Module 6

Phase equilibrium of
multicomponent systems

ecture 6.1

Conditions of
Equilibrium

THERMODYNAMIC EQLBM.

Basic postulate : In isolated systems
all spontaneous processes proceed
in the direction of increase entropy

|

At Equilibrium => Entropy Max with
respect to any allowed variations

PHASE EQUILIBRIUM
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PHASE EQUILIBRIUM

Change in entropy due to interaction
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PHASE EQUILIBRIUM
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PHASE EQUILIBRIUM
Constraints

V'+V? =Const=dV' +dV? =0
N+ N> =Const=>dN! +dN’ =0
N+ N, =Const=>dN, +dN, =0

U'+U?* =Const = dU"' +dU* =0

PHASE EQUILIBRIUM
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Affinity-Flux relationship

Since each F; J;>=0

This implies
if F>0 J,>0;if F;<0 J<O

Referring to diffusion of species:
dN' >0  if u /T <u’/T?

Species diffuse towards a region
of low chemical Potential

PHASE EQUILIBRIUM

Generalisation to © phases in eqlbm.

'=r*=r*=————_- T"
P =p=pP = P
M = gt = =————p17 for all j

ANALYZING PHASE

EQUILIBRIUM
Implications of conditions of equilibrium
#"](T’P’XI’XZ’____)C/):/‘iz(Tapayl,yZa____Yr)
or
ST Pox 3y == =x,)= fA(T. Py yo- ===,

+Difficulty of solving the general problem
*Need for idealisation

*Need for calculating fugacities of liquid
& solid solutions

DETERMINING FUGACITY OF
LIQUID & SOLID SOLUTIONS

* ldeal Solution Model (Lewis — Randall
rule) 7= 1%,
» Concept of Simple Solutions
« Determining f;’

Phase equilibrium : f; = f; = 1




POYNTING CORRECTION

Effect of Pressure on fugacity of
liquids / solids
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PROBLEM

Calculate the fugacity of liquid water
at 25°C and at its equilibrium vapour
pressure.

Compare with its fugacity at 25°C
and 1 atm and at 25°C and 100 atm.

(Sussman p 300)

SOLUTION

a) The vapour pressure of H,0 at 25°C =
23.76 mm Hg* = 0.0313 atm

At this low value of P, the vapour is
in an ideal state

filat Py )= P, 4(at 25°C)=0.0313 arm
which is the fugacity of liquid water

and water vapour at 25°C and 0.0313
atm

SOLUTION

b)If the total pressure on the system
is increased to 1 atm :

o um _T

=——(1-0.0313)
0.0313 RT

and, assuming 7, to be independent
of pressure

V.

25°C

=0.001m’ [kg = .018 m® [kmol

SOLUTION

Thus we obtain

f 018
In =
0.0313  (8314.3)x 298

(0.969x1.013x10°)

= 0.00077

Therefore, when we remember that

In (1+x) = x, when x is small

/i
0.0313

=1.0007 = f, ~.0313

SOLUTION

C) At 100 atm total pressure :

f
0.0313

In =0.08

and S =1.08
0.0313

Therefore fi00 =0.0338atm




RAOULT'S LAW

Liquid : Ideal Solution;
Vapour : Ideal gas mixture
fr=1
fii =Py,
Neglecting Poynting Correction
£9 =P at mixture temperature
This gives
P x, =Py, (Raoult's Law)

RAOULT’S LAW

=>Provides r (=no of components)
equations relating properties at
VLE
no. of variables; T, P, {y;}, {x}=2r

only r-1
are indep.

~.Specifying r of these variables,
the remaining variables can be
found

RAOULT’S LAW

EX. BINARY SYSTEMS

yIP = xlfjlm} P= x]-let + xzpzsat
v, P=x,P"
2 252 I?;at

P—xﬂl

. at a given T,
= sat sat P
(fixed P*“ | ) -$

P is a linear fn. of x,

x=0 7”X; x,=1

RAOULT’S LAW

To find y, corresp. to any x, =>

sat
P
sat _
x B $

at
P—xﬂl H

1

sat sat
x B +x,P

RAOULT’S LAW

Example Assuming NH; - H,0
[C&B, p764] Mmixture as ideal sol
determine y’s for

Xne, = 0.7 Xi,0 = 3

at
40°C

RAOULT’S LAW
At 40C sat. properties

Solution Pys=1554.3kPa
P,.=7.384kPa
yNH3P = )c]\,HSP];jIZ,’3 =0.7x1554.3kPa
=1088.03%kPa

VioP =Xy 0Pty = 0.3%7.384kPa
=2.22kPa




RAOULT’S LAW

Applying the two
P =1090 .25 kPa

1088.03
=200 _ 908

I = 100025

222

Y0 = 7000 25

Note the difference in y values!

End of Lecture

Lecture 6.3

A few applications

Cor. 1: GIBB’S PHASE RULE

Let C : No. of components

If all phases had no interaction
with each other, each would
require C+1 independent variables
of state for its complete
specification i.e. we would have &
(C + 1) independent variables.

Cor. 1: GIBB’S PHASE RULE

No. of constraints arising due to
phase equilibrium

T—o>r-1

Por-1 }Z=E(C+2)—C—2

u—(r-1)C

>~ No. of degrees of freedom
remaining is

f=C+2-x

Cor. 2 : CLASIUS CLAPEYRON
EQ.

For pure substance, if two phases 1
& 2 are in eqlbm.

M=H1=>8 =8
h =TS, =h,-T8S,

or I—h =T(S1 _Sz)




Cor. 2 : CLASIUS CLAPEYRON
EQ.
Also
u=g=f(T.P) ¥ @ e
For two phases "
Py
M(T.P) S
are as shown => /
T

A - B : conditions of eqlbm.

& represents relationship between T &
P during eqlbm.

Cor. 2 : CLASIUS CLAPEYRON
EQ.

To obtain this relationship, note that
along this line
du' =dy* = dg' =dg’
= 0'dP-S8'dT = v’dP - S*dT
3d—P—Halon eqlbm. curve
ar _ y'_y? 4OnE e
— (hl_hz)
' —v?)

Completely general equation

Cor. 2 : CLASIUS CLAPEYRON
EQ.

S-L Eqlbm : Change in f.p. with pr.

S-V, L-V Eqlbm : Change in b.p. with pr.

|

assuming further that vap. phase
behaves like an ideal gas

Cor. 2 : CLASIUS CLAPEYRON
EQ.

P _ hy~h, L L P
ar (V" -v*) ™’ T RT
L
P RT
lnP:C—L

RT
______ e TR
Antoine Eq. In P=C——
- B+T\0C

LAW OF BOILING POINT
ELEVATION

Raoult’s Law y,P=x,P"
Consider non-volatile solute (Comp. 2)
dissolved in a solvent (Comp. 1)
P =x P
pr. of solvent vap. in eqlbm. with sol.

{le[ =vap. pr. of pure solvent at sol T}

LAW OF BOILING POINT
ELEVATION

oT
We wish to find [a ]
X, )pv

From Raoult’s law, written as
f(xl’pr’T):O

ory _ (o) (ol
Ox, o op; . ox, ),

,
From Raoult’s law (%J —p=
T

ox,




LAW OF BOILING POINT
ELEVATION

oT w| OT
(), - 57)
X1 ) py Py ),

For infinitely dilute soln., i.e.
x, =0, x, > 1sothat p/ — P>

(”J p[ & j
axl N 6P1 x-l

_ [ ar
~ ldm )

LAW OF BOILING POINT
ELEVATION

Further, since x; + x, =1, dx, = - dx,
(eoT dT

& .| — = 7—)
(axz ]xzao |:d In Rsat i|x~=0

. T})lsatAV

from Clapeyron's eq.

_ TPlSlJ[Ug

R, .

~ h {assummg vap = ideal gas

Lecture 6.4

Extremum Principles

GENERAL CONDITION OF

EQLBM.
For systems ,/" T, T
having work & X N
heat 7 N
interaction :' ‘I
with ) !

\

surroundings k . ;
N deformable
surface .’

Entropy Max Principle Y
(for system +

. Universe = System +
surroundings)

Surroundings

GENERAL CONDITION OF
EQLBM.

dS,+d S >0

syst

Now, das, = —§—Q
T,

Work done on system =-P,dV,

sys

{P,, surroundings pr. assumed const.}

GENERAL CONDITION OF
EQLBM.

First Law for system
dQ =dU —Work input

= dUm +p,dV.

sys

dUu . +p,dv,,
dSO — _d7Q —_ SYS pO Sys
T, T




GENERAL CONDITION OF

EQLBM.
Entropy Max Principle gives
as. - dU os T pod Vm =)
T

or duU, +pdV, -T,dS, <0
or for system |d(U + p, /' T, S)<0|
Availability
General Equilibrium Condition
Availability will be minimum

GENERAL CONDITION OF
EQLBM.

=In any natural process availability
will reduce
Social & Philosophical Implication

—=Resource depletion

=Limits to Growth

OTHER FORMULATIONS OF GEN
EQLBM. CONDITION UNDER
RESTIRCTIONS

I Const. U,V {Isolated Sys}
above eq. reduces to {*- dU =0, dV = 0}

Entropy Max Principle

_

=

(@]

le)

S

7]

~
<

[
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Min Energy Principle

OTHER FORMULATIONS OF GEN
EQLBM. CONDITION UNDER
RESTIRCTIONS

IIT Const. S & P
as proved earlier, a necessary
condition for eqlbm would be

Psvs =P =P,

.. G.C. becomes dU + PdV <0

A GEED

MIN ENTHALPY PRINCIPLE

OTHER FORMULATIONS OF GEN
EQLBM. CONDITION UNDER
RESTIRCTIONS

IV Const.T&V
as proved earlier, a necessary
condition for eqlbm is
T=Tgys=T,
=~ G.C.=> d(U-T,5)<0

d(U-T5)<0

MIN HELMHOLTZ FUNCTION
PRINCIPLE

OTHER FORMULATIONS OF GEN
EQLBM. CONDITION UNDER
RESTIRCTIONS
V Const.T&P
necessary conditions for eqlbm
T=T,
P=p,
G.C.=> d(U+pV -T,5)<0

d(U+ PV -TS)<0

MIN GIBB’S FUNCTION PRINCIPLE

=> U,H,F,G are called thermodynamic
potentials ‘. of these results




Equivalence of
various criteria

Consider attainment (\ \
of equilibrium when
the Stop is removed P, P,

The final equilibrium state has the
Max entropy , as also minimum
energy at that state !

STABILITY OF
THERMODYNAMIC SYSTEMS

Min U principle

U=U(S\V, Ny, Ny U
Consider for simplicity
pure substance Proposed

<~ 1>

STABILITY OF
THERMODYNAMIC SYSTEMS

Taylor’s Series exp.

AU = U+~ 82U+ 80 +————
2! 3l

U =Y. U \sz, - (andS (aUJdV
oz, os oV

U=U(S\V) | Variation
’ 1
=U @) >
Z=S\V
STABILITY OF

THERMODYNAMIC SYSTEMS
5°U = Z Z [az 5 ]52,54

2 2 Z
[ Y Nas> 4o OY Ngsay+ O gy
as s oV v’

83
50U = BYARY AR
2 2 [az 0Z ,0Z J A

i J k

STABILITY OF
THERMODYNAMIC SYSTEMS

For U to be a minima

AU>0; oU=0, 6"U>0
where

6"U is the lowest order non-vanishing
variation of U.

S°U>0=UgydS* +2Ug,dSdV +U,,dV> >0
1
or - (U2dS* +2U Uy, dSdv+U2,av* ~U2,dv?}

SS

+U,,dV* >0

STABILITY OF
THERMODYNAMIC SYSTEMS

(UgdS+Ugdv) (o Us
USS v

or ]aIV2 >0

SS

=> {Since dS, dV are arbitrary
variations} +ve definiteness of
this quadratic form requires

2

Ugy>0 ; Uy,

SS




STABILITY OF
THERMODYNAMIC SYSTEMS

— CONDITONS OF STABILITY —

Uy >0 = 5(5(]) :[GT) .
—SsZ as\as), \as), cv

or [Gv > 0]

STABILITY OF
THERMODYNAMIC SYSTEMS

T aw B&)]

g

LHS—— ]—S
) 0 ]
as\ s ),

(&
@) &) &E)

2
U, - Usy >0 =>

STABILITY OF
THERMODYNAMIC SYSTEMS

@) &)
-{2) (&)

:—(ap] >0
ov ),
1
or >0 = V>0

STABILITY OF
THERMODYNAMIC SYSTEMS
. FOR STABLE EQ.

SU>0 => {Cv >0
k>0
If 52U =0 —— Neutral Eqlbm.
8°U <0 — Unstable Eqlbm.

0'U >0 —— Meta stable Eqlbm.

for small changes
in S, V only

PHYSICAL INTERPRETATION
OF STABILITY CRITERIA

LOCAL ™ Y LEaT
HEATING (C,>0) FLOWS
OUTWARDS
l(Cv >0)
Equilibrium  «—— TEMP. FALLS
restored TV

PHYSICAL INTERPRETATION
OF STABILITY CRITERIA

Suppose Cv <0, Then

II Law
LOCAL TV HEAT FLOWS
REGION
l(cv <0)
Equilibrium

«— TV
disrupted —




PHYSICAL INTERPRETATION
OF STABILITY CRITERIA

Similarly

Local

region of Pt Expansion &

increased k>0 press. falls

density
lk >0
S Density

Equilibrium reduces to

restored original value

PHYSICAL INTERPRETATION
OF STABILITY CRITERIA

Similarly, for multicomponent systems

Min G Principle

oG?
(8N2 ] >0
i JT.P.N,

or [a'u’j >0
aNi T,P.N;

PHYSICAL INTERPRETATION
OF STABILITY CRITERIA

Physical interpretation

Any
fluctuation N) >
causing local (- Stability ™ _l dfef.
increase of N, criteria of
Diffusion to

surroundings

Equilibrium
restored Lﬂ\lf

PHYSICAL INTERPRETATION
OF STABILITY CRITERIA

Le — Chatelier’s Principle => a system

is stable if any in-homogenity that
somehow develops in a system
should induce a process that tends to
eradicate the in-homogenity.

End of Lecture

Lecture 6.5

Stability Analysis-
examples




Analysis of V-W Equation
of State

T,<T, <T, <T, <T;
T5

P

K, >0:[8PJ <0
ov);

This condition
is violated in
the region ?

Analysis of V-W Equation
of State

Which of the states 1,2,3 is
stable at this Pressure ?

One with Min G
Finding G from EOS

dg = —sdT + vdp
A
catconstT 8478w = _[,(,fUdP

Analysis of V-W Equation
of State

Analysis of V-W Equation
of State

=
T, f) i

7 P

P

Analysis of V-W Equation
of State

Analysis of V-W Equation

of State
V.W. Isotherm & Physically-realisable
isotherm
=g, =
&b = 8o P Metastable
judP:O region ?
or Areal = V.W
Area ll A

Maxwell’s Equal Area Rule v




STABILTIY ANALYSIS OF
BINARY MIXTURES

=Mixing of two liquids at const p&T
to form a binary mixture

=Equilibrium condition — Min Gibbs
function

g<>.g'x,

or AG,, = (g — Zg[ox,.)< 0

STABILTIY ANALYSIS OF
BINARY MIXTURES

AGmix<0
Both curves o
I & IT have
AG,,<0
I: Stable
Mixture .
II : Identify ;
region of x1=0)/( '
unstablity?

STABILTIY ANALYSIS OF
BINARY MIXTURES

2
condition of stability 6A7C2r'm >0
ox,
AG”""V = g_zxig? = RT[xl ll’1x| +X, lnxz
+x, Iny, +x, 1n7/2]
Prove
aAGmLt

Foa— RT[In(y,x, )~ In(y,x, )] = RT[ln(ji/f{O)

-in(f,/ 1))

1

STABILTIY ANALYSIS OF

BINARY MIXTURES

0’ AG,, :RT{alnfl ~ 8111/’2}

ox; ox, ox,

Using Gibbs Duhem equation

X Oln f x, olnf, _
0ox, ox,

Stability Criteria at Const T, P

61nf1>0 ;6lnf2 20
Ox, Ox,

STABILTIY ANALYSIS OF
BINARY MIXTURES

For VLE assuming f,~Pyand f, ~ P y,,

we can prove that for stability of
equilibrium

@>O
dx,

End of Lecture




