %18 \ g
| P1T’nj¢i = 56 &
= -
o @
© \ =
2 \ ®
%= =
© 16 / \ =z
~ 5 54 £
E S =
< E b s
o - g
e Ethanol *. O
5 14 1Y | ?
‘b © %
a . © 0 02 04 06 08 1
Amount of A, n, 3
Mole fraction of =

ethanol, x(CEHEDH]

ni +VB“naB‘ for phasea =

binary systems |V“ =V

P T

a
A




Partial molar quantities: Partial molar volume

The partial molar volume of a component 1 in mixtures

%
=
oV 3
v =| & £
i =
on. 0,18
i /P z
5
— ©
S s
g C
£ 16
g £
E E;
g S
: :
= =
E‘Id
=
a0 02 04 06 08 10 a0
X(C,HOH)
: a Ao Ao
binary systems |V =V"°n” +V™n
- - PT A A B B

.-l'.'.-.-._-_‘

Ethanol

)

58

(&)
[#]

o
B

0.2 0.4 0.6 0.8

Mole fraction of
ethanol, x(C,H.OH)

for phase a

(,-low ;W3)/(HOH*D)A ‘|oUB1S JO BLUN|OA JBjOW [BILE]

24



Partial molar quantities: Partial molar volume

The partial molar volume of a component 1 in mixtures

binary systems

v - [@—V]
ani PT,n

N

P

—V“n +V “n®
T A B

J#

Volume, V

Amount of A, n,

‘ for each phase

Exercise 10-11

for phase a

0(X05 +VC¥XC¥
A B B

V =VAXA +VBxB

m,P,T

25

(molar volume)



Partial molar quantities: Gibbs-Duhem equation

v - [a_VJ
ani PT,n

= ~——158 T
S o ]
E / E i#]
= Water 3
s |, ;—, V=V,n, +Vgn,
O, 18\ S
.
56 =

= 5 dv =V,dn, +V.dn,
@ @
5 \ o,
z 2
5| | N\ S |dV =V, dn, +V,dng +n,dV, +ngdV,
Z N fgy 8
E <
> (@) —
- \ 2 12204V =0\lg=n dv, + n,dv,
- Ethanol | o L

| =
w© 14 Y 'i = Gi
£ Ibbs-Duhem
= gw Z ndu =0
o 0 0.2 04 06 08 1 3 equation i

Mole fraction of = )
ethanol, x(C,H,OH) - (for any state function) 26



Mixing processes of perfect gases:binary mixture

(Study guide p.14-16)

The process of mixing two components @ P, T in gas phase

Pressure, p/Pa

1012

10°

106

103

1

P,T P,T P,T
H,0 ® + | EthOH © — H,0 ® + EthOH ®
\
\ J \ J
| |
Initial pure compounds final mixture
X [ ____i:_::gl XI
V”'__--x\ Vi V! = g
I B .~ — —
4u_><{”\lf Liqu*j G - o Zlui,gni,g o /uA,gnA,g +1uB,gnB,g
. T , i
| \L o
Mig=Hn +RT Ina
Vapour

/

/
{
i

f
7

0

/
200 400

600 800

Temperature, T/K

Unary phase diagram: P =1

27




Mixing processes of perfect gases:binary mixture

The process of mixing two components @ P, T in gas phase

P, T P, T P, T
H,0©) ¥ EthOH © - H,0 () + EthOH © P=P,+P,
\ N\ lton
‘ ‘ \ | N , (Dalton)
initial pule \compou\d finkl mixtue
\ N
= _—____73 P PA PB
1094“—>5III quu\d
: o :
5 /l Apy = Do Perfect gases
10° Vapour IL[I g = /Ll® -+ RT In a'l .
/ ' i,g .
1 I;“" )
0 200 400 600 800 G = ,UA gnA g + IUB gnB g 28
Temperature, T/K P,T ! | ) )




Mixing processes of perfect gases:binary mixture

The process of mixing two components @ P, T in gas phase

P,T P,T P,T
H,0 ® + | EthOH © — H,0 ® + EthOH ®

. P
Final: |G/ = nA’g(yfg +RT In _Aj+n8,g(ng +RT In Wj

. P
Initial: Gl. = ”A,g(ﬂfg + RT In —j+ nB’g(ySg + RT In Fj

—GY

initial

A G =G/

mix final

P
=n, ,RT InFA+ Ng RT In—

29



Mixing processes of perfect gases:binary mixture

The process of mixing two components @ P, T in gas phase

P,T P,T P,T
H,0 ® + | EthOH © — H,0 ® + EthOH ®

P P

) (4,,G° =0, RT In"2+n, RT In-2
s - )

Mole fraction [X. — =1

n P

m) (A G?=nRT(x,Inx, +X.InXx
mix A A B B

30



Mixing processes of perfect gases:binary mixture

Perfect gas mixing | A, G =nRT (x, Inx, + x5 In x; )

Delta_ G/mRT

31



Mixing processes of perfect gases:binary mixture

Perfect gas mixing | A_. S =-nR(x, Inx, +x;Inx;)
AmixG‘T :AmixH _TAmixS A. H=0

Delta i Sk

ﬂ | | | | | | | | |
0 0.2 04 0.6 0.3 1

X

2nd [aw: Mixing is spontaneous, towards increasing entrgpy




Solutions and mixing processes:binary mixture

The process of mixing two components @ T in |, g phases

Ho© AT

EthOH ©

Py, T

H,0 O

EthOH ()

\

)

1

Initial pure compounds

PT
H,0 (®) + EthOH ©) <

- phase a

H,O () + EthOH () <

-_phase f

)

vapor pressures

PA(T)

Y
final mixture

vapor pressure

P (T)

P(T) =P, (T)+Ps(T)

(* : pure compound)

33



Solutions and mixing processes:binary mixture

The process of mixing two components @ T in |, g phases

H,0 ©

BT

H,0 O

[T
EthOH ©

EthOH ()

\

)

Initial pure compounds

1

H,0 ® + EthOH ©

H,0 O + EthOH ()

PT
<—phase a

<—phase p

)

Y
final mixture

vapor pressure

P(T) =P, (T)+Ps(T)

., vapor pressures P.(T)
—FXI
‘vm \y\” V” *
10 ||| Liquid 7 PB (T)
5 - TP
| P* Clausius-Clapeyron
mpl_e | Va our . ’_ A H
1 JDTM | PAzPAexp __va A i_i
L R (T T,
2‘%‘émpe:‘alﬂre, '5"" E
H O

(* : pure compound)

(* : reference T,P)

34



Solutions and mixing processes:binary mixture

The process of mixing two components @ T in |, g phases

HO© T Pg.T © o DL
2 EthOH @) HO ¥ EOH <—Dbhase a
+ —
H,0 () O () + EthOH (1) I
- EthOH (1) O+ E <t—Dphase ﬁ
\ ' J | ' J
Initial pure compounds final mixture
vapor pressures AV({ vapor pressure
— —=Fxi
ERNEIED P(T)=P,(T)+ P, (T
m 10¢ 'i\‘f‘l ”\I, Lo i Bm ( ) A ( ) B ( )
S TP
/.4_ ""RClausius-Clapeyron *: pure compound)
SRR
1 / i A A
0 26gmpeé;gre, Tlsoo g R M J
Hzo f*LI 35

\(”:/reference T,P)



Solutions and mixing processes:binary mixture

The process of mixing two components @ T in |, g phases

Ho© AT

H,0 ()

[T
EthOH ©

H,0 ® + EthOH ©

P,T
<

- phase a

EthOH ()

H,0 O + EthOH ()

<

-_phase f

phase a |G

o
b1 — Z lui,ani,a — luA,anA,a + luB,anB,a
’ [

(slide 18: def. oOf 1) me—

(sim. phase f)

Initial: |G~

initial

— nA’a(ﬂf’a + RT In a:’a )+ nB,a(,uSa +RT In a;a )

(* : initial phases are pure; before mixing)

(Note: O per definition for pure compound)

36



Solutions and mixing processes:binary mixture

The process of mixing two components @ T in |, g phases

Ho@ BT Pg,T © o PL|l
) EOH @ H,0 © + EthOH <—phase a
+ —>
H,0 ) H,O () + EthOH (1) I
: o () 0O + Et <—phase p
phase a
: . a ) Q)
Final: |G, = ”A,a(/‘A,a +RT In aA’a)+ nB,a(yB,a + RT In aB’a)

lnitial: |1G%. = n,

initial —

. (y® +RT In a:,a )+ ”B,a(ﬂi +RT In a;a)

Aa

A G* =Gg

mix final

_G%. =

initial

RT | U RT |
nA’a N + nB,a n

*

a’A,a

a‘B,a

*

aB,a 37




Solutions and mixing processes:binary mixture

The process of mixing two components @ T in |, g phases

HO© T Pg.T © o DL
) EOH @ H,0 © + EthOH <—phase a
+ —>
H,0 () H,0 ) + EthOH (1) I
: o () 0 W) + Et <—phase p
phase a
A G*=G%, -G% =n, RTI e RT | %5
Mix — “Mfinal ~ “initial — nA,a N——+ nB,a n—
aA,a aB,a

—

mix

a a
a Aua B,a
A, G” =n_Ri (XA,Q In—=+ X5, In— j

Ao aB,a

(similar for phase ) 38



Solutions and mixing processes: gas phase a

The process of mixing two components @ T in |, g phases

Ho® ‘Al EOH @?E’T H,0 ® + EthOH © P’i_phase a
+ —
H,0 () o ) H,0 ) + EthOH () < phdke ﬁ
a a 1 ==2
o Aa B,a
AixG" =n RT| X, In—=+X;,In—
Ao aB,a
C . P
Initial: pure perfect gases ‘ a, = P'—’; _ ‘
final: mixed perfect gases @ P ‘ ]
l,a ®
P
(P, +P, . =P)
AQ B,g n, = ng 39




Solutions and mixing processes: gas phase a

The process of mixing two components @ T in |, g phases

Ho© AT

[T
EthOH ©

EthOH ()

H,0 ® + EthOH ©

P,T
<

- phase a

H,0 @ + EthOH ()

<

-_phase f

P, P
‘ A GY = ngRT(xA,g In P’ +Xg 4 IN >
P P L
Note:|—4- = x, | and # X, | like in slide 30!
P. P

What about phase B8 (liquid)?

40



Solutions and mixing processes: gas phase a

The process of mixing two components @ T in |, g phases

now AT . ot HO®+EMOH® '« _phase a

H,0 ) HOO +EnOH ) <« phase f§

P P
‘ A, G? = ngRT(xA,g In 5+ X5 I Ej

Pa P - o)
Raoult’s law: Ideal solutions: |P. . = X; P,
ALY
vapor |vapor

liguid 1



Solutions: Ideal solutions (Raoult)

o]
W %

Pressure

Raoult’s law

Total
pressure
P=P, +P,
Partial
pressure
P of A Partial \ P,
A
pressure
of B

Liquid mole fraction X,

*

e

Pi,g — Xi,IPi,g Raoult

80

(o)}
o

Pressure, p/Torr
=
o

20

A

N

Benzene

AN

Methylbenzene/ﬁ/
J'i-T"‘ T

N

Liquid mole fraction Xc ey,

P=P, +P,

Dalton 42




Solutions and mixing processes: gas phase a

The process of mixing two or more components @ T

HoG T Py, T HO® +EhOoH® L]
) M § 0 ® + Et <—phase a
+ —
H,O O H,0 () + EthOH () L
. o () . t <—phase f

—

P P
A, G%=n RT( Ag P’j 5 IN Pij
A B

..~

Raoult’s law: Ideal solutions: (P, , = X; |P. .

—

m) A G = n,RT (xA,g In X, +Xg, In xB,,)

(Note the mixture of g and | parameters)
(different from the gas mixture in single gas phase situation)




Solutions and mixing processes: liguid phase S

The process of mixing two or more components @ T

H,0 © + EthOH © P’<T——phase a

HOMW+EWOH W <L phase f8

pm—

:uA,g — luA,I

Equilibrium ey |u. =t 5| =

:uB,g — luB,I

44



Solutions and mixing processes: liguid phase S

The process of mixing two or more components @ T

H,0 ® + EthOH © P’<T__p hase a

HOW+EhOH® o1 phase p

;uAg_:uAI ",uAg_:uAg+RT Inﬁ_ﬂm
* . * * ® P; *
’uAg_’uAl ‘ﬂAg_'uAg_l_RTlnF—luAl

‘ RT In P’i = Uy, — My, (similar for B)

45




Solutions and mixing processes: liguid phase S

The process of mixing two or more components @ T

H,0 ® + EthOH © P’<T——phase o
H,0 () + EthOH () <l phase ﬁ
P .
A _
‘ RT In p* Ha) — Ha
A — )
Raoult’s law: Ideal solutions: (P, , = X; /P |

m=) |RTINX, | =, _/U;,l )

deal solutions: |u,, = u,, + RT Inx,,| (similar for B) 4




Solutions: Ideal solutions (Raoult) liquid phase g

The process of mixing two or more components @ T

HoG T Py, T HO® +EhOoH® L]
- EthOH © DT H <—phase a
+ —
H,O O H,0 () + EthOH () |
. o () . t <—phase p

—

A i G = (nA,IluA,I +Ng  Hp )_ (nA,hU;,l T nB,I:u;,I)

\ J

| e

final n‘ixture initial pure éompounds

Ideal solution: |u,, = u,,+RT In X, |(similar for B) ~

‘ Similar to the perfect gas case:

A

mix, |

G =nRT (XA,I In X, , +Xg, In XB,I)

ldeal solution (of the liquid)

a7



Solutions: Ideal solutions (Raoult) liquid phase g

ldeal liguid mixing | A, G =nRT(x, Inx, + x5 Inx; )

Delta_ G/mRT

48



Solutions: Ideal solutions (Raoult) liquid phase g

ideal liguid mixing | AmxS = —NR(X, IN X, + X5 IN X5)

A H =0

Delta i Sk

0 . | . | . | . |

|
0 0.2 04 0.6 0.3 1
X

2"d [aw: Mixing is spontaneous, towards increasing entrapy




Solutions: Ideal solutions (Raoult) liquid phase g

ideal liguid mixing | AmxS = —NR(X, IN X, + X5 IN X5)

A H=0
—>

Delta i Sk

| |
0.2 04 0.6 'EIE

2"d law: Mlxmq IS Spontaneou$, towards mcreasmq entropy

50

(Study quide p.14-16)




Solutions: Ideal solutions (Raoult) liquid phase g

Pressure

Total
pressure
P=P, +P,
Partial
pressure
P of A Partial \ P,
A
pressure
of B

Liquid mole fraction X,

I[deal mixing (Raoult)

Exercise 12

e

Pressure, p/Torr
e
o

80

(o)}
o

M
o

A

N

Benzene \

Methylbenzene/ﬁ/
o

L1 [N

0 Mole fraction of 1
methylbenzene,x(C,H.CH,)

= Xa Py Ps = XgP; °1




Solutions: Ideal-dilute solutions liguid phase S

Non-ideal mixing

/, -

~
\

- |

xp\l
solute B expelled from solution

0 \
very low concentration of solute B

PB — XBKB

ldeal-dilute solutions:

Henry constant Kg

almost pure solvent B

52



Solutions: Ideal-dilute solutions liguid phase S

) .. B0
Non-ideal mixing

40

C

K p*(acetone)
\ p*(chloroform) )

Raéuh%

g m/ | E‘W; \ r P
0 n% R ﬁg%)fﬂfm
H"‘--_,ﬂ_nl K "H_I_::{__E-"' /

““N Henryfs 7S ™.
law |

Mole fraction of
chloroform, x(CHCI,)

Ideal-dilute solutions: Henry constant Kg

Exercise 13

53



Solutions: Ideal-dilute solutions liguid phase S

Pressure, p/kPa

Non-ideal mixing

(K p*(acetone)
20 o
\ p*(chloroforn%)

Raoult's

30 |/ law N /
@ceﬂcne} K{gh/'féré}forﬂ
20— =

law

Mole fraction of
chloroform, x(CHCI,)

(Excess functions)

SE :Am-XS _Amxsideaj

HE=A,H-A,H® =A

mx

H

54



Temperature-composition diagrams

vapour
Ideal solutions | o1

GE :: liquid ‘5 )

(a) Composition, z

GE :AmiXG —AmiXGideal

55



Temperature-composition diagrams

Ideal solutions

Temperature, T

vapour

NN

Non-ideal
solutions

Q)
)

= quu

GE>>0

Vapour
composition

Temperature, T

Temperature, T

Composition, z

~ ideal

Temperature, T

Q)
)
A

Boiling
temperature
of liquid

ai

0

Vépour
compositi

Boiling |
temperature
of liquid |

<0

;

Composition, z

b a
Mole fraction of A, z, 56 1

0



Temperature-composition diagrams

GE>>0 ... g

composition

Id | lution o - Boiling \§§s
igeal SOIULIONs ¢ o temperature —
g S of liquid S
o 1]
8 5
£ g— ?
ﬁ ﬁ a

0 Mole fraction of A, z, 1

84}

Non-ideal
solutions

Vapour | %
campositio

Temperature, T
Temperature, T

Boiling
temperature
< O of liquid |
b a
0 Mole fraction of A, z, 571

")
)
A

)
m

N\

Composition, z

S5
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