Summary of Lecture 2

Phase diagrams and phase transitions of unary systems
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*Phase transitions

*Phase boundaries

*Phase transition temperature
*Melting point

*Boiling point

*Triple point

*Critical point

*Polymorphic forms

*Thermodynamics



Phase boundary lines in phase diagrams of unary systems
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Lecture 3: mixtures of compounds




Lecture 3: mixtures of compounds

Components (compounds): (123 ... C
Molarity (mol/L): ¢ = molsolutel _n
volume V solution V

Molality (mol/kg): | — #molsolutei _n

' mass msolvent m

Mole fraction (): X, = #mol s_olute ! _
total # mol in solution

n.
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Phase diagrams of mixtures of compounds

Gibbs Phase Rule F=C—-P+2

# independent intensive variables: |F

# components (compounds): C

# phases in mutual equilibrium: P

Unary system: C = 1:

[ F =2:P,T free tochoose
{1 F=1:P(T) or T(P)
| F=0:P,T fixed values of compound




Phase diagrams of mixtures of compounds

Gibbs Phase Rule F=C—-P+2

# independent intensive variables:

# components (compounds):

# phases in mutual equilibrium:

intensive variables T,P, x.*

HO®+EhOH®  <1—T,P, X3 o, Xeuon

H,0 ® + EthOH O "
<—T,P XH 01 XEthoH

F

C

P

o
i

C
2N

j=1

n

>
Il

mole fraction of

component i
In phase «a




Phase diagrams of mixtures of compounds

Gibbs Phase Rule F=C—-P+2

# independent intensive variables:

# components (compounds):

However:
C C

# phases in mutual equilibrium:

- Total of free variables:

F

C

a C
I e N g

C-1

free X values
for each phase

z 7”
F=P(C-1)+2




Phase diagrams of mixtures of compounds

C —1 independent X; per phase

T.P for all phases

|

F=P(C-1)+2

However: Equilibrium conditions:

(04

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

py = pl=pl = .cocooiii il = 1,

wE = pul=pul =.ccceei il = e B

(P —1)C conditions

F=P(C-1)+2-(P-1)C=C-P+2

Gibbs phase rule|F =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
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Phase diagrams of unary systems

Pressure, p

Gibbs phase rule

Temperature, T

unary phase diagram

F=C-P+2
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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
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Phase diagrams of binary systems

Gibbs phase rule
F=C-P+2

Pressure, p

I

O A (0<X,,Xz <1)  |X,+Xg
© N, +Ng 14




Phase diagrams of binary systems

Gibbs phase rule
F=C-P+2

P=4

F=1

oy P Temp.
0

(0<X,, Xz <1) [X,+Xg

I
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Partial molar quantities in mixtures

The chemical potential of a component I in mixtures

(Study quide p.11-13)

T,P,n

J#i

Hi(n;=b

a

b

Amount of component #; ———
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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
ﬁni TPy 61 E:)

Amount of component #; ———

U = ,ui® +RT In &,

a;: the activity of component I in the mixture

{phases ap, ...

components |

a—

Equilibrium P phases |4

17
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Partial molar quantities: Chemical potential

The chemical potential of a component I in mixtures

y (@)
8ni PT,n

J#i

U, E,ui® +RT Ina,

a b
Amount of component 7; —=

(04

‘G

P,

I A/ A~ e — A~
CSHN AU A=
|

binary systems

G

a

P,

. o~ O
T—yAnA+,uBnB for phase a

18

(Study quide p.13)




Partial molar quantities: Chemical potential

The chemical potential of a component I in mixtures

, (@) |
8ni PT,n. ©

J#I1

U, E,ui® +RT Ina,

a b

Amount of component 7; ——
P® =1bar
Standard state
- — la =1
for component | !

component 1 Is pure

19

Note: thereis no | ©




Partial molar quantities: Chemical potential

u;. the chemical potential is a partial molar guantity

u(%] |
ani PT,n. O

J#I1

U, E,ui® +RT Ina,

a b
Amount of component #1; ——

P

Perfect gases |8 =P—g

For pure liquids |& =1

For pure solids a, ~1




Partial molar quantities: Chemical potential

Activity and activity coefficient

u=u’+RTIna =u°+RT Inx +RT Iny™

(Mole fraction example)

® =1mol/L

b® =1mol/kg

Mole fraction |y — #mol solute |
) ' total # mol in solution
(mol/L) ' volume V solution
Molality b — #mol solute 1 n,
(mol/kQ) mass msolvent m
example |pH =-log a . =

21




Partial molar quantities: Partial molar volume

The partial molar volume of a component 1 in mixtures

v - [a_v
on.

I)P,T,n

binary systems

vV«

P

_V“n +V“n“
T A B

J#

Volume, V

i a

‘b

Amount of A, n,

‘ for each phase

Exercise 10

for phase «a

a __  PT _\J«&
V”— —=V_

X +V *x“
A B B

V =VAXA +VBxB

m,P,T

22

(molar volume)



Partial molar quantities: Partial molar volume

The partial molar volumes of an Ethanol/H,O mixture
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Partial molar quantities: Partial molar volume

The partial molar volumes of an Ethanol/H,O mixture

< ~—1 58 T
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. i S Water 3
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Partial molar quantities: Gibbs-Duhem equation
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Mixing processes of perfect gases:binary mixture

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

Pressure, p/Pa

1012

10°

106

P,T P,T P,T
H,0 ® + | EthOH © — H,0 ® + EthOH ®
\
\ ) \ J
| |
Initial puye compounds final mixture
X[ — M is a partial molar quantity of G, so:
Vil _x\y\{l_ V! | st g
4u_><{”\lf Liqu*j G - = Z/ui,gni,g = /uA,gnA,g +IUB,gnB,9
. i : i
|
\ =u° +RT Ina
Hig = 'ui,g i,9
Vapour

103

1

/

/
{
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Temperature, T/K
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8% Unary phase diagram: P=1




MixXing 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\
\ \, N \ | N , (Dalton)
initial DU'e\compou}ds final mixtlmg
\ \ N
i I P PA PB
o e\ %o Tpe| (a0 T pe |[%e0 T pe
1094“—>5III quu\d
: + P
s 1 / | e = 5o Perfect gases
10° Vapour /ui . — /Ll® + RT |n ai .
/ ' i,g ;
1 f-“'f :
0 200 400 600 800 G = luA,gnA,g + ,uB’gnB’g 27
Temperature, T/K P T




MixXing 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 ®
: . g ® PA C) PB
Final: |Ggy =Nag| 4, +RT InF +Ngqe| 4, +RT InF
Initial: |G © In_" 2 n_"
|Gy = Na g M, ot RT nF +Ng H,oT RT nF

P
=n, ,RTIn—=+n, RT In—=>

A G =GI —G¢
P

final initial

28



MixXing processes of perfect gases:binary mixture

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

H,0 ©®

=

P, T

P, T P, T
+ | EthOH © — H,0 ® + EthOH ®
P P
A G®=n, RTIn—=+n, RTIn—=>
’ P ’ P
P_n’ -
= — X.° | (mole fraction)
P n%

- )

—

In this system there is only vapour so we write

A_ G®=nRT(x, Inx, +x;Inxg)

29



MixXing processes of perfect gases:binary mixture

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

Delta_ G/mRT

30



MixXing 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

0 l | 1 | 1 | 1 | 1
0 0.2 04 0.6 0.8 |
X

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




Solutions and mixing processes:binary mixture

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

BT Py T
CH.CH,®
CH®
+
CH, ()
CoFLCH, C.H ()

\

)

1

Initial pure compounds

CH® + GH;CH;©®

P,T
<

—0

CH (0 + GH,CH,®

<

)

vapor pressures

PA(T)

|

final mixture

vapor pressure

P (T)

P(T) — PA(T)+ PB (T)

(* : pure compound)

32



Solutions and mixing processes:binary mixture

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

\

P T
GHCH, (8)

C,H.CH, ()

Py, T

C.H,®

CH 0

)

1

Initial pure compounds

vapor pressures

Solid

Hei

ERe

PA(T)

P (T)

Lij% -T°P
7=~ " P"Clausius-Clapeyron

CH® + GH;CH;©®

P,T
<

—0

CH (0 + GH,CH,®

<

)

|

final mixture

vapor pressure

P(T) — PA(T)+ PB (T)

|
I | Valour
(-

200 4

Foo 800

| P, =P, exp{

ApHa

R

|

1 1

T T,

3

*: reference T,P)

(* : pure compound)
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Solutions and mixing processes:binary mixture

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

QH;CHQ(;};,T Py.T CH(® + GHCH,® © 'Té_g
C.H®
+ —
C,H.CH,() . CHD + GHCH,O ol |
\ l \ 1
Y Y
Initial pure compounds final mixture
vapor pressures [P, vapor pressure
. P(M)=P,(T)+P,(T)
e PB (\'F ) A B
“ 7777 7 PRClausius-Clapeyron *: pure compound)

vap - . AvapHA 1 1 ; * *
a = NP ——— o Don’t confuse * and

}’:/reference T,P)

34




Solutions and mixing processes:binary mixture

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

P, T
C,H:CH,®

C,H.CH, ()

phase a

[T
CeHe®

CH® + GH;CH;©®

P,T
<—9

CH 0

CH (0 + GH,CH,®

<—|

Initial:

G

g
- — Z zui,gni,g — luA,gnA,g + luB,gnB,g
' i

(slide 17: def. of w)

)

(sim. phase |)

G,

initial

=N, (yfg +RT In a:’

9

)+ Ng (ng +RT In a;g )

(* . initial phases are pure; before mixing)

(Note: O per definition for pure compound; slide 18)
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Solutions and mixing processes:binary mixture

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

PT PiT PT
(;HqCHq(g)‘A‘ B CH® + GH;CH;©® é_g
CH®
+ —
CH.0 CH. ) + CH.CH,0 [
oSl C.H(0) sHel) + GHsCH; < I

phase (

Final: |GJ

final

=N, (yfg +RTIna )+ Ng (,ugg +RTIna_ )

Initial: |[G9? = nA,g(yfg +RT In a:,g )+ nB,g(ySg +RT In a;g)

initial —

36



Solutions and mixing processes:binary mixture

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

PT PiT PT
(;HqCHq(g)‘A‘ B CH® + GH;CH;©® é_g
CH®
+ —
CH.0 CH. ) + CH.CH,0 [
oSl C.H(0) sHel) + GHsCH; < I

phase a

Final: |G —nf(®+RTIna )+nf(®+RTIna )l
: final — "'Ag ,LlA,g Ag B.g ’us,g B.g

Initial: |GY  =n] ( © yRTIna )+ni ( © +RTIna )

— initial A,g ,UA,g Ag B,g ’us,g B.g

Problem: in general N,,,N,, and n will change on mixing

B,I? nB,g

9
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Solutions and mixing processes:binary mixture

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

CHe® + GHCH,0 | |

pm—

alternative approach: Ha o = Ha
N B = ’g :
Equilibrium e Hig = Hii| T

:uB,g — luB,I

38



Solutions and mixing processes:binary mixture

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

e (;}f'T Py.T CH(® + GHCH,® © 'Té_g
: CH®
+ —
G,H,CH, ) CH0 CHD + GHCH, 0 |
6 16
Final = 48 ARTIN-A =y, =
ina lLlA,g o lLlAl ‘ luA,g - luA,g + n P@ - /uA,I — /uA
Initial: ,U* — :U* ‘ = uy RT In —PA* = =1,
— | Ayg Al luA,g - luA,g + P@ - luA,I = U
P « (similar for B)
A _
mm) |RTIn %=y — 4z "
A




Solutions and mixing processes:binary mixture

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

=

Note,

QH;CHq(g‘k'T o f’T CH4® + C,H,CH,® P’Té_g
6 -6
+ —
CGH;CH, () CH O CHD + GH;CH,( <—|
R P R P
=1, +RTIn-2 = 1. +RT In—2
Ha = Hp o Hg = Hp P
A B
. P, Py L
in general: | == x, | and |—= = x_| like In slide 29!
P, Py

40



Special solutions: Ideal solutions (Raoult)

N
Raoult’s law \\#\
60 \D\
pr - \(l’\ \Tﬂtal
Total E Benzene
pressure Q i
@ ,
g P=P,+P; =
o a
¢ o
o pF o
Partial 20
pressure Methylbenzenf;/ﬁ/
P of A Partial \ _P; i
A pressure /
of B 04
Liquid mole fraction x, Liquid mole fraction Xc , ey,

*

P, =X.P,| Raoult P=P, +P,| Dalton




Solutions and mixing processes:binary mixture

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

P T * P, T
QH;CHq(g)‘A‘ o (:;B’T CH® + GH;CH;©® é_g
6
+ i —
GHsCH; O CH.0 CH 0D + GHCH,® |
66
* P . P
= u, +RT In =4 =ty +RT In ==
A A P* B B P*
. ® —>

Special case:
Raoult’s law: ldeal solutions:

>0

1
> X

il g

>

vapor | vapor

liquid 42



Solutions and mixing processes:binary mixture

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

P T PiT
C.H.CH.@" E
CH®

C,H,CH, ()

CH 0

CH® + GH;CH;©®

P, T
<

—J

CHq0» + GH;CH; O

<

Raoult’s law: Ildeal solutions:

Final: |G

final

= nA(y: +RT In xA)+ nB(y; +RT In xB)

Initial: |G = Natt, +Ngpt_

AmixG = G

final

G

initial

= nRT (x, In X, + X, Inx,)

Gibbs free energy of mixing for ideal solutions

43




Solutions: Ideal solutions (Raoult)

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

Delta_ G/mRT

44



Solutions: Ideal solutions (Raoult)

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

A H =0

Delta i Sk

0 l | 1 | 1 | 1 | 1
0 0.2 04 0.6 0.8 |
X

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




Solutions: Ideal solutions (Raoult)

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

A H =0
: Z

Delta i Sk

| |
0.2 04 0.6 'EIE

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

46

(Study quide p.14-17)




o]
W %

Pressure

I:)A

Solutions: Ideal solutions (Raoult)

Partial
pressure
of A

Total
pressure

P=P, +P,

Partial \ P
pressure

of B

Liquid mole fraction X,

I[deal mixing (Raoult)

Exercise 11

1

80
o \\\\
- Total
g \(l’\  Tota
E Benzene \
& 40 v
=
a
o
pr B
20
Methylbenzen&/ﬁ/
"7 i
0 Mole fraction of
methylbenzene,x(C,H.CH,)
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Solutions: Ideal-dilute solutions

Non-ideal mixing

P
1K _
I Pe = XgKg
P, Ragy, ’ Ideal-dilute solutions:

Henry constant Kg

/, -

~
\

- d almost pure solvent B
0 xB\l
solute B expelled from solution
very low concentration of solute B

48




Solutions: Ideal-dilute solutions

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

) .. B0
Non-ideal mixing

law

Mole fraction of
chloroform, x(CHCI,)

Ideal-dilute solutions: Henry constant Kg

49

Exercise 13




Solutions: Real solutions
Ideal mixing Non-ideal mixing

A _H=0 A H =npRTX, X,

mix

0 T T | T | T T +0-1

ol 8
0 J

| | | |
0 02 04 06 03 1 0.5
X

A_ G =nRT[x,Inx, +x,Inxg]

A_.S=-nR[x,Inx, +x;Inxg]

. 0 05 1

50



Solutions: Real solutions

(Excess functions)

GE = AmixG o AmixGideal

G- =H"-TS"

HE=A H-A_ H"'=A_H

mx

SE :AmXS _Amxsidea|

ideal
A_ S = _nR[x, Inx, + x5 In x|

+0.1

Non-ideal mixing

A H=npRTX, X5

|

Exercise 12

51



Temperature-composition diagrams




Temperature-composition diagrams

vapour
Ideal solutions | o

GE :: liquid ‘5 )

(a) Composition, z

GE —_ AmiXG —AmiXGideal
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Temperature-composition diagrams

GE >> O Vapour

composition
vapour
Boiling
2 Q =

temperature
of liquid
GE = liquid ©

(a) | Composition, z 0 Mole fraction of A, z, 1
a r

~ ideal
ix = AmixG

Ideal solutions

Temperature, T
Temperature, T

Non-ideal
solutions

Vépour
compositi

Temperature, T
Temperature, T

Boiling |
temperature

GE < O of liquid
b a

Composition, z 0 Mole fraction of A, z, 541

A

Q)
)

;



Temperature-composition diagrams

GE>>0 ... g

composition

Id | lution 5 - 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, g5

")
)
A

)
m

N\

Composition, z

S5
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