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THERMODYNAMICS OF TWO - PHASE EQUILIBRIUM AND DILUTE SOLUTIONS

Changes of phase of a pure substance

The phase-changes of a pure substance such as sublimation, melting, vaporization etc. are called
first order phase transition. These transitions are associated with an abrupt change of first order
derivative of free energy. Though G changes continuously but ( AP)T and ( éT )P will

change discontinuously at the point of transition when plotted against T.
There are three criteria of the first order phase transitions, phase oo — phase j3,

NE _AE WS \T . oG v = _Uap_ o & &
()G, =G, )V, -V, %0, since (0G/,) =V asdG =V dp—S dT (i) §, -5, #0.
Thedifferenceof V, and V; or S, and S, arevery large
This can be explained by the following diagram of vaporization of water at its boiling point.
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On the other hand, there are some cases of transitions where second order derivative of free
energy of the substance changes abruptly. For example, change of ferromagnetic material to
paramagnetic material at the Curie point, liquid Hell to liquid | at the A-point etc.

Clapeyron Equation (effect of P on thetransition temperatur e):

If two phases of a pure substance are in equilibrium with
each other, they have same molar free energy at that T and P. when P is changed at constant T, or
T is changed at constant P, one of the phases will disappear. But if T and P are both changed in
such away as to keep the two molar free energies (chemical potentials) equal to each other, the
two phases will continue to co-exist and
remain equilibrium.

Thus for two phases a and B of the substance at equilibrium, we
haveG, = Gﬂ .If T and P are changed so that equilibrium is maintained, then, dG, = dGﬂ .

But, dG =V dP—SdT hence, V,dP—S,dT =V sdP—S,dT.
S,—-S
o - N, vﬁA_Sv;
But for the phase-change at constant T and P, AS = AﬁT ,
where, AH = moEr latent heat transition or molar enthalpy of transition.
Therefore, :—E_) = 'I'(\7Aﬂ—|_—|\7a)' Thisis called Clapeyron equation.

However molar properties can be replaced and then Clapeyron equation becomes
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dP [ AH
dr (T, -V,) )’

(a%T )v - (a%v )T'

When two phases are in equilibrium (say, liquid and vapor), the vapor pressureis independent of

(a%T)V - j_-Fr)

Again, if we consider latent heat of transition, L as nearly constant, independent of T, then

(%)~ ﬁ

Therefore the Clapeyron equation is d—P = _AH
dT TV, -V,)

From Maxwell’s relation, we get

the mass and hence volume. So,

Sign of g—_lF_) depends onthesignof L and (Vg — Vy)
(2) For vaporization of liquid, L = (+)veand (Vg — V,) = (Vg— Vi) = (+)ve,
hence g—_Fl_) = (+)ve. This signifies that the vapor pressure of aliquid increases with

temperature. It also states that the boiling point of aliquid increases with increase
of pressure.

(2) For mdlting of paraffin or any solid exceptice, L = (+)veand (V| — Vs) = (+)ve,

hence 3_1F') = (+)ve so melting point of paraffin increases with increase of pressure.
(3) For mdting of ice, L = (+)veand (V| — Vs) = (—)ve, since Vie > Vwaer.

This indicates that :_WF') = (—)ve, indicating that melting point of ice decreases with

increase of pressure

Clausius Clapeyron equation:

Clausius simplified the relation for sublimation and vaporization
processes by assuming that vapor obeys perfect gas equation and neglecting the molar volume of
the liquid or solid in comparison to that of the vapor. For the process of vaporization, the

P N
Clapeyron equationis — = —=———|.
dar | T(v,-V)
Va2 P L LoxP .
Since V V, ,hence —=—2%L-= arating the variables and integrating,
s MV aT TV, RT Separating egrating
we get, J.dP ij Or InP= —E % C(C).

In—= PZ LV (T T] :

R RUTHL

Thisis Clausius-Clapeyron equation or simply called Clausius equation.
L? isassumed to beindependent of T.

When integrated within limits, we get,
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Solution:

Using thisrelation, it is possible to calculate the latent heat of vaporization or latent heat of
sublimation from the vapor pressure at two temperatures.

However if I:V of the process is known, vapor pressure at a given temperature can also be
calculated if that at other temperature is known.

o

InP= —51
RT

+

Trouton’s rule: From therédation, C,

wecan put P=1atm, when T =T, (normal boiling point). Thus, 0 = —

o |3

L
T

or, = RC =constant = 21 (Approx.) for non-associated simple liquids.

|

Trouton made an important generalization from experimental observation that the ratio of molar
heat of vaporization to the normal boiling point is constant for simple and non-associated liquids
and the constant is about 21 cal mol K™,

Therule also states that molar entropy-change of vaporization at normal baoiling point is same and
is about 21 cal mol*K1.

That iS’ (As)vap.at normal BP
This consistency of entropy of vaporization from liquids to vapor isreadily understood from
Boltzmann hypothesis relating entropy to disorder. The change from liquid to vapor leads to
increased disorder. The entropy of vaporization is zero at the critical temperature because liquids
behave alike not only at their T¢ but also equal fraction of their Tc. Hence different liquids should
have same entropy of vaporization at their boiling point provided there is no association or
dissociation upon vaporization.

~ 21 for all simple and non-associated liquids.

The vapor pressure of water is 23.75 torr at 25°C and 760 torr at 100°C.
What will be the heat of vaporization? [Civil Service Exam. 2003]

B _L(T-T
R RU T

[o= 2x3r3x298,, 10 _ 14 5728 cal mol .
75 23.75

Clausius Clapeyron equation is, In

2375 2

760 L (373— 298]
or, In 3l A
373x298

Calculate the boiling point of water at a pressure of 75 cm of Hg, given that latent heat of
vaporization is 540 cal mol™.
We know that boiling point of water is 100°C when the pressureis 76 cm of Hg.
76 _ 18x540(1 1

2 (? - 3_73]
Solving the equation, we get the BP of water is 372.63 K = 99.63°C at 75 cm of Hg

Putting the values in the Clausius equation, we have, In

If the rate of change of vapor pressure of water with respect to T is 2.7 cm of Hg per degree
around 100°C, Calculate the molar volume of liquid water (given specific volume of water vapor
= 1674 cc gm'Y). Calculate also the boiling point of water at a pressure of 75 cm of Hg.

[ BU91, Q 7(b) m = 6+3]

Given, d—P = 2.7 cm of Hg per degree around 100°C. Putting the values in the Clapeyron

dT
. dpP [ 7 1
equation, — =——v or, 2.7x13.6x980 dynecm? K= 20x418x10'erggm”
dr  T(vy—v) 373K 1(1674ccgm™ - v,)

Calculation givesv, =5 cc/gm. So molar volume of liquid water =5 x18 = 90 cc/mole.
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(4)

Answer :
Problem
®)

Solution :

Problem (6)

Solution :

Problem (7)

Solution :

BU’ 2008,
Q 1(9)

Answer:

" part: , 9P =2 7 cm of Hg per degree around 100°C
or, Rof s 7ema Hg/°C, Putting the values, =7 _ 57 or, t1=99.63°C.
T-T 100t

2 1 1

Derive Clapeyron equation and show that it can be represented by the equation,
P=P* exp[(-AH,, / R){% - T_l*}] . For liquid — vapor boundary assuming ideal gas behavior
and making certain approximation. [ Civil service Exam, 2001]
*
vap

A
Derive Clausius equation, In % = {? - —} and get the required form.

At the normal melting point of NaCl 801°C, its enthalpy of fusion is 28.8 kJmol ™. the density of
solid is 2.165 gm cm and that of the liquid is 1.733 gm cm™ What isthe increase of pressure
needed to raise the melting point by 1.00 °C.

[11Sc, Bangalore, adm. test for Int. Ph. D.]
Theprocessis melting, NaCl(s) — NaCl(l).
In the Clapeyron equation, dT = 1.00K, T = 273+801=1074K, AHy = 28.8 kJmol™. dP="?

-1 0 -1
P=dT x A_Hm_ 1K x 288|;Jmo| 1><1O1 ergkJ
T (V' ‘Vs) 1074K ( —jx 58.5ccmol *
1.733 2.165
=3.98 x10"dynecm? = _398x10"
76x13.6x 981

Average value of enthalpy of vaporization (kJ/ mole) of water between 363K and 373K
is (a) 42.50 (b)40.80 (c)—40.65 (d)—40.80.

Given vapor pressure of water at 363K & 373K are’529 Torr & 760 Torr.

The correct answer is (b). Use Clausius equation to get the answer.

At 373.6 K and 372.6 K, vapor pressure of water is 1.018 and 0.982 atm respectively.
Calculate the molar entropy of vaporization and AV, the change of volume per mole when
liquid water vaporizes at 373 K. Assumethat the vapor behaves ideally.
[B U, 1994 & 1996]
Clausius equation (assuming vapor behaving ideally) is

LV -1 In—= P .Puttingthevalu&sgiven,ml'OlS:i( 1 j
R TlT P 0.982 373.6x372.6

s _ 1 aS - E/ _ 100237/ _ 4
or, L, =10,023.7cal mol™, AS = = 473 = 26.87 cal K*mol ™.

-1 -1
Now the Clapeyron equation is AP _AS ‘ (1.018-0.982) atm _ 26.87cal K "mol
AT AV 1K AV

or, AV = 2687 %nmorl =30.8 lit mol™ .

0.036  1.987
“The Clausius-Clapeyron equation is a special case of the van’t Hoff
equation for liquid-vapor equilibrium.” — Justify or criticize. (2).
dinK, AH
dar RT?’
is the equilibrium constant of the reaction.
But for the liquid-vapor equilibrium, the Clausius-Clapeyron equation is given by,
THERMODY NAMICS OF TWO-PHASE EQUILIBRIUM — DR N C DEY

The van’t Hoff equation is, where AH is the enthalpy of the reaction and Kp



BU’ 2008,
Q 4(b)

BU’ 94
o3 @

Answer:

(b)

Solution:

BU’ 96
Q 5(a).

Answer:

Definition of 4

dinP _ AH
dT RT?’
vaporization. Thus the statement is correct.

here P is the equilibrium pressure and AH is also the enthalpy of

Withincrease of pressure, the melting temperature of paraffin increases but that of
ice decreases. — Explain. (2). Answer: Seethe Text.

Deduce thermodynamically thefirst order phase transition. Give illustrations.

oP 0S
Establish therdation (—J = (—] . Hence deduce the Clapeyron equation. (4+4+4)
aT )y oV J;

Seethe Text, page.

Calculate the freezing temperature of water if the pressure be increased by 1 atm,
given L =80 cal/gm, Presrc) = 0.9168gm/ccand p,, — 0.9998gm/cc. (4).
For the process water — ice, the Clapeyron equation is d—P = L \
dT TV —Voater)
latm _ ~80cal gm™ or. T = 1atmx 273K (1.0907 —1.0004)ccgm ™
- ’ ) - ]
dT 273K ( 1 1 Jecgm™® —80cal gm
0.9168 0.9996

1x 76x13.6x 981dynecm * x 273K (1.09075—-1.0004)cc gm *
or,dT = > = =—0.075 K.
80 4.18x10"erg gm

Thus the freezing point of water becomes — 0.075°C if pressureisincreased by latm.

If in a phase transition the first order partial derivative of G with respect to temperature and
pressure change continuously in going from one phase to the other, will it be possible to obtain
the Clapeyron equation? Give reasons for your answer. (4).

It is not possible to obtain Clapeyron equation.

The equation s, :—_I; = \Sli :3: . But, (8%P)T= V  and (GG 8T)p:_ S.

As (86 8P)T and (a%T )P change continuously in going from one phase to the other,

so V and S will change continuously and at the transition point, V, =V, andS; =S, .
Putting in the Clapeyron equation, RHS of the equation becomes meaningless.

CHEMICAL POTENTIAL ( A4 ):

For pure substance, it is defined as free energy per mole, called
molar free energy or chemical potential (name given by G.N. Lewis) its mathematical expression

is given by, “:(a%n)np

For the substance present in multi-component open system (say ith component), it is called partial
molar free energy or also chemical potential and is defined actual free energy change of the
system when one mole of that substance is added to it provided the system is large enough so that
the composition of the system remains unchanged by such addition.
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It is mathematically defined as

ol (a%n j o

j#i
Chemical potential is a measure of escaping tendency of the substance from the phase in which it
exists. Whenever a substance remains in two phases at equilibrium, the chemical potential of the
substancein the two phasesis same.
Thisis an important aspect of the chemical potential.

EFFECT OF TEMPERATURE AND PRESSURE ON CHEMICAL POTENTIAL:

The temperature effect is mathematically given by

(a'ui 8Tj = —5 , partial molar entropy of the ith component.
P

Since S isalways positive, hence (a’u %T) =(—) ve.
P

It means that with rise in temperature at constant pressure, chemical potential always decreases.
Again, S(9))S (1)) S(s), therate of decrease of 1 with temperature is greater in gaseous

phase, least in solid phase and in between in liquid phase of a component.
The pressure effect is given mathematically as

(aﬂ%P) :\7i , partially molar volume of the ith component.
.

Since, V. = (+)veaways, so, (a,u %Pj = (+)veaways.
T

It meansthat 1 always increases with increase of P at constant T. Therate of increase of . with
P decreases from gas to solid of the component.

EXPRESSION OF CHEMICAL POTENTIAL IN TERMSOF PRESSURE AT CONSTANT TEMPERATURE

For pure substance, chemical potential is expressed as

(), =¥

If the substance is in gaseous state and obeying ideal gas equation, PV = RT ,
then, replacing V in the above equation and integrating with proper limits, we have

p#(T,P)=x°(M)+RTInP
where, 1°(T) isthe standard chemical potential of the substance which is the chemical potential

of the substance at one atmosphere pressure (standard state) and at temperature T.

4(T,P) isthe chemical potential of the substance at pressure P and temperature T.
Since a gas flows from higher pressure to lower pressure until there occurs equalization of
pressure, hence it can be alternatively said that a substance escapes spontaneously from higher
chemical potential to lower chemical potential until it becomes equal.
Thus chemical potential is a measure of escaping tendency of the substance from the state where it
exists to the availabl e phase.
For a component inideal multi-component system, chemical potential is expressed as,

w1 (T,P)=x°(T)+ RTInp
where, £ (T, P) isthechemical potential of theith component at partial pressure p and
temperature T.
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Since p =X P, hencereplacing p, we get the expression of 1 (T, P) as,
u(T,P)=[u°(T)+ RTINP]+RTInx
or, 4 (T,P)=pu°(T,P) +RT Inx
where, £°(T, P) isthe chemical potential of the ith component at temperature T and pressure P
whenit remainsin purestate (X = 1).
For non-ideal system, the expressionis x (T,P) = x°(T,P) + RT Ina
where, g, istheactivity of theith component in the non-ideal mixture.

a =X 7;, where y, = activity co-efficient of theith component.

=1, when the system isideal and
# 1, when the system is non-ideal.

Thus, 7, measures the extent of non-ideality of the component in the system.

Greater the departure of the value of y, from unity, greater is the non-ideality of the component
in the mixture.

Unit and dimension of 4 :

It isan intensive property and its unit is energy per mole.
Thus, in CGS system, its unit is cal mol™ or erg mol™, but in S| system, it is Joule mol ™.

The dimension of g is ML*T “mol .
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DILUTE SOLUTIONS

Solution is a homogeneous two-component mixture. The component which is
dissolved is called solute and that dissolvesis called solvent. The solvent is present in large
amount in comparison to the solute in the solution.

Relative amount of solute and solvent is expressed by concentration of the solution.
Different modes of expressing the concentration of a solution are given below.

1. Percentage (%) :
(i) mass percent (% m/m) = m +m, = 100,
where m and m, arethe masses of solvent and solute respectively in the solution in gms.

1 subscript is given for solvent and 2 subscript is for solute. This conc. is used generally when
solute and solvent both are solids, such as alloys.
It is temperature- independent.

V2 o 100,
1 + 2
This conc. is used when solute and solvent both areliquids, such as alcohal solution in water.
It is temperature- dependent.

(i) volume percent (% v/v) =

M 100,
Vl +V2

This conc. is used when solid soluteis dissolved in liquid solvent, such as urea solution in water.
It is also temperature-dependent.

(iii) mass-volume percent (% m/v) =

2. Molarity (M) :
Thisis most common conc. unit used. It is expressed as number of moles of
solute dissolved per litre of the solution.

Molarity (M) = % , where V is the volume of the solution in litre that

contains n, moles of the solute. This conc. solution is very easily prepared in the [aboratory and
thisis why it is commonly used.
It is temperature-dependent and as the temperatureis increased, conc. is decreased.
3. Molality (m) :
This conc. is defined as the number of moles of solute dissolved per
1000 gms (1 Kg) of the solvent. Thusit is

Moalality (m) = i} , where m is the mass of the solvent in Kg that
m

dissolves n, moles of solute.

This conc. istemperature-independent and is used for more accurate purpose.
4. Mole-fraction:

4! and that of solvent, X, = 4! .
+n, n +n,

X +X,= 1. Therangeof X isfrom 1 (pure solvent) to O (pure solute).

Mole-fraction of the solute, X, =

Thus,
For solution, where two components are present, 0¢ X, (1

This conc. unit is also temperature-independent.

Problems:
(1) How are conc. expressed in mole-fraction and molality related? Show that for dilute

solution they are proportional. [BU’91].
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GATE,
2001

Solution : Let the mole-fraction of soluteis X, and molality of the solution is m.

[0, o

But for dilute solution, (100% )» m
1

So, X, =

M . . - .
0, X z(loolojm.That isfor agiven solute, X, oc m in dilute solution.

(2) Express conc. of ureain mole-fraction and molality for a 0.1 molar aqueous solution
of the substance; assuming density of the solution as 1.0542 gms/cc.
Solution : Mass of 1000cc (1 litre) solution = 1000 x 1.0542 = 1054.2 gms.
Mass of the solute=c M2 =0.1 x 60 =6 gms,
Mass of water = 1054.2 — 6 = 1048.2 gm.

0.1

IDEAL SOLUTIONS:
Ideal solutions are thosein which thereis complete uniformity of cohesive forces between the
molecules present in the solutions. In anideal solution of A and B, theinteraction of A-A

. 0.1
- molality, (m) =
0.0017 y, (m) [10482

xlOOO) =0.095

molecules and B-B molecules is same as A-B molecules.

Thus the escaping tendency from the liquid to the gaseous state of any of them is not influenced
by the presence of the other.

This molecular aspect of the ideal solutions is shown by the following thermodynamic criteria.
@ AVmixing =0, i.e thereisno volume-change due to mixing and thus molar volume

(V°) isequal to the partial molar volume (V. ) of both the components.

(b) AH . ng = 0, thereis no heat-change due to mixing of solute and solvent during the
preparation of the solution.
© #(T,P)=x’(T,P)+RTInx, where 1’ (T,P)isthechemical potential of the
ith component in pure state ( X, =1) at thegiven T
and Pand (T, P) isthechemical potential of the

same component of mole-fraction X in a mixture

under thesame T and P.
Ideal solutions follow the additivity rule. It means that value of any extensive property of an ideal
solution is the sum of the values of that property of the individual components.

Thus, V = nV,° + n\;
Similar liquids such as n-heptane — n-hexane, ethylene bromide — ethylene chloride
benzene — toluene, etc. form ideal solutions.

Problem: For anideal solution, which one of the following statements is correct?
(7 and X areactivity coefficient and mole fraction respectively).

(A) 7 (solvent)—0 as X (solvent) —»1 (B) ¥ (solute) —1 as X (solute) —»1 (C) y

(solvent)—1 as X (solvent) -1 (D) y (solvent)—0 as X (solvent) —1 [Ans. (C)]
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RAOULT S LAW :
L et us take a closed system that contains B
asolution of two volatile components in equilibrium with
their vapors. Thusit is a two-component two phase system.
Raoult’s law finds a relation between the vapour pressures of
any of the components with its concentration in the solution.
The law states that ‘at a given temperature,

the vapour pressure of any volatile component ( p ) of a
solution is equal to the product of vapour pressure of the
component in the pure state ( p° ) and the mole-fraction ( ;)
of that component in solution’.

Mathematically it isexpressedas P, = p° X at constant T.

Thisis dueto the fact that escaping tendency of each component is not influenced by the other
component present in the solution. Thus for the solution of two volatile components, Raoult’s law

is, p, = p; X forthesolvent  and p, = p; X, for the solute.

Thetotal pressure over thesolution, P= P+ P, = PP X + P5 %,.

Raoult’s law is valid for ideal solutions only.
In fact the solution is said to be ideal if it obeys Raoult’s law over the entire range of composition
at al temperatures.

The vapour pressures can be expressed in terms of mole-fraction of one component (say, X;)
of the solution. Theserelations are given as,

vapour phase

Pt Py

solution phase
solvent (1) + solute (2)

T 15 constant

Po=p% e D, P=P % bt X=1-X%, w p,=p(1-%),
or P, = P; — P, % -—---(2) and the total vapour pressure,
P= P+ P, =P X+ R~ P X, Constant T

P=ps+(py— p3)% (3. ”
Let ustake 1% component is more volatile than p :
2" component sothat p? ) pg. ps b
The vapour pressures of the components can be ;
plotted against X, and the plots aregivenas: I "
p, vs. X, plot will be straight line passing -
through the origin and terminate at p; . VP

VS. lot will start from p? and terminate 0 ; 3

% %P P2 Pure2 ™=  Ppurel

at zero. 4 EF? S pi)
Thetotal pressure, P vs. X, will start from
pS (when x,=0) and terminateat p? (when x, = 1).

Ther modynamical derivation of the law:

Both the components of the solution remain in equilibrium between
the liquid phase and vapour phase at constant T and total pressure P, since the components are
volatile (see the above sketch of the system).

Let ith component of the solution remains equilibrium in the liquid and vapour phase,
hence the chemical potential of the component in the two phases becomes equal, i.e.,

w4 (1iq) = 24 (vap)

10
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Vapour pressure
vs. x, plot for
this type of non-
ideal solution is
shown here.

But, 4 (lig) = °(lig) + RT Inx (1)
and x4 (vap) = 44’ (vap) + RT In 2
where X is the mole-fraction of the ith component in the liquid phase and p, isthe partial vapour

pressure of the same component in the vapour phase.
From above equations (1) and (2), we get

w(lig)+RTInx =
Therelation between £°(lig) and £’ (vap) can be obtained by putting X = 1(pure state) and

u’(vap)+RTInp. .

then, p = pi° (vapour pressure of the pure state), we have
£ (lig) = 4 (vap) +RT Inp?
Inserting, w4 (lig) inthe equation, we get
u’(vap) + RT Inp® +RTInx =x’(vap)+RTInp..
or, RTIn(x p’)=RTInp,
o, P=xp.

Thisis the Raoult’s law relating the vapour pressure ( p ) in gas phase with the mole-fraction ( ;)
of the component in the liquid phase when it remains in both the phases at equilibrium.

Non-ideal solutions:
In these solutions, cohesive forces are not uniform, that is molecular
interactions between A-A and B-B are not same as A-B.
The escaping tendency of one component is influenced by the presence of
other component in the solution.
The thermodynamic criteria for these solutions are given bel ow:

(@ AViiing 70 (0) AH g #0 and  (c) £4(T,P) = # (T,P)+RTIna,
where @, is the activity of the ith component in the solution.
But a = X 7, where y, isthe activity coefficient of the ith component.
Putting this value of a , we get
w1 (T,P)=[1£(T,P)+ RTInx]+RT Iny,,

(T, P) =1 (T,P)iyey + RTINy;.
Non-ideal solutions may be of two types:

and so,

Constant T

(i) Non-ideal solutionswith positive deviation:
In thistype, cohesive forces between A-B are P

less thanthat of A-A and B-B.
As aresult, the following thermodynamic criteria devel op.

- -

(8) AV, ixing = (+)V€ , volumeisincreased dueto mixing, F: ::" . D, s 3
i'e' Vm'xture > (VA +VB) and \7| >\7|0 I \‘\ > v
(0) AH ying = (+)VE , heat is absorbed dueto mixing, — yp ///y\,\\ P
(c) Theactivity coefficient , ) 1, Iny, = (+)veand o R AN
/'li (T1 P) > ﬂl (T’ P)|deal . 0 2 % 1
It means that the escaping tendency of the Fied Py P Pure 1

ith component is greater than that in the ideal solution.
The vapour pressure of each component and also the total
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Thermodynamic
conditions for
non-ideal
solutions with
(—)ve deviation.

Vapour pressure
vs. X, plot for

this type of non-
ideal solutions.

Generd
expression of the
relation between

p and x of a

solution.

Statement of
Duhem-Margules
equation.

vapour pressure over the solution are greater than that obtained from Raoult’s law.
Solid lineis for the vapour pressure over the non-ideal solution with (+)ve deviation

and dotted lineis for vapour pressure from Raoult’s law (ideal solution). 1% component is
assumed as more volatile than the 2™ component i.e. p? ) pg
Example of these type of solutions are the mixture of ethanol and water, ether and acetone etc.

(if) Non-ideal solutionswith negative deviation:
In this type, cohesive forces between A-B are greater than that of A-A and B-B molecules.
Asaresult, the following thermodynamic criteria devel op.

(@ AV,iing = (-)VE, volume is decreased due to mixing and V; (V,°

(b) AH i4ng = (—)V€, heat is evolved due to mixing, and

(c) Theactivity coefficient 7, (1, Iny,=(=)ve and ££(T,P) ( (T, P)igen -

It means that the escaping tendency of theith component is less than that in theideal so that the
vapour pressure of each component and also the tntal vannnr nreccrira Aver tha

non-ideal solution with (—)ve deviation are Constant T
less than that obtained from Raoult’s law.
Solid lineis for the vapour pressure over
the non-ideal solution with (—)ve deviation
and dotted line is for vapour pressure from
Raoult’s law (ideal solution).

Examples of these type solutions are

the mixture of halogen acid (such as HCI)
and water, pyridine and acetic acid etc.
However non-ideal solutions behave ideal
(i.e. they obey Raoult’s law)

whenx, -1 andy, -1,
i.e, whenthesolutions aredilute. Pure 2 a o Pure 1
p1 > p:

In non-ideal solutions, molecules of A will affect the escaping tendency of B and vice-versa.
This molecular interaction reflects in the expression of vapour pressure of the components.

P=xple™  ad P, =% pers

« is constant and same value for both components.
For ideal solutions, ¢ =0, for non-ideal solutions with (+)ve deviation, « >0
and for non-ideal solutions with (—)ve deviation, & <O.
Thisis supported by the Duhem-Margules equation which states that if one component behaves
ideal then other component also behaves idedl.
If one component behaves non-ideal with (+)ve deviation, the other component should also follow
the same. This comment is also valid for solutions with (—)ve deviation. Large (+)ve deviation
|eads the system from complete miscibility to partial miscibility.
Large (—)ve deviation does the reverse effect.
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Expression of 0 over non-ideal solutions:

The component of the non-ideal solution remains in equilibrium between the liquid phase
and vapour phase. So the thermodynamic condition is

#4(liquid) = 4 (vapor)
or, &’ (liquid) + RT Ina = x°(vapor)+ RT In p,

But, a =Xy . Putting, wehave
(liquid) + RT In(x 7.) = £’ (vapor) + RT In p.
vapour

Now, when X =1, the solution isideal as theith component p.+D.
isinpurestateand p. = p°

non-ldeal solution

Therelation

between ¢ (liquid) = 2¢°(vapor) + RT In p?°, solvent + solute
p and x of a putting «°(liquid) inthe equation,
non-ideal 4 (vapor) + RT In p’ + RT Ing = 4’ (vapor) + RTIn p _ T is constant
solution. 0
o, RTlnap’=RTInp o, p=ap’ ad " o =a.
Therefore, we can write, p=ap o p.=(% p’)y

For ideal solution, ., =1,s0 P =X P’ , the solution obeys Raoult’s law.

For non-ideal with (+)ve deviation, , >1 andso P, ) X pi° .
The vapour pressure of the ith component is greater than that obtained from Raoult’s law.
For non-ideal with (—)ve deviation, y,<1landso P, (% P’

The vapour pressure of the ith component is less than that obtained from Raoult’s law.
Problems:

(1) For anideal solution, which one of the following statementsis correct?

(7 and X areactivity coefficient and mole fraction respectively).
(A) 7 (solvent)—0 as X (solvent) »1 (B) ¥ (solute) —1 as X (solute) —»1 (C) y
(solvent)—1 as X (solvent) —1 (D) y (solvent)—0 as X (solvent) —»1 [GATE, 2001]
[Ans. (C)]

(2) The vapour pressure of pure component P and Q are 700 torr and 500 torr
respectively. two phases arein equilibrium at 1.0 atm, the mole-fraction of P in liquid
phaseis 0.6 and in the vapour phase 0.4. The activity coefficient of component Pin
the solution on the basis of Raoult’s law is (a) 0.60 (b) 0.72 (c) 0.92 (d) 1.0.

[GATE, 2004]
Solution : Given, pg = 700torr , pg =500torr and P=1.0atm= 760 torr.
304 torr
0 = = 0.
P 700torr

Pe = %o (Vap) x 760 =304torr . a,(lig) = P

% 043,
X, 0.6

(b) iscorrect.
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Factors affecting
the solubility of a
gasinaliquid.

Henry’s law —
effect of
pressure on the
solubility of a
gasinaliquid
a givenT.

Validity of
the law

Nernst
distribution law
from Henry’s
law.

(3) An aqueous solution of NaCl ( X, = 0.015) at 298K isin equilibrium with a water
vapour pressure (torr) of (@) 23.64 (b) 74860 (c) 2436  (d) negligible.
[Given VP of water at 298K = 24 torr]. [GATE, 2005]

Solution:  Prae = Xume Posa = (L= Xpoq ) Power = (1—0.015) x 24 = 23.64 torr,
[Ans. (8)].

HENRY’S LAW: [ Solubility of gases in liquids ]

Solubility of agasin aliquid may be defined as the amount of the gas
in gms per litre of the solvent forming a saturated solution at a given temperature.
Solubility of agasin aliquid depends on the following factors.
(a) The nature of the gas and the liquid. Usual proverb is that “like dissolves like”
(b) Temperature of the solution:
General effect is that with rise in temperature, solubility of the
gas is decreased and the effect is quantitatively given by Van’t Hoff equation.

nﬂ — AI__|s;olution T2 _Tl
m R T,

where, m and m, are the solubilities of the gas at temperatures T, and T, respectively.

AH

(c) Pressure of the gas over the solution — Henry’s law.
According to Le Chatelier’s principle, solubility
of agasisincreased with increase of pressure of the gas
over the solution.
Henry’s law states that “the mass of the gas (m) dissolved
in unit volume of a solvent at constant temperatureis directly
proportional to the pressure of the gas with whichitisin
equilibrium”. That is,
moo P, when T is constant.
or, m=K P, where K is called Henry’s constant. T I constant
It remains constant for agasinasolvent at agivenT.

wlution 18 the heat of the solution at constant pressure and it i P

Gas

Solution

Thislaw is valid when the gas and the solution behave ideally.
Thus for real gases, the law holds good when the pressure is low and temperature is not very low.
Further the dissolved gas neither reacts with the solvent nor dissociates or associates in the
solution.
Nernst distribution law can be deduced from Henry’s law.
The mass of the gas dissolved per litre of the solvent (may be read solution is very diluteto

behave ideally) is directly proportional to the molar concentration ( C,)
i.e. m= C, Mz, where M2 is the molar mass of the gas (solute).
Again, the gas over the solutionisideal so, P= ¢, RT, where, C; is molar conc. of the gas.

C
Putting in Henry’s law, C, M2=K C;RT or, S = KMRT , o 2= Kd )
2 G
This states that conc. of the substancein liquid phase bears a constant ratio with that in the gas
phase at constant temperature.

Thisis Nernst distribution law and K, is Nernst distribution coefficient of the substance between
liquid phase and the gas phase.
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Problem :

(1) At 20°C, the V P of benzene is 74.7 torr and toluene is 22.3 torr. A certain solution of
benzene and toluene at thesame T hasa V P of 46.0 torr. Find the benzene
mole-fraction in the solution and in the vapour above the solution.(Ph. Ch. — Levine).
Hints: Usedegn. — P = p? +(p5 — pY)%,((s0l), p, = Py %,(sol) and p, =X, (vap) P.
[Ans. % (s0l.) =0.45and x (vap.) =0.73].
(2) A solution of chloroform and ethanol at their mole-fractions of 0.01 and 0.99
respectively has a vapour pressure of 177.95 torr at 45°C, while pure ethanol has a
vapour pressure of 172.76 torr. The solution is essentially ideally dilute. Find
(i) the partial pressure of the component gases in equilibrium with their solution at
45°C.
(i) vapour pressure of pure chloroform at 45°C.
Comment on the ideality/non-ideality of a2 % solution of chloroform in ethanol at
45°C. Given that the experimental vapour pressure of the solution is 183.38 torr.
[IIT,KGP, Adm. to M Sc, 96]

Ans. (i) p, = ps %, =692x0.01=6.92torr and p, = p; X, =172.76x0.99=171.03torr .
2Ypart— P = p2 X, + p2 X, = 692x0.02+172.76x 0.98 =183.14 torr .
(i) P=p,+ P, = Py X+ Ps %, 0r,177.95= p; x0.01+172.76x 0.99..
or, ps =692torr.

The experimental value of total vapour pressureis also 183.38 torr.
So, 2 mole percent solution of chloroform in ethanol isideal.

(3) Show that two liquids (11 and 1) are mixed in the weight ratio wa : Wy, then vapour
pressure (P) of the mixtureis

p_ WM, p’ + WM, p;
W2M1+V\4M2

, Wwhere p°isthe vapour pressure of the pure liquid

M = molecular weight. [I1T,KGP, Adm.to M Sc, 97]

. W . W, W, :
Ans. No. of moles of thetwo liquidsin the mixture are —- and —2- ratio.

1 2
— nNn° o —_ n° nl (o] n _ 1 0 0
P—p1>9+p2x2—plxmwzxnljnz—an[plmpznz]
M, p’ +w,M, p’
\ {ﬂpﬁ&pﬂ:(wl PAWME)
ﬂ+& M, M, (V\ﬁM2+W2M1)
Ml MZ

(4) 5.0 gm of amixture of two non-volatile non-electrolyte solutes of MW 128 and 178

is dissolved in 250 gm of benzene. The solution started freezing at 4.8°C. If the

normal freezing point of benzeneis 5.5°C and its molal freezing point depression

constant is 5.1°C Kg/moal, find the composition of the mixture by weight.

[NT,KGP, Adm.to M Sc, 98]
Ans. Let x g of the 1% solute of MW 128 and (5-x) g of the 2™ solute is present in the
X 5- x] 1000 4x 20-4x

—+ x = + :
128 178 250 128 178
Use AT, =K, m and findx = 2.8 gand 2" solute= 2.2 g.

solution. The molality of the solution, m = (
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Statement of
the law

Example of the
law with solute |2
in benzene and
water

Same form of
the solute in two
immiscible
solvents
forming ideal
solution.

Thermodynamic
condition for
the solute to

remain in
equil™. inthe
two phases.

NERNST’S DISTRIBUTION LAW:

The law states that at constant temperature, when different
quantities of a solute are allowed to distribute between two immiscible solvents in contact with
each other then at equilibrium, theratio of conc.
of the solute in two layers is constant.

If I, soluteremainsin equilibrium between two
immiscible solvents, benzene and water then the ratio of

conc. of iodine in benzene, [ C;, () ] and conc. of iodinein

C . .
water, [ 12 (W) ] remains constant at a given temperature. Iz in benzene solution

C'z(b):K o . 1]
C d , called distribution constant of iodine I I/

1, (W)
2(W) I in water solution

between benzene and water

Condition of validity of the law,
The essential precondition for the law to
bevalid are
(1) The same molecular form of the solute should be present in both solvents.
(2) The solution should beideal and it is to be dilute.
(3) Thetwo solvents should be completely immiscible.
Derivation of the law:
If asolute X isdistributed in the two solvents ¢ and £ constituting

the two different phases, then chemical potential of the solute will be same in both the phases
whenitisin equilibrium

Temperature is constant

Thatis, Hx @) = Hxp)
0 0
or, Hx t RTINa ) =11y 5+ RTINA, )
0 0
By Hxp ~ Mx(a
or, Inx@ _£xe) ~ Hxe
a RT

X(B)

0 0
Hx () ~HX (a)

ay
(@) RT o
N = Ky, called distribution constant

or,
A (p)
When the solutions are dilute, it behaves ideal and activity is replaced by conc. and the law is
. @ _ g N . o
written as, = Ry . Thisis Nernst distribution law. It is the distribution of of X between
X(B)

thephases & gng B

K d isconstant but it depends on temperature and the nature of the solute and the solvents.

Limitation of thelaw: Nernst also pointed out that if the solute undergoes dissociation or
association, the form of the law becomes different. We can discuss the several cases considering
the dissociation or association of the solute separately.
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(a) Distribution of a solute with same molecular form in two phases:
When iodine is distributed between benzene and water, iodine remains

in the same form in both the solvents and the law holds good, K, =&, where, ¢ and c,are
C

2
the molar conc. of iodine in benzene and water respectively.
Thisis also confirmed by experiment. Similar cases are found in the distribution of HgBr.in
benzene and water, boric acid in water and amyl alcohol, H,O, in water and  ether etc.

(b) Distribution of a solute which dissociates in one of the phases:

This caseisillustrated by the distribution of oxalic acid between
ether and water. In ether layer, the molecular species remains unchanged and let its ~ conc. is

C, - In agueous solution, oxalic acid suffers dissociation as,

H,Ox0 HOx +H".
Let c,isthe molar conc. of oxalic acid in aqueous layer and ¢ isthe degreeof  dissociation at
the conc., then conc. of molecular form of oxalic acid = (1-a)c,.

In this case % will not be constant but the ratio of the conc. of undissociated moleculesin
2

the two solvents will be constant.
_ G
(I-a)c,
K, isthedistribution or partition constant of oxalic acid between ether and water. Degree of

dissociation o can be obtained from the dissociation constant of oxalic acid using the relation,
Ka~o’cC.

= constant (K, ).

(c) Distribution of a solute when it associates in one of the phases:
L et us suppose that thereis no change in molecular species of the solute

in solvent (1) but it undergoes association in solvent (2), yielding the associated form X,
according to the equilibrium. nxXt X,.

Let c, isthemolar conc. of X insolvent (2) and £ isthe degree of association, then at
equilibrium,
[X]=¢,(1— B) and [X,]= Bc,/n

. "%

and the equilibrium constant, K = Cn” =—— o, ( j
{c(1-8)) nK
The distribution constant, K, = G = G or, (ﬁj
c,(1- ) (ﬂcz]% K
nK

If we assume that there is complete association (S = 1),

(c) Distribution of a solute when it associates in one of the phases:
L et us suppose that thereis no change in molecular species of the solute

in solvent (1) but it undergoes association in solvent (2), yielding the associated form X,

according to the equilibrium. ¥4 =— A,
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Necessary plot
to determine
distribution

constant (K)

and association
number (n).

Extraction of a
solute in aqueous
solution by an
immiscible
solvent.

Extraction may
be done by
using whole
solvent in one
lot or by
repeating the
process with
small amount in
severdl lots.

Let ¢, isthemolar conc. of X insolvent (2) and £ isthe degree of association, then at
equilibrium,
[X]=c,(1— ) ad [X,]= fc,/n

0. 7%

b
i p
and the equilibrium constant, K =—"= ~ o, G(1-4 :(_j
S {c,(1-B)) (1-4) nK

I
The distribution constant, K, = @ _ G or, G _ K4 v
c,(1-5) /¢, T {‘/g nK
nK
If we assume that there is complete association ( f = 1),
' 1
then & K, , aconstant. T slope =

e

Taking log in both sides, it is possible to find the value
of n by suitable plotting.

log
intercept =log K&

lo —llo c, +logK/
gC.L_n gc, g Kg lggczé

Example: Benzoic acid remains as dimmer in benzene and as monomer in water. The law is then

Applications of the distribution law:

(1) Solvent extraction:
The most important application of the law is the extraction of a solute from a solution by another
immiscible solvent. This method is widely used both in laboratory and in industry. A soluteis
generally extracted from an aqueous solution with the help of suitable organic solvents such as
benzene, ether, chloroform etc. These are called extracting solvents.
The extracting solvent should meet the following requirements.
(a) It should be completely immiscible with the aqueous solution.
(b) The solute should be more soluble in the extracting solvent.
(c) The extracting solvent should be volatile so that the solute can be recovered from it by

warming the solution on a water bath.

On shaking the solution containing solute with the extracting solvent, there forms
two layers. The layers are separated and non-aqueous solution is distilled to obtain the solute.
The extraction can be donein two ways:

() by using the entire volume of the extracting solvent in onelot, and

(I1) by using the extracting solvent in fractional quantities and repeating the process of
extraction several times .

It can be shown that stepwise extraction is more advantageous than the single step extraction.

A general formula can be built up for the amount of solute remaining unextracted after agiven

number of operations.

Let V cc of asolution containing gms of substance be extracted with L cc of a solvent.

Let x; gms of the substance remains unextracted in aqueous layer.
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Extraction is
more
economical if
small amount of
solvent is used
in several lots —
the necessary
formulation.

Application in
desilverisation
of lead

Then, conc. of the substance in the solvent = (X0 — x1)/L and in water = x1/V . Then,

_00=X)L (%=X Lk L C v xV v 1
T xIV xL WREERTTEY o Xl:XO(V+KdL]:XO—Lj

wfenlt]

For extraction again with L cc solvent, the quantity unextracted (x2)

)]

-2
Now, inserting x, fromtheabove, X, =X, {1+ Ky (\%ﬂ

Similarly, after nth extraction, the quantity left behind would be
-n -n
L
X, =% |1+ K, (—j Fraction unextracted, f, = b 1+L
V X, KV
If the entire quantity of the extracting solvent be used in one lot, the unextracted amount of the
substance is,
LT L Y"
X=X |1+ K, (n—j Fraction unextracted insinglelot extraction. f, = |14
v/l X, KV
Since the quantity within bracket is less than unity, X, issmaller than x To get the extraction most

efficient X should have the smallest possible value. This happens only if the term within the

bracket is as high as possible. This is possible when n has largest possible value.
So it follows that multi step extraction is more economical than the single step extraction.
However complete extraction isimpossible.

This could be shown by expanding the polynomial % {1+ K, (\%ﬂ and comparing Withi .
X, X

One application is the desilverisation of lead. Agis more soluble in Zn than Pb in molten state.
Thus when Zn is added to argentiferous lead, alarge quantity of Ag goesto molten Zn, leaving
little Ag inthe molten lead. K4 of Ag between Zn and Pb is 300 at 880°C.

Problem: The solubility of methylamine at 298 K in water is 8.49 times higher than in CHCl.
Calculate the % of the base that remains unextracted in 1000 ml of CHCl if it is
extracted
(i) four times, always with 200 ml of water, (ii) two times, with 400 ml of water and
(iii) once with 800 ml of water. Draw a conclusion from these results.

[B. U. (Old Reg), 2007].

Solution: Fraction of unextracted solute remaining after nth lot extraction is given by

co% (KO Y _(Kyval) (L)
"Tx, KV +L KV KV )

where Kq is distribution of the solute between solution and extracting solvent, then
1/Kg isthe distribution of the solute between extracting solvent and the solution.
If this oneis taken as K4 then the relation becomes
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el

Now the fraction (and %) of unextracted solute remaining in CHCl3 in the processesis

4 -2
(0) f,-|1+ 8.49(200j —0.0189-1.89%. (il) f, =| 1+ 8.49(400J _ 0.0517=5.17%
1000 1000

-1
(i) f, = 1+8.49(@J =0.1283=12.83%
1000

It is concluded from the results that using extracting solvent in fractional amount and repeating
the process gives more extraction of the solute than taking whole amount of the solvent in one lot.

(2) Equilibrium constant from distribution law:

The equilibrium constant (K¢) of areaction can be
determined if one of the reacting component is soluble in two immiscible solvents.
Thefollowing reaction can betaken as example. KI + 1, <=——  Klj,

K]
[KITLI,]

and the equilibrium constant, K.
A solution of K1 of known conc. (c) is taken in a stoppered bottle to which some iodine is added,
and a portion of 1, combines with K1 to form Kls. To thisis then added some benzene, and the
mixture is shaken for several hours at constant temperature until equilibrium is reached.

On standing, the mixture separates into two layers of benzene and water.

Only I, is distributed between benzene and water layers and Kls and K1 are ionic compounds so
they are not dissolved in benzene.

The conc. of iodineis determined in both the layers by titration with standard thiosulphate
solution.

Let ¢, = conc. of iodine in benzene layer and ¢, = conc. of iodine in aqueous layer in mole/litre,

Thus, the distribution constant, K, = G so, [I,] :Ki.

[1.] g
Then, [KI3]:CZ—C%<d and if cisthemolar conc. of Kl taken

initially, then at equilibrium, [KI]= c—(cz —% j
d

Only one of e (Cz - %d) L in benzene solution
the reacting Thus, the equilibrium constant K =

components {C_(Cz —%d)}xs Hx

should be in water solution

solublein two Kq of iodine between benzene and water is determined in a with unreacted KI
immiscible separate experiment. and productKl;
solvents. Temperature is constant

(3) Deter mination of hydrolysis constant and degree of hydrolysis of a salt:
If one of the reacting components of hydrolysis of a salt is solublein an

immiscible solvent like benzene while others are not, this method can be utilized to evaluate the
hydrolysis constant of a salt like aniline hydrochloride, ammonium chloride etc.
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Worked —
out
example:

Solution:

CeHsNH2.HCl + HXO =— C¢HsNH2 + (H30+C|)
If an aqueous solution of the salt is shaken with benzene, aniline gets distributed between water
and benzene whereas the salt and HCI are insoluble in benzene and remains in water solution.

H.NH.,][HCI
The hydrolysis constant, K, = LosHsNH1[HC]
[C,HNH,.HCI]

C
Let, the distribution coefficient, K, =—"".S0, c,,, = Ca(% = %
d d

Caw)
where, ¢. = conc. of aniline in benzene layer.
Thus [CeHsNH2] = ci/K4, [HCI] = ¢+ ¢c/Kg and [CeHsNH2.HCI] = ¢ — (c1 + ¢i/Ka),
where, ¢ = initial conc. of the alt taken

[P )e %)
Thus, the hydrolysis constant of thesalt, i \/Ks Ke ),

(o)

The degree of hydrolysis, X is obtained from therdation, K, ~ X°C

(4) Deter mination of the co-ordination number of the complex salt :

The co-ordination number of the complex salt can also be ascertained
and thisisillustrated by an example worked out as below :
Two bottles, each containing about 30 ml of CHCl 3, were marked | and I1. Then some quantity of
agueous ammonia solution was added to bottle I. To bottle 1, 30 ml agueous ammonia solution
and 5 ml of 0.3(M) CuSO. solution were added. Two bottles were then vigorously shaken until
partition equilibrium was established in each of the bottles.
Theammoniain each layer in the bottles was then titrated with standard H.SO. solution and the
following results were obtained (for exact neutralization).
[BU * 2001, Q6(a), m = 10].

Bottlel

5 ml of aqgueous layer required 10.15 ml of 0.908 (N/2) H.SO.

5 ml of CHCI; layer required 5.10 ml of 0.908 (N/20) H.SO.

Bottlell
5 ml of agueous layer required 9.15 ml of 0.908 (N/2) H2SO4
5 ml of CHCI; layer required 3.65 ml of 0.908 (N/20) H,SO.

Find the co-ordination number of Cu*2ion in the blue complexed formed in the aqueous layer of
bottle !l

10.15x 0.908(N / 2) 5.10x 0.908(N / 20)
and Cyy o) = .
5 5
Caryw)  10.15x0.908(N/2)/5 20
Camy  D-10x0.908(N/20)/5

Bottlel: Cayw) =

The distribution coefficient, K, =

Bottle Il Cyy,_ () = 9.15x 0'9508(N /2) =0.831(N) = 0.831 (M) since for NH3, normality and
molarity aresame. Thus, Cy,,_ ., [ free] + ¢, ,[complexed] = 0.831M).
Cor i = 3.65x 0.9;)8(N /20) _ 0.033(M),

&)’ CNH3(W)[ free] = Kd X CNH3(C) = ZOX 0.033= O.66(M)

THERMODY NAMICS OF TWO-PHASE EQUILIBRIUM — DR N C DEY 21



Problem:

Solution:

The conc. of complexed NH3 in the agueous layer = 0.831 — 0.66 = 0.171(M).
Againintheaqueous layer, c_ , = ©x030 _ 0.043(M) .

© (30+5)
Thusintheaqueouslayer.  C_ .. : Cy,y ([COMplexed] =0.043:0.171=1:4 .

So the co-ordination number of Cu*? ion = 4.

The distribution ratio of NHz between water and chloroform at 291K is 25.8. When a 0.0225 mol
dm™ CuSo, was equilibriated with NH3 and chloroform the aqueous and CHCl3 layer contained
0.385 mol dm and 0.0112 mol dm™of NHs respectively. Determine how much of NH3 is
complexed with Cu*? ion and the value of x in the formula [Cu(NH3)x] "2

Crun, (w) (COMPIexed) = 0.389-0.289 = 0.096 mol dm’™
as, Cyy o (free) = 25.8x0.0112=0.289 mol dm®. Thevalue of x = 0-09% 0p25=4
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Definition of
the Colligative
properties.

Chemical

potential of the

solvent in

solution is lower
than that of the

pure solvent.

Lowering of
chemical
potential is an
entropy effect.

COLLIGATIVE PROPERTIES OF DILUTE SOLUTIONS:

When a non-volatile solute is dissolved in volatile solvent, some properties of the
solvent are changed. Vapour pressure of the solvent is lowered, boiling point is elevated, freezing
point is depressed and there devel ops an osmotic pressure if the solvent is separated from its
solution by semi permeable membrane. These properties viz. relative lowering of vapour
pressure, eevation of boiling point, depression of freezing point and osmotic pressure of the
solution are called Colligative properties. These properties do not depend on the nature of the
solute but depend only on the number of solute molecules (or particles) relative to the total
number of molecules (i.e. depend on the relative collection of particlesin the solution — hence the
name Colligative prosperity).

All these properties are originating from one common cause and that is the lowering of chemical
potential of the solvent in solution. This can be understood

(T, P)=1(T,P)+RTInx

(T, P) is the chemical potential of the solvent in solution with mole-
fraction, x1 at temperature T and pressure P.
w(T,P) is the chemical potential of the pure solvent (x; = 1) at the same

temperature and same pressure.

Since x, (1, 80, 1,(T,P) (4 (T,P)

This means that chemical potential of the solvent in solution is lower than that of the pure solvent
We shall study the above properties in details provided the following conditions are being
maintained.
(1) The solution behaves ideal and this may happen when the solution is kept dilute.
Condition of dilute solution is necessary as vapour pressure curves of non-ideal
solutions coincide with Raoult’s law curves only when the solution is dilute.
(2) The soluteis non-volatile so that the vapour over the solution is only due to solvent
alone. The soluteis also taken non-electrolyte in the present discussion.

Lowering of chemical potential of the solvent in solution is the entropy effect.

When the solute is added to the solvent, the randomness of the solvent increases.

This results an increase of entropy of the solvent. Since enthalpy remains same for ideal solution,
the chemical potential of the solvent is lowered.

This lowering of chemical potential decreases the escaping tendency of the solvent to the vapour
state and vapour pressure of the solvent is lowered.

N\ m=H-T§
S isincreased so g4, isdecreased as H, remains constant.

Thelowering of chemical potential of the solvent in solution gives rise to elevation of BP and
depression of FP of the solution.
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Chemical
potential of the
solventvs. T
plots show that
BPiselevated
and FPis
depressed in
solution.

What is meant
by the property?

C-C eqn. relates
the variation of
pwith T

Thisis nicely shown in the adjoining A .
figure, chemical potential vs. temperature s ©1 ONEIOR
for the solvent in solid, liquid and vapour
in pure state and in solution.

This figure clearly shows that BP is
elevated, FP is depressed and

= wy (7]
ATy ) AT, Solvent

in solution

Vapour
AT — .
0 > T
T, T I, T,
FP BP
depressed elevated

RELATIVE LOWERING OF VAPOUR PRESSURE (RL V P):

When a non-volatile solute is dissolved in volatile solvent, the vapour
pressure of the solvent is lowered. If p,and p; the vapour pressures of the solvent
over the solution and pure solvent, °y p,. then

Vapour pressure of aliquid increases with increase of temperature
according to the

dinp _ Evap
dT RT?

_ L
Clausius-Clapeyron equation, p= Ae AT . Theslopevarieswith T as

Slope of p vs. T plot decreases with T according to the above relation.

pure solvent

solvent
,[ in solution

solvent solvent
vapour vapour VP
solvent
pure solvent in solution

T—>
p; — p,= lowering of vapour pressure of the solvent and M istherelative

lowering of vapour pressure of the solvent in solution.

Thisis a Colligative property and it depends on the number of solute molecules
relative to the total number of molecules in the solution. It does not depend on the nature of the
solute particles. This lowering of vapour pressure originates from the lowering of chemical
potential of the solvent due to addition of solute.
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Raoult’s law of
relative
lowering of
vapour Pressure.

Determination
of molecular
weight of solute.

Ostwald and
Walker method
for determination
of RLVPof a
solution.

Relating experimental law :

Raoult’s law states that relative lowering of vapour pressureis
equal to the mole-fraction of the solute  (x,) inthe solution provided that the solution is ideal
Sl 2

and solute is non-volatile and non- electrolyte. That is, ———— =X,
Py

This relation shows that RLVP isindependent of temperature as x; is independent of temp..

It can be shown that this RLVP is Colligative property. Since, X, = —2
n+n
L , . pl—-p, N
But the solution is dilute, hence n, )) N, so, the Raoult’s law is, ————~ —= .
Py n

This means that equimolar of different solutes (n,) dissolved in the same quantity (ni1) of a given
solvent will have the same amount of relative lowering of vapour pressure. Henceit isa
Colligative property since it does not depend on the nature of the solute particles.

Application of the law: Molar mass of the solute (M) can be determined by determining the
RLVP of solution of known composition using the Raoult’s law.

W2
p1 p1 M, w,xM,;

W, x M,
p; rll Vy T wxM,

2
()
Experimental deter mination of RL VP of a solution :
Several methods are there, out of which one method is discussed.
Ostwald and Walker method:
Dry air is passed through the solution then it is saturated with solvent vapour (water is taken as
solvent) up to the vapour pressure pi. The loss of mass of the solution is m.
Then it is passed through the pure solvent (water) and it is further saturated up to the vapour
pressure, p; and the loss of mass of the solvent is m..

When it is passed through anhydrous CaCl, tube, the gain in mass of the tube = (m; + my).

NN

dry air

dw air

L)

)

! L

anhdrous
solution solvent calcium chlonde
loss in mass loss in mass gain in mass
& "mER =P m=n, %

rRvp=P-Ph__ T

py m+m,

Thus getting the value of m; and mp, RLVP
of the solution can be determined.
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Clausius—
Clapeyron equation
is used to prove the

comment.

ESap:Evap

for ideal solutions.

NET 2000

GATE 2005

GATE 2002

RLVP istemperatureindependent :

Thisis shown by the use of Clausius Clapeyron equation.

L. (1 dinp® L
For pure solvent, the equationis, In p° = ——=| = |+Const. or, —~=—2> (1
P & g R (Tj daT RT? @
and for solvent in solution, the equation is, P _ b 2)

dT  RT?
where, Ly, and L, arethemolar latent heat of vaporization of the pure solvent
and solvent in solution.

Subtracting (2) from (1), weget, V0P 41N P’ _ Lap ~ by

dT dT RT?
) e,
P: — L\’ap_L\’ap Py Lvap Lvap
or, =— or,
dT RT2 dT RT?
0 d[pf‘plj =\
But, pl—_0p1<<150,_ Py =_£|wap_|-vap]:0,
o) dT RT?

As, AH, ., =0 for ideal solution so molar latent heat of vaporization of the solvent is equal to
that of the solvent in solution. This shows that RLVP is independent of temperature.

Derivation of the law :

Thelaw can be derived from the Raoult’s law of vapour pressure as

P p-p

Py
outlined earlier. Thislawis p, = X p; or,— =% or, 1-—-=1-x, or,
Py Py Py e

Thus the Raoult’s law of RLVP is formulated from Raoult’s law of vapour pressure.
Problems:

(1) The pressure of benzeneis 400 torr at 60°C. The vapour pressure of a 0.1(M)
solution of non-volatile compound in benzene at 60°C would be
(1) 404 torr (2) 400 torr (3) 396 torr (4) 4torr.  [Ans. (3)]
(2) Changein chemical potential (in kJ mol™) for the equilibrium’
H2O (liquid) — H0 (gas) at 298 K is [VP of water at 298°C = 24 torr]
@86 (b)-38 (c) 7.87 (d) 3.72. [Ans. (a)]
(4) The vapour pressure of ethanol at 20°C is 44.5 mm. When a 15 g of a non-volatile
compound A is dissolved in 500 g of ethanol, the vapour pressure decreasesto 43.5
mm. Calculate the molecular weight of A. (mark = 2). [Ans. 61.4]
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What is meant
by the property?

Occurrence of
the property is
explained by
argument.

The property is
explained by VP
vs. T curve.

Statement of
Raoult’s law of
elevation of BP.

Significance of
Kb

Validity of the
law

Alternative
expression of the
law

The property is
aColligativein
nature.

Application for
determination of
molecular
weight of solute.

ELEVATION OF BOILING POINT OF A DILUTE SOLUTION (ATy):

Let Tb0 isthe boiling point of the pure solvent and T3, is that of the solution

then, T,)T, and T, —T.=AT, , caled devation of boiling point of the solution.

It isa Colligative property of the solution.

Elevation of boiling point of the solution can be understood by the following arguments.
Theliquid boils at a temperature when the vapour pressure of the liquid becomes equal to the
super- incumbent pressure (1 atm usually). But due to addition of solute, the vapour pressure of
the solvent is lowered and since the solute is hon-volatile, the vapour pressure over the solution is
thus less than 1 atm at the boiling point of the solvent, (Ty’).

Thus temperature must be raised so that the vapour pressure over the solution becomes equal to 1
atm. The BP point of the solution becomes higher than that of the solvent.
Alternatively, the elevation of BP can be explained by the VP vs. T diagram.
For the diagram, following two facts are considered.
(1) VP of the solvent and solution increases with T o pure solvent
according to the Clausius-Clapeyron equation. 2Py solvent
(2) VP of the solution is lower than that of pure ;/ in solution

solvent at any temperature. 1 atm

Relating experimental law : Ay
Raoult’s law states that elevation of BP ‘[
of asolution is directly proportional to the

/ &
molal conc. of the solution (m). VP

AT, ocm o, AT, =K, m. T — T T
Where, Ky, is constant and called ebullioscopic consta
It depends solely on the nature of the solvent. It can be defined as,

AT, . , . .
K, = (—bj Ky, = i.e Kpistheeevation of BP of the solution at 1 molal conc.
m m—0

Thisiswhy, it is called molal elevation constant of the solvent.
Thislaw is valid only when the solution is dilute so to behave ideally, and the solute is used non-
volatile and non-electrolyte.

f w2 gm of solute of molecular weight M is dissolved in w1 gm of the solvent, then
he Raoult’s law of elevation of BP becomes
w, x1000 w, x 1000
m=-—2"20 o, AT, = Kbe.
W x M, W x M,
The equation AT, =Kp %X m, shows that equimolar of different solutes dissolved in a given
quantity of a solvent elevates the boiling point to the same extent. This eevation of boiling point

does not depend on the nature of the solute used in the solution. Hence it is a Colligative property
of the solution. The cause of the property is dueto lowering of chemical potential of the solvent

by the added solute.
This property can be used to determine the molecular weight of the solute with the help of
the relation, w, x 1000
M, =K x————.
W, x AT,

Knowing the composition of the solution and determining ATy, the molecular weight of the solute
can be determined.
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Description of
Beckmann’s
thermometer

and necessary

precautions to
be taken.

Beckmann’s
experimental
set-up for
determination of
elevation of BP.

Determination of AT, of a solution:

ATy of dilute solution is very small of the order of 0.05°C when water is used as
solvent. So it cannot be recorded by ordinary thermometers.
Beckmann constructed a special kind of thermometer, called Beckmann thermometer.
It consists of two reservoirs of mercury. The lower reservoir is called bulb that connects with long
narrow capillary tube. It consists of only six degrees; eachis again divided by 100 small divisions
so that one can read 0.01° very accurately. Upper reservoir serves to keep excess mercury.
The thermometer isimmersed in the boiling solvent and mercury is adjusted between the two
reservoirs such that the mercury thread should stand in the middle of the scale.

To condsanser o condenser
Q 4 A circular double -walled
I vassal containia
boiling pure solvent
-
chimney w 3
N

Beckmann's beiling point

apparatus
Beckmann's thermometer

This is called ‘setting of Beckmann thermometer’. Now some weighed amount of solute (w>) is
added to the solvent, stirred and the thermometer reading is recorded whileit is boiling. The
difference between the two readings is ATh.

This thermometer cannot record the boiling point of the solvent or solution, it can only record the
difference of temperature and so it is called differential thermometer.

Since the thermometer is dipped into the liquid to record the boiling point, necessary precautions
are taken to prevent the superheating.

Derivation of the law:

(A) Using Clausius-Clapeyron equation:

Let us consider a solution of non-volatile non-electrolyte solute in volatile solvent.
The chemical potential of the solvent in solution ( z, ) is related with that of pure solvent (2’ ) at
constant temperature and pressure as,

1(T,P) =41 (T,P)+RT Inx,.

Since X, (1, hence the chemical potential of the solvent in solution is
less than that of the pure solvent. The chemical potential is a measure of escaping tendency of the
substance from the phase it exists, so vapor pressure over the solvent in solution ( p, ) is lower
than that of the pure solvent ( p;’).

Again, when the vapor remains in equilibrium with the liquid solvent, vapor pressure increases
with the increase of temperature. This can be explained by the Clapeyron equation as given bel ow.
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o/
Inp= _Lfl +IC.
R\T
Thus, p increases with increase of T. With these two facts keeping in mind, it is possible to
draw curvep vs. T asshown here. It is seen that the boiling point of solution is € evated

and the elevation of boiling point, AT, = T, -T,’
Clausius- Clapeyron equation can be used to derive Raoult’s law of elevation of boiling point of a
solution,

ATp=Kpxm
Where, Ky is molal elevation constant or called ebullioscopic constant of the solvent and mis
concentration of the solution in molality.

Let us apply Clausius-Clapeyron equation for the equilibrium, p
Solvent in solution [1  solvent vapour. 1 _
pUTE SOodWamT
For the curve, DEF at the point E, the vapor pressureis p, at _scoant

temperature Tb0 and at the point F, the vapor pressureis p; at the

temperature, T, .

Thus the C-C equation is, In&0 = L Tb—_;rb .
pl R TbTb

But, T, Ty’ = AT, &0 = x andsince T, and T,” arecloseto each other, soT, Tboz(Tbo)z,
o

Putting in these, Inxlz—ixibz.But, —ix Asz Inxlzln(l—xz)—xz,as, X, ((1.
E R m)
. R(%)
Thus, X L, AT"Z or AT, = _2 X,
R () -

Thisistherelation between devation of BP and mole-fraction of the solution.
Thisrelation is useful to interconnect different Colligative properties of a dilute solution.

4
Agin el DMy M, wxM,
n+n, n W W x M,

M,

R(Tbo )2 W, x M,

or, ATb = — X
L, W x M,
R(Tbo )2 w, x 1000
or, AT, = — X —2
1000( L/ j W x M,
Ml
R(T)" w, x1000
or, b= x —2 or, AT, =K, xm
10001,  w,xM,
R(Ty)
Where, K, = W , molal eevation constant and is the property of the solvent only.
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W, x1000

IV isthe latent heat of vaporization of the solvent per gmand m=
w,xM,

, molality
of the solution. Thus Raoult’s law of elevation of dilute solution is derived.

Several assumptions and approximations are used for the derivation of the law.
Assumptions:

) (1) Thesolution is assumed ideal so it isvalid only for very dilute solution.
Assumptions and (2) The solute is non-volatile and so the vapour contains solvent in pure state.
approximations (3) The solute is also taken non-electrolyte.
used in the Approximations:

derivation. (1) In(1-x%)~x% and x,=~-2,sincethesolutionisvery dilute
n

2 I:‘V’ is taken independent of temperature over the temperature range.

() T.T, =~ (Tbo)2 as temperatures are very closeto each other.

(B) Using the concept of chemical potential: T
. vapour of the
ThermodynamiCc  Let us consider a cylinder, covered by a piston and it contains a Sivent
condition for  solution of non-volatile solute in equilibrium with the vapour of A ()
solvent to the solvent. Since the solvent isin equilibrium in the two phases R
remainin viz. vapour and liquid, —— —
equil™. S0 1 (V) = (1), wayv
between two . . .
phases where, ,uf (V) = chemical potential of the solvent in vapour phase solution of
and  4(1) =that of solvent in the solution of molefraction, x, . | nen-velatile solute

Writing the expression of 24 (1), wehave, 14’ (V) = £ (1)+RT Inx.

Rearranging the equation and dividing by T,

V) ()

= - = RIn X . Now, differentiating with respect to T at constant P,

e ] e

Using Gibbs-Helmholtz equation,

Gibbs-Helmholtz L H(v) HOO] [ @
equation is used T T2 R =R a_-l-{lnxl} .
for the - 300) I—E|°(I) 8P
formulation. AWV -y }_ R{ In }
— = |TR=FUNX
or, |: T2 aT{ } 5

But HY(v) —H2(l) = AH?(vap) , molar enthalpy of vaporization or called molar latent heat

of vaporization of the solvent, E
Thus, — I"z :_dlnxl
RT dT

L., iSassumed to beindependent of T between small rangeof T, and T

T N X L
. Integrating within limits, - —~ | — = |dInx, .
@ g R1:[0T2 ‘:l; Xl
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Es[ 1T 1 1 . .
or,——~|-=| =lhx-0or,— 2| ——— =In(1-x,). But for dilute solution, 1
RL Tlp % RIT, T, (1=x) %
0, —5{@} =—X, ,again T, and T,’ arecloseto each other so 5 ATbZ =

Rl T,T, R (Tbo)

This can be used to get Raoult’s law of elevation of boiling point, AT, = K xm.

Calculation Problem: Calculatethe value of Ky, of water.
of R(T? ? 2 cal mol K 1x (373K 2
Ky of water. Wehavetherdation, K, = ( ° ) = x( ) =0.51K Kg mol ™.

~10001° 1000 gm Kg* x540 cal mol *

What happens when the solute is volatile?
The vapour in this case contains both the solvent and solute.

Let the mole fraction of the solvent in the solution and in the vapour are x, and X; respectively.
Since the solvent vapour remains in equilibrium with that in solution, hence

(V) = (1)
or, (V) +RTInX =44 (1)+ RTInx,
0 0
or, M:Rlnxl—mnxi :

Differentiating with respect to T at constant pressure and using Gibbs Helmholtz equation,

R(TO) / /
ATb:%x{l—%J or, AT, = K, m(1—-K), where, k:%.

With this equation we may consider three cases.
(1) When X, =0, it means that the solute is non-volatile, k = 0 and AT, = K, xm.
Raoult’s law is obeyed.
BPof thesolution  (2) X, (X, , k<1 and AT, ( K,xm, thatiseevation of BPisless than that expected
may be depressed from Raoult’s law when the solute is non-volatile.

if the solute is (3) X, ) X,, that is solute is more volatile than the solvent, k > 1 and AT, = (-)ve
more volatile than T T 70 i T (T o
the solvent. But AT, =T, T, , itmeans T, (T, . The BP of the solution is depressed when the
soluteis more volatile than the solvent.
. . . . T, .
BU’ 94 To show that for asolution of a solute in a non polar solvent in a particular conc., —Ob is
b
independent of the nature of the solvent. State also the assumptions involved.
Solution: We have Raoult’s law of elevation of BP, AT, = K, xm.

2
R(TS
Where, szﬁand m= W, x1000
1000l W, x M,
Putting these expressions in the Raoult’s law,
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Trouton’s rule
is utilized.

Freezing point
of the solution
is depressed.
Tfo ) Tf

VPvs. T curve
explainsthe
depression of
freezing point
of the solution.

Raoult’s law of
depression of
freezing point
of asolution.

Itisa
Colligative

Molar mass of
the solute can
be determined.

2 2
R(T, R(T,
- ( b)o ><W2><1OOO o, AT, = (_z) ><W2><M1 or

10001,  w,xM, Ly W, x M,

AT, = I_:\: Ty x o —-0.But, L/O is constant for non-polar solvent according to the
L M, Ty
T,
Trouton’s rule. Therefore, A—-Eb = E>< X, . Sincethe solution is dilute so N T _ X,.
T, 21 n  n+n,

ATy

is constant for particular conc. ( X, ) of the solution and independent of the nature of the
b

solvent. The assumption involved is that L%O = AS.(aIboiling woiny ~ 21 for non-polar solvents.
b

DEPRESSION OF FREEZING POINT OF A DILUTE SOLUTION (AT;):

If Tf0 is the freezing point of a pure solvent and T, is that of a solution of
anon-volatile solute and only solid solvent separates from the solution at the freezing point, then
TO)T,.
It means thereis a depression of freezing point of the
solution. And T —T, = AT, , called depression of freezing

point of the solution. The depression of freezing point of a

solution can be explained on the basis of VP vs. T curve T
considering the following points given below: VP
(1) VP increases with temperature.

(2) VP of solutionis lower than that of pure solvent

L

1atmf - - pure solvent

solution

(3) At 1 atm pressure, freezing point is given M!;
by the intersections of solid and dashed 7. 7° T—
lines with the horizontal line at 1 atm pressure. Th ! '}rl i
Thecurveshowsthat T2 )T Fen Shows it
A 1}“ YT,

Relating experimental law :

Raoult stated thelaw as, AT, «c m or, AT, =K, m.

Where, K is called cryoscopic constant or molal depression constant of the solvent,

and m = molality of the solution, if w>gm of the solute of molar mass M, is dissolved in w1 gm of
w, x1000 w, x1000

W, xM, W x M, l
AT, isaCalligative property as equimolar quantity of different solutes dissolved in a given
amount of a solvent depresses the freezing point to the same extent.

the solvent then, m= . Thenthelawis AT, = K, x

Molar mass of the solute (M, ) can be obtained using the law by measuring the

depression of freezing point of its solution of known compasition.
W, x1000
M, =K, o g X

W, x AT,
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Experimental set-

Deter mination of AT, of adilutesolution :

(a) Beckmann’s method:
Beckmann’s thermometer is used to record the freezing point of a solution when K of the

solvent is small. The thermometer is dipped directly in solvent in a tube and cooled by
freezing mixture. The setting of the thermometer is such that Hg thread should stand in the

up of Beckmann’s ~ Middleof the scale when the pure solvent freezes.

method.

When the K of
the solvent is
high, Rast’s
method is used.

Thetubeis warmed in hand, known amount of solute is added and then again allowed to
freeze by freezing mixture. The difference of freezing point is recorded and it is AT, .

(b) Rast’s method: Bockmama's __[T] o
For the solvent of K, ishigh, ordinary thermometer — ezq?
can be used. »
For example, in camphor solvent (K, = 40K Kgmol™) | i
5 - TEA KTy
evenin dilute solution, AT, is high. Usually FP of pure = —Cf Alr jackat
camphor isfirst determined and then known amount of a -f’ o o [t [ e
known molar mass soluteis added to a definite amount - = | mixtere
of camphor and melted. = o 3
The mixture is then cooled, powdered and subsequently =7 a- ©
FPis determined. P -
Vaueof K, isthus determined. Thisis repeated with f; o =~ -
unknown molar mass solute. =
Derivation of Raoult’s law of depression of FP of a dilute solution (AT, = K; xm):
(A) Using the Clausius — Clapeyron equation:
Raoult’s law can be derived by the use of Clausius— Clapeyron equation. Vapour pressure vs.
temperature curves for solvent in solution, pure liquid solvent and pure solid solvent in
equilibrium are given below. In the sublimation curve ABC, at the points B and C,
nPe_ L[ 1) LT -T |
p; R(T, T/ R T°T,
But T, and T, arecloseto each other
L[° AT
hence, In%:——sx = (A)
o) R (Tfo) ligaid solvent
. D
Again in the vaporization curves BEF, at the points golid SDIVEﬂtP.:. L lowid
B and E, the C-C equation is, \L )9 ﬁ solution
1o 1 E
L HE
pl R Tf Tf |PS 1
o AT L
or, |n&:_%x = (B) | :
[0}
pl (Tf ) | 1
T, Tf T—%
Taking difference of (A) and (B), we get InL )
U R (1)

But, L.—L,=L,, molar latent heat of fusion of the pure solvent and %o =X,
1
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o L AT,
so inserting, we have Inx, = ——x 5 .
Rm)
Since X, ((1 for dilute solution, Inx =In(1-x,)=—x,.
Ly AT,

R (T2

Therefore,

This gives the rdation between depression of FP and mole fraction of the solution.
By the same previous way, we can proceed to arrive at the Raoult’s law of depression of FP.

R(T?)" w,x1000
or, AT, = ) 1%
10001° wxM,
2
R(T?
or, ATf =Kf><m Whae, }(f — ( f)o and m=W2X1000
10001 WxM,

(B) Using the concept of chemical potential:

L et us consider a solution in equilibrium with the solid solvent and soluteis
insolublein solid solvent. Hence

12(9) = 14 (0).
_ Where, £4(l) = chemical potential of the solvent
SOIUte,'S nOJF in solution and LLE) .
soluble in solid O _ . L pure solid
4 (S) = that of pure solid solvent. |
solvent. solvent
But, w() =)+ RTInX, - ==
% R — = 07 liquid solvent
) (8=, 1)+ RTInx T
or, 1(S)— (1) =RTInx,.
Dividing by T and differentiating with respect to T at constant P,
OO | 2Ol gl 2 gy
orT| T o LOTL T o oT b
Using Gibbs Helmholtz equation and rearranging,
Gibbs-
Helmholtz [ HX(9-H ) | r dInx o AH.(fusion) | dInx,
used.
oldT %
Raoult’s law, But, AH.(fusion) =—L% , molar latent heat of fusion. So, Ef F:_fdlnxl .
AT, =K; xm T? 1
< deri L K C[To-T Ly AT
Is derived or, —f[—l} =lnx, o, ——|L—"|=In(l-%) o, -——>=-x
RL Tl R| T°T, R(TY)
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Calculation of
Ky of water.

Chances of
elevation of FP
of asolution.

R(T?)
or, AT, = I:‘: X X,  (Used to connect other properties)

f
This can be used to derive the Raoult’s law of depression of FP, AT, = K, xm

Problem: Calculate the freezing point depression constant (Kr) for pure water having latent heat
of fusionif ice 1.436 Kcal/mole [BU;98]. Ans. 1.868 K Kg mol™.

What happens when the solute is soluble in solid solvent?

Inthiscase, let x, and X are molefractions of the solvent in liquid solution
and in solid solution respectively. Then, 4(s) = z4(1) .
or 1 (9+RTInx = 2(1)+ RTInx,

0 0
or, M:Rlnxl—l?lnxl’

Differentiating with respect to T at constant pressure, P and using Gibbs Helmholtz equation,
_{AH_f(fusion)} _dinx dinx

RT? dT dT
But AH?(fusion) = —L? . Integrating within limits,
2
AT, :wx{l—ﬁj or, AT, =K, xm(1-K).
L %
When the solute is more solublein solid solvent thanin liquid solvent, X, ) X, andk > 1
and AT, =(O)ve,or TP =T, =(—)ve or, T, )T .
In that case the freezing point of the solution is elevated instead of depression.
Example, Cu — Ni alloy system, Ni is more solublein solid Cu than in molten Cu.
Problem: Sulphur dissolvesin benzeneas S,. A 0.25% solution shows AT, =0.05K.
Giventhat K, for benzeneis’5.0 K Kgmol™, find x. [BU’ 2002].

-1
Solution: Raoult’s law is AT, = K; xm where, m= w, x1000 _ 0.25g x1000g Kg )

w,x M, 99.75gx Mg
But from the law, m= AT = LKl =0.01mol Kg™.
K, 5.0KKgmol~
-1
Thus, 0.259x1000gKg ~ _ 0.01mol Kg™* or, Mg = 250gKg™.
99.75gx Mg
But, MSX=32><X. So, 32xx=2500r X~ 8.
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What is
meant by the
phenomenon,

Osmosis

Cause of
0SMoSiS.

Chemical
potential of the
pure solvent is

greater than
that of the
solvent in
solution.

When the
chem. pot. of
the solvent is
equal on the

both sides,

0SMOSIS stops.

Alternative
definition of
osmotic
pressure.

Back osmosis
and its
practical
applications.

| sotonic
solutions
have same
osmotic.
pressure.

OSMOSISAND OSMOTIC PRESSRE OF DILUTE SOLUTIONS

Abbe Nollet in 1746 observed that when a solution is separated from the pure solvent by a semi-
permeable membrane (that allows through it only the solvent molecules), thereis a spontaneous
flow of solvent into the solution. This spontaneous flow of solvent to solution or from dilute
solution to more concentrated solution through semi permeable membraneis called OSMOSI S.
Due to addition of solute to the solvent, chemical potential of the solvent
is lowered. Thusthe chemical potential of the pure solvent becomes greater than that of solvent in
solution. Thisinequality of chemical potential drives the solvent from pure solvent sideto the

solution side spontaneously until it becomes equal.

Let the mole fraction of the solvent in solutionis X, hence chemical potential of the solvent in

solution, (1) = (1) +RTInx,
Here £ (1) = Chemical potential of the pure solvent.
Since x1 <1, InXx = (—)ve

0, 1 (1)> g4 (1) at thesame T and P.

As the solvent flows to the solution, there develops a
hydrostatic pressure (hpg) onthe solution side.
Theflow of the solvent stops when the level on the
solution side reaches a definite height (h).

This hydrostatic pressure devel oped to check the
osmosis, is called osmotic pressure (7).

e e

Sobveut [.:a:‘-!l.l' 1]

At this excess pressure on the solution side, chemical

Golution i {7 ]

potential of the solvent becomes equal on the both sides.
1 (T,P)= (T, P+7).

Definition of osmotic pressure can be given in another way.

:iﬂ'\i‘-l

When the solvent is separated from solution by semi permeable

membrane (SPM) and both are under the P, there occurs
osmosis. This flow of solvent due to osmosis can be checked
by applying pressure from Py — P on the piston of the
solution side.

Three cases we may consider.

(1) When P-P, ( 7, osmosis will still occur.
(2) When P—R =7, osmosis stops.
(3) When P-P, ) 7, back osmosis will develop,

A

i i

il

Lk

APM

Solvent

%

Sotion

i.e. solvent will flow from solution side to the solvent side. Taking advantage of back osmosis,
common salt is extracted from sea water, drinking water is also collected from sea water etc.
If solvent is replaced by lower concentrated solution, same effect is observed. Two solutions
having same asmotic pressures are called isotonic solutions. Red blood corpuscles do not change
in appearance when placed in 0.85% NaCl solution. They have same osmotic pressures and are
called isotonic solutions. Blood corpuscles swell and burst when placed in hypotonic solution and

shrink in hypertonic solutions.

Another exampleis: adry currant swells up in water but shrinks in concentrated NaCl solution.
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Preparation of
artificial semi
permeable
membrane.

Van’t Hoff ’s
experimental
laws.

Different forms
of van’t Hoff ’s
equations of
OP.

Striking
similarity
between ideal
gas equation and

An experiment
is planned to
explain the
analogy of the
two equations.

Semi per meable membrane:
Natural semi permeable membranes are egg-cell linings, fish bladder, parchment paper, plant cells
etc. But these membranes can not withstand hiah nressiire and sn these are of not miich nractical
use. o~
Artificial semi permeable membraneis AL ie P cattiode
prepared by the deposition of Cus[F&(CN)e] kel bell -
on the pore channels of porous wall.
The processis accelerated by 0
€l ectrodeposition as shown in the adjoining 0 e [Fe(CN}, ]
When electric field is applied, Cu*? ions oo g
move towards the cathode and [Fe(CN)J] * g 1 B el ™
ions moves owards the anode through the LB
pore channels. LSl
When the ions meet within the pores, they f  #olufion
precipitates and deposit on the pore channel
Electric bell rings so long the ions move through the wall.
When the pores aretotally blocked by the precipitate Cu,[Fe(CN)g], theions fail to move through,
the current stops and the bell also stops ringing. The preparation of the semi permeable membrane
becomes complete. This type of membrane can withstand high pressure.
Related law (van’t Hoff equation):

Studying osmotic pressure of different solutions of hon-volatile and
non-electrolyte solutes, van’t Hoff established the following empirical laws.
(i) At constant temperature, osmotic pressure of dilute solution is directly proportional to

its molar conc. (c).

30
}{_.'[ FelCN s E
s0linn

proaaus wall

7t oc C ,whenT is constant.

(i) At constant conc. of a solution, asmotic pressureis directly proportional to
temperature,
7 oc T, when cisconstant.

When both the factors vary, we have 7 =K cT , wherek is constant.

Evaluation of k isidentical with unit and dimension of universal gas constant, R.
Thus, the van’t Hoff equation of osmotic pressureis 7 = CRT ,

cismolar conc. so C= % , hence the van’t Hoff equation becomes 7V =nRT

Again, n= % , so van’t Hoff equationis 7V = (% j RT .
2 2

This van’t Hoff equation has got striking similarity with the ideal gas equation,

PV =nRT.
Where, nisthe number of moles of the gas occupying V volume at temperature T and exerting the
pressure P on the wall of the gas container. This amazing formal analogy makes van’t Hoff to
remark as,

“The osmotic pressure of a substance in solution is equal to the pressure it
would exert if it were a gas occupying the same volume as that occupied by the same solution at
the same temperature.”

The solute molecules dispersed in the solvent are analogous to the gas molecules dispersed in
empty space.

Let us consider an experiment in which the membrane is attached to a movable piston.

Asthe solvent diffuses through the membrane, the piston is pushed to the right; this continues
until the piston is flushed against the right-hand wall. The observed effect is same asiif the
solution exerted a pressure against the membraneto push it to theright.
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The analogy is
deceptive.

It isaColligative

property —
explanation.

Application
of van’t Hoff
’s equation to

determine
molar mass of
solute.

Description of
the experiment
for determination
of OP.

Thermodynamic
condition for the
solvent in both
sidesto remain in

equil™.

e ) semi permeable membrane
The situation is comparable to the free expansion

of agasinto vacuum.

If the volume of the solution doubles

in the experiment, the dilution will reduce the final
pressure by half, just as the pressure of thegasis
halved by doubling its volume.

In spite of the similarity, it iswrong to consider the
osmotic pressureis a sort of pressure that is somehow exerted by the solute.

Osmosis is the passage of solvent through the membrane and is due to the inequality of the
chemical potential on the two sides of the membrane. The kind of membrane does not matter, it is
necessary only that the solvent contains dissolved foreign matter which is not passed by the
membrane.

The above equation 7 = CRT shows that osmotic pressure of a solution depends on the conc. of

the solution (relative number of solute particles to the total number of particles) and does not
depend on the nature of the solute particles. Hence, it is a Colligative property of the solution.
The above equation can be utilized to determine molar mass of the solute in the
. w, RT
solution. The molar mass of the solute, M, = —2 v
T
Measurement of osmotic pressure of the solution of unknown molar mass but known composition
at agiven temperature gives value of M.

pure solvent
(vacuum)

solution
(gasj

Deter mination of osmotic pressure () of a solution:
Berkeley and Hartley’s method:-

External pressureis applied on the solution side just to prevent
the osmosis. This external pressure is osmotic pressure (77) of the solution.

Theinner porcelain tube has el ectrically
deposited copper ferrocyanide in the pores of itswall ar
membrane. At one end of the tubeisfitted a capillary
tube A and at other end, thereis atubeleading to a
funnd through a stop cock. A much wider gun metal
tube B surrounds the inner tube and is tightly cemented
toit. B is provided with a piston to which a pressure
gauge (M) is attached.

The annular space between the tubes is filled with
solution, while inside the inner tube is introduced pure
solvent up to a definite mark A in the capillary tube.

Pressure gauze

golvent

golution /
B

A pressureis applied on the piston so that the solvent leve in the capillary remains constant.
This pressureis recorded from the gauze is the osmotic pressure ( 7) of the solution.

Thermodynamical derivation of van’t Hoff’s equation, 7 = CRT .

Osmosis is checked when the excess pressure, equal to
osmotic pressure (77 ) is applied on the solution side. Under this condition, solvent on both sides
remainsin equilibrium.

w(T.R)=m(T.R+7).

Since, pure solvent under T and Py = solventin solution under T and Py + 7.
But, 14 (T,P,+7) =1 (T,P,+ )+ RTInXx,.
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Chemical potential
of the solvent ()

isincreased with
increase of pressure
at constant T.

Assumptions
and
approximations
used in the

Van’t Hoff
factor, i isused
to measure the

extent of
deviation.

Putting this expression in the above equilibrium equation and

I + T
“RTInX = (T, R, +7)— 1T, R). : ki
o1 _ (T Rot) _ Rytr | |
Again, [ﬁj =V° or du =V,° _[ dP
P ) RIS a SPM
- ohvent E sl
o, (T.R+m)-(T.R)=\P(R+7-R) il Mo
V% (TR =T 5+ 7)
=V'x7z.
or, —-RT Inx, =V,” x  , where V,° = molar volume of pure solvent.
or, —RTIn(l-x,)=7zxV,° or,RT x, =7z xV,
or, 7xV,° = RT(&],sincethesolution isdilute, so n, )) n, andthus X, = LY
n nh+h, n

7r(\71° X nl) =n,RT, again for dilute solution, V,° xn, =V °, volume of the solvent
~ V, volume of the solution.

Thus, 7V =n,RT or, ﬂ:[%jRT or, 7= CRT.

Van’t Hoff ’s equation of osmotic pressureis derived thermodynamically.
The following assumptions and approximations are used while the equation is derived.

Assumption: (1) Solution is assumed ideal and so 24, = 1) + RT In X, is used.

(2) Solvent isincompressible and so \71O is taken independent of pressure.
Approximation: (1) Solution is taken very diluteand so In(1—-Xx,) ~— X, and X, = U} )
n
(2) The volume of the solvent is taken as the volume of the solution.

Inter-relation of different Colligative properties of a solution:
The molefraction of solute ( X,) can be used as bridge
tointer connect different Colligative properties of the solution.
_ Apl I I:vap ATb N I:fusion ATf _ 72'\710

pf R '(TbO)Z_ R '(Tfo)z_ RT

ABNORMAL VALUES OF COLLIGATIVE PREOPERTIES:

Thelaws of Colligative properties are strictly valid for ideal solutions of non-
volatile and non-electrolyte solutes. When these conditions are not obeyed, observed Colligative
properties are found to deviate from the value obtained by calculation using the related laws.
Van’t Hoff ‘1’ factor is used to measure the extent of deviation and it is defined as,

- observed colligative properties
calculated colligative properties
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When, i =1,
no deviation and
when i =1,
there is deviation

VP vs. x, plot
for ideal snlittion
Van’t Hoff factor,
‘i’ (1for
non-ideal
solutions (+)ve
deviationand i)1
for non-ideal
solutions with
(-)ve deviation.

Van’t Hoff
factor is always
greater than one

for electrolyte
solutions.

Ap, j
[ /pf observed __ (ATb)observed _ (ATf )observed _ ﬂ-observed — (MZ) calculad .

(Ayo j (ATb )calcul ated (ATf )cal culated 7 calculated ( M 2 )observed
p1 calculated

Where, (M2)abserved = Observed molar mass of the solute from actual experiment of
Colligative properties.
and (M2)cacuaed = calculated value of molar mass of the solute from the formula
weight.
When i = 1, thereis no deviation and departure of the value from unity measures the
extent of deviation (i.e. the extent of abnormality of the property).
Abnormality of the property originates from the following three causes.

(A) Non-ideality of the solution:
Non-ideality of a solution arises due to non-uniformity of

cohesive forces among the molecules in solution. However, when the solution is dilute ( X, — 0),
non-ideal solutions approach to the ideality and it obeys Raoult’s law.

a Mon-ideal with a Mon-1deal with
J2) positive deviation 2 negative dewviation
T LN 7} T %
WP VI .
By
n=0 x> =l H»=0 x> x=l
Pure solvent Pure solute  Pure solvent Fure solute

But non-ideal solution curves coincide with ideal solution curvewhen X, — 0.
(1) For non-ideal solution with (+)ve deviation, p,(actual) ) p,(ideal).

R ' A A
% [u] {uJ Thetis, (pl] <[ p;]
pl actual pl ideal pl obs. pl cal

Therefore, 1 (1, when the solution is not very dilute.
(2) For non-ideal solution with (—)ve deviation, it is possible to show

)1

(B) Dissociation of the solute molecules:

For the dectrolyte solutions, it is found that observed
Colligative property is always greater than the calculated value, so i ) 1 always.
For NaCl solution,i =2 , for CaCl,, i =3 ec. when the solution is dilute.

The cause of this deviation is due to dissociation of the eectrolyte in solution. The numbers of
particles (here, ions) areincreased due to dissociation and thus the value of the Colligative
propertiesis also increased.

It is possibleto relate the degree of dissociation ( « ) with the van’t Hoff ‘i’ factor.
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Van’t Hoff factor
isused to
calculate the
degree of
dissociation of

Values of
3 I 9
for different
electrolyte
solutions.

Problem:

Solution:

Van’t Hoff
factor ‘i’ <1
when
association of
the solute
occursin
solution.

Van’t Hoff factor
‘i’ is used to
calculate the

degree of
association ( #) of
the solute in
solution.

Let us consider a molecule A dissociating into nions or particles of B in the solution.

i — nb
Let cisthe molar conc. of A and A TR
o isthe degree of dissociation then the equil™. conc. are c(1- @) nac.

Thetotal equilibrium conc. = ¢(1-«) +nac = 1+ (n-1e].
Thus the observed Calligative property, let it be osmotic pressure,
Ty = 1+ (N—=1)a] RT.

The calculated value using van’t Hoff ’s equation, 7, = CRT.

Thus van’t Hoff factor, i = Tobs _ d1+(n-Ta]RT ori=1+(n-Na or, a = ﬂ )
b cRT n-1
For uni-univalent strong electrolytes, suichasNaCl, o =1, n=2 so, i =2

For bi-univalent strong electrolytessuchasCaCl,, o« =1, n=3 so, i =3.
The dissociation of the electrolyte is assumed to be complete in the dilute solution.

Calculate osmotic pressure of human blood which isisotonic with 0.85 % saline water
at 27 °C. Assumethat NaCl in the saline water is completely dissociated.
The osmoatic pressure of 0.85 % NaCl solution at 27 °C, 7 =IcRT ,buti=1+ (n-1)«,

haea =landn=2,s0i=2.Thus 7 =2cRT = 2x BLRT

_ 2x0.85 gmx82ccatmmol K™
100 ccx58.5 gmmol *

Since human blood is isotonic with this solution so its asmotic pressureis 7.15 atm.
(C) Assaciation of the solute molecules:

=7.15atm

Some solutes are associated in solution. Such as,
benzoic acid in benzene are dimerised. Acetic acid is also dimerised in aqueous solution. The
number of molecules are decreased due to association and this results in the decrease of
Colligative properties. The van’t Hoff factor, 1 (1 always.

nA=~5
The degree of association (£ ) can also be related with van’t Hoff ‘i’ factor.

Let cisthe molar conc. of the solute, A and S is the degree of association, then the equil™. conc.,

pc
n

Total conc. of particles = c{1+(1— jﬂ} So, 7Z'obS=C{1+(1— jﬂ}RT
n n

cA-4).

- - 1 i1
and 7, =CRT . The van’t Hoff factor, | = Tobs S0, | :1+[__ ]IB or, B = e
T n 1,

n

L 1 o .1
So for complete dimerisation, f =1,n=2and i = 3 For complete trimerisation, 1 = 3
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BU °84, Q 3(b)
m=7

Problem: A solution containing 122 gm of benzoic acid in 1000 gm of benzene boils at 81.5 °C.
If the boiling point of benzene be 80 °C, find the percentage of dimmer and the
apparent molecular weight of benzoic acid.

[Molar entropy change of vaporization of benzene = 20.8 cal mol™ K.
[B.U. 1984]

Solution: (AT,),...; =81.5-80=15°C = 15K. Theelevation of BPis calculated as

° 2
R(Tb ) _ RT? n RI° n,
(ATb)caIcuIated =T T o X ===~ :
Lep Lep/T M+m,  AS n+n,
Putting the values, we have
2cal mol t K™ x(273+80)K 122/122
(AT,) = X(,l - K, (12122) — 2.65K.
caloate 20.8cal mol 1K (1000/18) +(122/122)
The van’t Hoff factor, j = (ATb )Obﬂved = 15 =0.57.
ATb )calcul ated 2.65
% of di _|i-1 057-1 (M) e
% of dimmer =| 172 |, 100 x100=86.7 ad I = !
1_1 -1 ( 2)apparent
n 2
122
&)s (M Z)apparent - ﬁ = 215

Problem:

A solution of Kl isisotonic with a 0.01M solution of |, at 27°C. When equal volume of the two
solutions were mixed together, the osmotic pressure dropped by 18.5% of that of the individual
solutions. Calculate the % of conversion of I to Is. Assume the solutions behaving ideally and the
salts are completely dissociated. [HT-KGP Adm. Test to MSc, 1991]
Solution:

7 = 0.01mol L™ x0.082L atmmol K ™ x 300K = 0.246 atm. Let xmol of " is converted

into 13, so the decrease of total conc. is also X. This decrease of conc. produces a decrease of
osmotic pressure

= 0.246x (18-%00) = 0.0455 atm.

Thus, 0.0455atm= xRT = xx 0.083 L atm mol™* K™*x 300K or, X =0.00187 M.
Since K1 and I solutions are isotonic so 0.246 atm =i C,, RT , buti = 2.
) 0.246atm

" 2x0.082LatmK "mol * x 300K

When equal volume of two solutions are mixed up, each solution is double diluted and

theinitial conc. of | = % = @ =0.0025M .

=0.005mol L™ .

o,

Thus the extent of conversion from I to Is"= mol of I" converted to 15" ( X) / initial conc. of I
=0.00187/0.0025 = 0.74 = 74%.

Problem:
7.52 g of phenal is dissolved in 100 g of a solvent of K = 14. If the depression of freezing point
is 7 K, then find the percent of phenol that dimerises. [Sample Question for I T-JAM]
Solution:

(7'52—/94)><100020.8 molal .

The conc. of phenal inthe solvent =
If § isthe degreeof dimerisation of phenol, then according to reaction,
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2CeHsOH — (CeHsOH)z
we have, the respective conc. m@l- f) mpgi/2 and thetotal conc. = m(1 - £ /2)
The van’t Hoff equation for depression of freezing point is, AT; = K¢ xm(1- £/2).
Putting the values, we get, 7 K = 14 K molal™ x 0.8 (1 - £ /2) molal.
Solving we have £ = 0.75 and so % of dimerisation of phenol = 75.
Problem:
Addition of 1.0 g of a compound to 10 g of water increases the BP by 0.3 °C. The amount of
compound needed to prepare a 500 ml of 0.1 M solution is (given: assume negligible dissociation
or association of the compound, BP constant K, of water = 0.513 K kg mol™)
(A)0.855g (B) 171g (C) 855g (D) 855¢g [11T-JAM, 2010]
[Answer is (B)]
Problem:
Acetic acid associates in benzene to form dimmer. 1.65 gm acetic acid when dissolved in 100 gm
benzene raised the boiling point of the solvent by 0.36 °C. Calculate the degree of association of
acetic acid in benzene. [Given, Ky, = 2.6]
(A)70% (B)90% (C)50% (D) 100% [Hyderabad Central Univ. Adm. to M Sc, 2014]
Answer: (D).
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ANSWER TO BURDWAN UNIVERSITY QUESTIONS ON THERMODYNAMICS OF TWO - PHASE EQUILIBRIUM
BU, 2000

1(b) Does the boiling point of water change with pressure? How? (1)
Ans. Yes. Boiling point of water increases with increase of pressure.
(e) Why is partial molar temperature of a component in a mixture irrelevant? (1)
Ans. Temperatureis an intensive property so it does not depend on the amount of material present in the
system.
(g) How does the chemical potential of the solvent change on addition of a solute? (1)
Ans. The chemical potential of the solvent is decreased on the addition of a solute.
() What is the dimension of relative lowering of vapor pressure? (1)
Ans. It is dimensionless.
(p) When does the solubility of a salt decrease with risein temperature? (1)
Ans. When the process of dissolution of the salt is exothermic.

2(b) What is the advantage of mole fraction over molarity as a concentration unit? (2)

Ans. The mole fraction of solute in solution, x, — " andit is temperature independent while molar
n+n

conc. of the solution, ¢, = % is temperature dependent. With increaseof T, V isincreased and C,

is decreased. So, mole fraction has greater advantage over molar conc.
(e) Calculate the value of Ky, for water. (2)

RT2  2cal mol 'K *x (373K)?

Ans. The molal elevation constant of water, K, = —>-=— .
10°I, 10°gmKg " x540cal gm™

_ = 0.51K molal .

3(d) What do you mean by vapor pressure of aliquid? Why must it decrease on addition of a non-volatile
solute?

Ans. When aliquid is kept in an evacuated vessel at a given temperature, a portion of theliquidis
vaporized and this vapor gives pressure which is called vapor pressure of the liquid and it is fixed at
the given temperature. Manometer is used to measure the vapor pressure.

When a non-vol atile solute is added to the solvent, its mole fraction of
the liquid is decreased from 1 to lower value. But according to Le Chatelier’s principle, the system
will try to adjust by increasing the mole fraction of the liquid and it can do so if some vapor
condenses to liquid. The net result is thus lowering the vapor pressure over the liquid.

However this also can be explained by the use of chemical potential of the liquid. The chemical
potential of theliquid is lowered when a solute is added to the liquid.

Hiq (T, P) = f1jq (T, P) + RT I g, Since Xyq (1 50, fq (T, P){ 44 (T, P) .
As chemical potential of the liquid is a measure of its escaping tendency to vapor so its vapor
pressureis also decreased.

P P
4(a)(i) What thermodynamic function is responsible for osmosis L \lf
and how? (5)
Ans. Chemical potential of the solvent is the thermodynamic
function responsible for osmosis. SFM
Since, 14 (T,P)) 44(T,P) and chemical potential ( 4,)
signifies the escaping tendency of the solvent, so solvent will solvent %l solution
flow from solvent side to the solution side through KA
semi permeable membrane spontaneously until it becomes equal ,Hf (T.P) ) 4 (T.F)

on both sides. When the pressure on the solution sideis
increased to have chemical potential equal on both sides osmosis stops.
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(i) X gof NaCl, y gof sucroseand z g of urea are mixed and dissolved in 0.5 dm? of water. Suppose
that no chemical reaction sets in. What would be osmotic pressure of the solution? Givereasons. (5)
Ans. Conc. of NaCl in the solution, ¢, =XLZ(M),CMOSS =y42(M) and ¢, = ZXZ(M) :

58.5 342 60

Xx2 yx2 zZx2

+ +

585 342 60

NaCl molecules in solution are fully dissociated and give double particles so 2 is multiplied for

the conc. of NaCl in the cal culation of osmotic pressure.

So, osmotic pressure of the solution, 7 = (2)( jx 0.082xT am.

4(b) Draw the necessary diagram (vapor pressure vs. temperature plot) for showing elevation of boiling point
of asolvent by a non-volatile solute, and give a brief explanation for the said phenomena.
Show how Clausius-Clapeyron equation, together with Raoult’s law of lowering of vapor pressure can be
utilized to obtain the expression for ATy in terms of molality of the solution. (10)
Ans. See the note “Elevation of boiling point of a dilute solution” (page 19) for the 1% part.
and for the 2" part, see “Application of Clausius-Clapeyron equation” (page 6).

(d)(i) Benzene freezes at 5.6°C. Itsvalue of K = 5.1. Find AHz.
M, R(T?)? 2
iF ()" _ 78x2><(3273+ 5.6)° _121048 or &b, = 121084 _ o0 5 cal mol™.
10°AH, 10°AH, AH,
(i) An aqueous 20% (by weight) solution of sucrose has density 1.08 g/cc at 25°C. Express the conc. of

solute in molar, molal and mole fraction units. (4.5)
Ans. 20% sucrose solution contains 20 g sucrosein 80 g water. Volume of the solutioniis

Ans. K, =

20
100g o 6a Do
AO8g om® 92.6cm”. So the molar conc. of the solution %xlo =0.63(M) -

20 20
Molal conc. = %xlﬁ =0.73(m) and molefraction of solute, y _ ( /242) —0.013-

(B8] +(2242)
(iii) If 1 Pa=1Jm?, convert 1 atm pressureto Pa. (2.5)
Ans. 1 atm = 76 x 13.6 x 980 dyne/cm? = 1.013 x 10° erg cm® = 1.013 x 10° (107 J) (102 m)™
=1.013x10°Im?®. So1atm=1.013 x 10° Pa..

5(c) Arrive at Clapeyron equation and explain how the melting point of ice depends on pressure. (5)

Ans. Using Maxwell relation, (a_Pj :(ﬁ) , the Clapeyron eguation, dap = AH, can be
ar )y \oV dr - T(V,-V,)

derived for the phasetransition, @ — £ (See the text “Formulation of Clapeyron equation”).

rpat: P b gy v
aT T, V)

It means that higher pressure lowers the melting point of ice.

- — dP
V, and L, =(+)ve, so — = (—)ve.
)V, and L ()vesocIT ()

6(b)(i) Derive Nernst distribution law and remark on its validity when solute is associated in one phase. (3+2).

Ans. Using the concept of chemical potential, derive Nernst equation, K, = % and for the rest part,
2

seethetext.
BU, 2001

1(a) In cryoscopic study of solutions, which conc. unit is preferable — molarity or molality? why? (1)
Ans. Molality. It is T — independent due to its weight basis. This conc. does not change due to temperature

fluctuation in the study.
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(j) Arrangethefollowing in order of increasing freezing point.
0.1(M) HCI, 0.1(M) CH:COOH, 0.1(M) sucrose. (1).
Ans. (AT) ) (AT, )CchOOH )(AT,)_ . SoFPincressingis, (T, )HCI ()

CH,COOH ( f)sucrose ’

(m) Evaporation of solvent from the surface of a saturated KCI solution at room temperature does not change
the conc. of the solution. Why? (1)
Ans. Conc. of a saturated solution (solubility) at a given temperature is constant. When the solvent
evaporates from the surface of a saturated K Cl solution, it becomes super saturated and excess KCl
solute removes by precipitation maintaining conc. same at the temperature.

(t) Benzoic acid is monomeric in agueous solution and dimeric in benzene. Write down the expression for
its distribution coefficient between benzene and water. (1)

Ans. We havetherdation as, Kd _ Coenzoicacidinwater

)
'\’ Cbmmicaddinbmzme

where, Kq = distribution co-efficient of benzoic acid between benzene and water.

(u) Brisk effervescenceis observed when a soda water bottle is opened. State the physical law to which this
observation isrelated. (1)
Ans. It is Henry’s law. The law states that “The mass of the gas (m) dissolved in unit volume of a solvent

at constant temperatureis directly proportional to the pressure of the gas with which it isin equil™.”
i.em oc Por, m=K P, whereK is Henry’s constant.

(y) Write down the Maxwell’s relation which is used to derive Clapeyron equation. (1)

Ans (%), =(Pzr ),

2(g) Define chemical potential. What isits dimension? (2)

Ans. It is the change of free energy per mole of the component added at constant T and P keeping the
compasition of the multi component system unchanged. Mathematically, 44 = (8G on ) .
T,P,nj;&i

Its unit is energy per mole, M L2T? mol™,

3(c) The vapor pressure of a liquid increases with risein temperature. Explain it quantitatively considering
the liquid-vapor equilibrium. (5)

Ans. The equilibrium isgiven as, liquid [  vapor of a pure substance. Now starting with Maxwell’s
relation build up Clapeyron eguation,

P Lw
ar - T(V,-V))
It explainsthat as T is increased, the vapor pressure (P) is also increased.

.Since, V)V, and L, = (+)ve, 0 3_$ = (+)ve.

6(a) Two bottles, each containing about 30 ml of CHCl 3, were marked as | and 11. Then some quantity of
agueous ammonia solution was added to bottle . To bottle 11, 30 ml of agueous ammonia solution and
5 ml of 0.3(M) CuSO, solution were added. Two bottles were then vigorously shaken until partition
equil™. was established in each of the bottles. The ammonia in each layer in the bottles then titrated with
standard H.SO. solution and the following results were obtained (for exact neutralization).
Bottlel:
5 ml agueous layer required 10.15 ml of 0.908 (N/2) H,SO,
5 ml of CHCI; layer required 5.10 ml of 0.908 (N/20) H.SO.
Bottlell:

5 ml agueous layer required 9.15 ml of 0.908 (N/2) H2SO4
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5 ml of CHCI3 layer required 3.65 ml of 0.908 (N/20) H2SO4
Find the coordination number of Cu*? ion in the blue complex formed in the agueous layer of the bottle 1.
Ans. See the text, “Thermodynamics of two-phase equilibrium”. Coordination of Cu*? ionis4.

BU, 2002
1(q) What isthe driving force in osmosis? (1)

Ans. Difference of chemical potential ( Az ) between the pure solvent and solvent in solution is the driving
forcein osmosis. Higher chemical potential of the pure solvent drivesit to flow to the solution side.

5(d) Some | is dissolved in 100 cc water. If 90 % of that iodineis to be extracted in one step by CCly, find the
volume of CCl4 required, given that the partition coefficient of 1, between CCl, and water is 85.
Ans. Let X gm I, remains dissolved in 100 cc water before extraction. Thus the partition coefficient,

09
K, = ( %/) _g5 - letV cc CClsisrequired to extract 90 % iodine. Solving, V = 10.6 cc.

(O' 1%oo)

(e) Sulphur dissolves in benzeneas S, .A 0.25 % solution shows AT, ~ 0.05K .Given that K; for benzene
is5.0 Kg/molal. Find X.

Ans. Let the molecular weight of S, is M. So Raoult’s law, AT, =K, o W, x1000 M = K. xex1000
w,xM T W xAT,
Putting data, we have :5_0x—o'25><1000 —250.BUutM =32x X or, X= @zs.
99.75x0.05 32

6(a)(i) Mélting of iceat 1 atm and 0°C involves 1500 cal of heat and d%T is about —1x10°dyne/ cn’ / deg.

Find the change in volume. (5)

P Lo
Ans. TheCl ron equationis — = , Where = 1500 cal mol™. AV, changein volume
PN ar = Tav e b = ’

1500cal mol ™ B 1500cal mol ™ ><4.2><107ergcal - =—21cc molt.

_ ap = —
T (d%T ) 273K x (=1x10°dynecm*K ™) 273K x (=1x10°dynecm *K ™)

So the change in volume due to melting of 1 mole of iceis— 2.1 cc mol ™.

(ii) Assuming Raoult’s law, explain why boiling point should increase when some solute is added to the
solvent. (5)
Ans. Seethetext, “Thermodynamics of two-phase equilibrium”.

(d)(i) Show that it is more economical to use a smaller volume of solvent in stages then the whole volume of

solvent at atimein solvent extraction process. (7)
Ans. See the text, “Thermodynamics of two-phase equilibrium”.

(ii) Discuss how the partition coefficient takes care of dissociation of a solutein one of the two-immiscible

layers. (3)
Ans. The Nernst distribution law takes care of the law by taking the conc. of the solutein both the
immiscible solvents as same molecular form, Thelaw is modified to K, = Cl(l a)
CZ

¢, (1-«) istheconc. of the undissociated solute in the solvent whereit is dissociated.

BU, 2003
2(f) Define chemical potential. What is its dimension? (2). Ans. See BU’2001, Q2 (Q).

6(d)(i) For acertain solvent, the BP is 127°C and the latent heat of vaporization is 120 cal /g.

THERMODYNAMICS OF TWO-PHASE EQUILIBRIUM — DR N CDEY 47



Find the molal elevation constant. (4)
2
_R(TY)"  2cal mol 'K *(273+127)° K?

Ans. = =
*10°,,, 10°g Kg*x120cal g™

= 2.66K (mol / Kg) ™.

(ii) On addition of a solute, the vapor pressure of a liquid reduces to (9/10)th of its original value.
If 2 g of the solute (molar mass = 100) is added to 100 g of the liquid to achieve the reduction, find the
molar mass of the solvent, assuming idedlity. (6)

100
Ans. pl:(%o)plo.Thus, &OlezL or, 9 _ A/Il . Solving, M, =555.55 gmol ™.
P n-+n, 10 100 2

M, 100
BU, 2004

1(m) On what factors does K+ depend? (1)

R(Tf°)2 K+ depends on the magnitude of freezing point and latent heat of fusion of the solvent.
10°1, That is, it degpends on the nature of the solvent only.

(w) Identify X and Y in Henry’s law: X oc Y. (1)
Ans. X =m, solubility of thegasinaliquid and Y = P, pressure of the gasin equil™. with the solution.

Ans. K, =

2(d) Define an ideal solution. (2)
Ans. When solute-solute, solute-solvent and solvent-solvent interactions are uniform, the solution becomes

ideal. For ideal solution, (i) Raoult’s law p, = x p’ isobeyed. (i) AH ., =0, (i) AV ;.. =0
and (iv) & =’ +RTInx redationis applicable.
(g) Explain whether the partition coefficient is independent of temperature. (2)
Ans. It istheratio of conc. of the solute in two immiscible solvents. The conc. of the solutein the two
solvents may not be same with temperature variation, so Kq in general depends on temperature.
£ (B)—41% (A)
Further, thermodynamic expression of Kqisgivenby, K, =e T in which the solute

X is distributed between the solvents A and B. This shows Ky dependson T.

5(e) Given the vapor pressure p°(H.0) = 0.02308 atm and p(H-0) = 0.02239 atm in a solution where 0.12 Kg
of a non-volatile solute (M = 240 g mol™) is dissolved in 0.918 Kg of water, calculate the activity
coefficient of water in the solution. (5)

9701.

) _P(H0) _002239atm

Ans. The activity of water in the solution (a,, , =
? p°(H,0) 0.02308atm

0.918/(18x10°%)
0.918/(18x10°%) +0.12/(240x10°%)

a(H,0) 0.9701

And X( H 20) = =
x(H,0)  0.993

=0.993. S0, #(H,0) = =0.98.

6(c)(i) At one atm pressure, the boiling point of aliquidis 350 K. If the heat of vaporization is 30 kJ mol™,
find its boiling temperature at 0.5 atm pressure. (5)

Ans. The Clausius-Clapeyron equation is, j, P2 :ﬁ[i_ij o,1_R, P 1
P RTL T, LT Ly T
-3 -1 -1
Now putting the values, L _831x107kJmol 'K, - 1atm = 1 -305x10%K™.
T, 30kJ mol * 0.5atm 350K
Or, T1 =327 K. The BP of theliquid at 0.5 atm is 327 K.
(i) The vapor pressure of liquids is often written asInP = A — B/T — ¢ InT to account for the change with
temperature. Explain the significance of this equation with respect to the enthalpy of vaporization. (3+2)
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dinP _AH,,

> "

Ans. The Clausius equation is, The given equation can be differentiated w. r. t. T as

dinP _ B C_B-CT
ar T 7 T?
This equation signifies that enthalpy of vaporization (AI—_Ivap) varies linearly with T and it

decreases with T

Comparing, we get AH,,, = BR—CRT .

_ 0 _
6(d) Inthe equation V, 7 = RT In[ p% j , Where 7 is osmotic pressure of a solution, What do V,, p,‘i and
A

p, actually signify? Arrive at this equation from the definition of chemical potential. Arrive also at the

simpler form 7 = cRT from the above equation pointing out the various approximeations involved at the

subsequent steps. (10)

Ans. V, = partial molar volume of the solvent, A in solution, P2 = vapor pressure of the pure solvent, A
and p, = that of solvent A in solution.

Solvent and solution are separated by semi permeable membrane and solvent under pressure P isin
equil™. with solution under pressure P + 7. So the chemical potential P g
of the solvent in the both sides are equal. i.e.

HUA(T,P) = (T, P+7) = p(T,P+7) + RT Inx,

0
or, —RTInx, =u3(T,P+x)—u(T,P), but [%} =V,
T

solution

solvent

HA(T P+7) Pz _
or, j du, =V, .[ dPor, u3(T,P+7)—uS(T,P) =V, x7 . L6 CT.BY =4 (T.P+ T)
HA(T,P) P

Equating with above egquation and putting X, = %0 ,we ge _RT In( %‘)j = \7A X 7T
A A
or, \7A X7T = RT In( p% j . Therelation is thus deduced from the concept of chemical potential.
A

Again,V,x 7 = ~-RT Inx, = —RTIn(Ll- ;) where, X, isthe molefraction of the solute, B

Since the solution is diluteso X, ({1 and hence, IN(1—X;) =~ =X . Thus, V, x 7 = X, RT .
: — n —

e o Js, Putting, we get V, x 7 = RT -2 or, (VAan)xﬂ: Ny RT ,

Na+Ng N, N,

But x, =

again, \7A xn, =V,, volume of the solvent in the solution = V, volume of the solution.

Therefore, 1 :(”%j RT or, 7 =c¢ RT, where, cisthe molar conc. of the solution.

Approximation: (1)V, isassumedtobeV. (2) X, = %0 i.e ideal solution is assumed.
A

Ne Mg
Na+Ng N,

(3) In(l—x;) = —Xg as Xz ({1 indilutesolution .and also (4)
BU, 2005

1(n) What is the expression for cryoscopic constant of a substance in terms of its freezing point? (1)

02
Ans. The expression of cryoscopic constant, K, = Rggrf) , the terms have their usual meanings.
10°1,
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5(e) Justify physically that the chemical potential of a solvent in solution will be less than that of the pure
solvent. Explain, on its basis, the lowering of vapor pressure. (5)

Ans. From the definition, chemical potential of the solventis 1, = H, -T S .
When the solute is added to a solvent, the degree of randomness is increased, resulting an increase of
§, but for formation of ideal solution, H, remains constant. This lowers the chemical potential of the
solvent in solution., 1 .

The solvent in solution remains in equil™. with its vapor and also chemical potential of a substanceis
ameasure of escaping tendency of that substance from the phase it exists. Thus, lower chemical
potential of the solvent in solution have lower tendency to escapeinto the vapor phase than that have
in pure solvent. This explains the lowering of vapor pressure of the solvent in solution physically.

6(b)(i) State and derive the Clausius-Clapeyron. Explain, on its basis, whether the boiling point of aliquid can
ever decrease with rise of pressure. (5)
Ans. The equation states the dependency of vapor pressure of aliquid with temperature, and with risein
temperature, the vapor pressure of aliquid is always increased.

For derivation of Clausius-Clapeyron equation, see the text “Principles of Thermodynamics”.
The equation, Ini = ﬂ[ﬂ , Where T1 and T, arethe BP of theliquid at pressure P, and P
F?L R TlTZ

. N P
respectively. When the pressureisraised, B, ) B, so, LHS=|nE2 = (+)ve. Sotokeep RHS of the

1
equation also (+)ve, T,)T, as I:vap , molar latent heat of vaporization is always (+)ve.
It follows that BP of aliquid can never decrease with rise of pressure.

6(c)(i) Deduce an expression for the variation chemical potential of a component i with pressure, and hence
express 4 intermsof p inamixture of ideal gases. (6)

Ans. The chemical potential of theith component, i = G , SO [%j - 0°G _
lon )., oP ). PN

Again, the free energy change in a multi-component system, dG = - SAT +VdP + Xy, dn i -

2
Or, (@j =V, or oG — N —\/, partial molar volume of the ith component.
T,n an 6P an '|"|:>’r-|j¢i I

2 2 A —
Since, G is a state function, it obeys Euler’s theorem and oG = oG . S0, (%] =V.
onoP  oPon oP ).
It shows that £ increases with increase of P as \7I is aways (+)ve.

Thisisthe expression for variation of chemical potential of a component i with pressure.
? . . — _ R—r P : B .
If the gas is considered ideal, then V/ %3 . So, [ /JAP)T -RT/

Hi P
Integrating within limits, Id,ui =RT I dP or, 4 =’ +RTInP,

ul latm

where, 24 is standard chemical potential of the component i. Thus, 4 (T )= (T)+RTInP.

L et the pure component i is separated from the mixture of the other component gases by a
membrane permeable to this component i only.
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Since component i isin equil™. in both the
compartments, so membrane permeable

11 (Mixture) =  (pure). to component 1 only

As the component i remains in equilibrium, : Cotnponent 1in A

so the pressure of pure component is equal to pure component 1 mjmlfe of ideal gases
the partial pressure of the component i inthe 4 (pure) L4 (miztture)
mixture. Thus,

L (mixture) = gz (pure) = 1° + RTINP = 4° + K1 NP or, 4 (MIXIUre) = 4~ + K1 NP, .

So more precisdy we can write, 4 = 4’ (T)+RTInp, .

(i1) Sulphur dissolves in an organic solvent (Kt = 5.0 K Kg/mol) as S,. A 0.25 % solution shows
AT;=0.05K. Find X. (4). Ans. 8. See BU2002, Q5(e).

6(d)(i) Show that, in a solvent extraction process, it is more economical to use a smaller volume of solvent in
stages than the total amount of solvent at atime. (5)
Ans. See BU’2002, Q6(d)(i)

(i) Some isdissolved in 100 ml water. If 90 % of that iodineis to be extracted in one step by CCly, find
the volume of CCl, required, given that the partition coefficient of |, between CCl4 and water is 85. (5)
Ans. See BU’2002, Q5(d).

BU, 2006

1(g) Latent heat of vaporization (AH, ) at one temperature is known, what other parameters are needed to
estimate AH,,, at some other temperature? (1)
Ans. Kirchhoff equation can be used to estimate AH,,, . The equationis, AH,, = AH  +AC,(T'-T).
Besides temperature, AC, =C,, . —C, ., , molar heat capacity of vapor and liquid are needed.

(q) Which thermodynamic law governs the dissolution of CO; in water in the preparation of cold drinks? (1)
Ans. It is Henry’s law which states that solubility of a gas is proportional to the pressure of the gas in
equil™. with the solution at constant pressure.
(t) Which oneis greater, chemical potential of a solvent in a solution or the molar free energy of the pure
solvent , temperature remaining same? (1)
Ans. Malar free energy of a pure solvent is greater than the chemical potential of the solvent in solution.
Therequired expressionis 4(T,P) = 1 (T,P)+ RT Inx , where 1) (T, P) isthe molar free
energy of the pure solvent and 44 (T, P) isthe chemical potential of the solvent in solution.

As x (1,50 1 (T,P)) s, (T,P).
(u) What is the cause of deviation of concentrated solution of sucrose from Raoult’s law of lowering of vapor
pressure. (1)
Ans. The concentrated solution of sucrose is non-ideal solution but Raoult’s law is valid only for ideal
solution. Thisisthe cause of deviation.
(w) What is the basic difference between Clapeyron equation and Clausius-Clapeyron equation? (1)
Ans. Clapeyron equation is applicable to any 1% order phase transition of a pure substance but
Clausius-Clapeyron equation is valid for the same phase transition but one of the phases is vapor.
So former equation is more general than the latter.

2(f) Justify or criticize: Equimolar aqueous solutions of urea and sodium chloride areisotonic. (2)
Ans. The statement is not correct. NaCl in agueous solution is completely dissociated and so one molecule
produces two particles. Thus osmoatic pressure of aqueous NaCl solution is almost double to that of
agueous urea solution.
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(h) Experimental data of vapor pressure of aliquid at a number of temperatures are supplied. What graphical
plot would you utilize to determine the latent heat of vaporization? Why? (2)

Ans. Inp can be plotted against T™ in which straight line is obtained and from the slope, I:,ap 5

determined. The Clausius-Clapeyron equation is used for the purpose, |n p = _EL%j +const

5(e) Using Clausius-Clapeyron equation, show that the relative lowering of vapor pressure of a dilute solutionis
independent of temperature. Explain that the relative lowering of vapor pressure is an enthalpy effect. (5)

0 1 0
Ans. The C-C equation for vaporization of pure solvent is d InTpl = by and for solvent in solution

RT?
dinp_ Lo yyper L2 and L, aremolar latent heat of vaporization of pure solvent and
dr  RT?’ & P w® ® P

solvent in solution respectively.

0
d|n(yj - dln{l—pl_pl} I
Subtracting the two, P e :? or, Py _Le—be But,

PP .
dT RT? dar RT? pl0 «d
0_ 0
d|n|:p10:| _ = d|n|:p1 _0p1:| . _
So, — P _ bl or, P Le—la , but for ideal solution,
dT RT? dT RT?
0
o d,n{pl—opl} 0
AH e =0, ie Ly — =0. So, Tpl:o or, P1 - PL isindependent of temperature.

Lowering of vapor pressure of solvent is dueto lowering of chemical potential of the solvent when
some soluteis added to it. The expression for change of chemical potential of solvent is

dy, =dH, -TdS
dH, = 0 (asthe solution isideal) hence, dz, =~TdS . Dueto addition of solute, randomness of
the solution is increased and hence dS; ) Oand thus d g, ( 0.
This explains the lowering vapor pressure of the solvent in solution is the enthalpy effect.

6(c)(i) Derive thermodynamically an expression for osmotic pressure of anideal solution. (5)
Ans. See text “Thermodynamics of two-phase equil™.” page, 28.

(i) The van’t Hoff equation for osmotic pressure is identical in form and similar in content with the ideal
gas equation. (3)
Ans. The van’t Hoff equation is 77 =CRT , sincec = n/V where n moles of soluteis dissolved inV litre,
so, the equation can be written as 7V = NRT . Again, theideal gas equation is PV = nRT.
These two equations are identical in form as all the terms of each equation are same in units also.
Now let us seethe internal content of these two equations. In the gas equation nis
the number of moles of the gas occupying V volume at temperature T and exerting the pressure P
on thewall of the gas container.
In van’t Hoff’s equation, 7z is the osmotic pressure devel oped by the solute present in V' volume of
solution at the temperature T. The striking analogy is rightly reflected by van’t Hoff’s remark,
“The osmotic pressure Of a substancein solution is equal to the pressure it exert if it were a gas
occupying the same volume as that occupied by the same solution at same temperature.”
See the text, “Thermodynamics of two-phase equil™.” for further details.
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(iii) Show that for non-associated solvents, AT% is independent of the nature of the solvent. (2)
b

Ans. The thermodynamic formulation of the expression of elevation of BP of a solution is,

RT’? AT. RT, R R
AT, ==2%xX, or, — = = XXy =X X,.
Lvap Tb Lvap

(Evap/Tb) (AS’ap )atBP

But (AS,ap) = constant ~ 21 cal mol * K™ (Trouton’s rule) for non- associated solvents.
atBP

Thus for agiven conc. ( X,) of the solution AT% is independent of the nature of solvents used.
b
BU, 2007

1(k) What is van’t Hoff ‘i’ factor and why it is required? (2)
observed valueof colligative property
for same molar conc.
calculated valueof the property

It isrequired to measure the deviation of the property from the ideal value. For ideal solution, ‘i’ = 1.
Greater the departure of the value of ‘i’ from unity, more the solution is non-ideal.

Ans. The van’t Hoff factor, ‘i’ =

(1) Draw a relationship between van’t Hoff ‘i’ factor and the degree of dissociation (¢« ) of a solute MxAy
dissociatingas M, A I XM* +yA™.
Ans. See the text, “Thermodynamics of two-phase equil™.”, 1 =1+ (N—Da , here N=x+Yy.
Sotherdationis, i =1+ (x+y-1«.

3(a) Draw the vapor pressure — temperature plot for the case of lowering of freezing point of a solution.
Label the different parts properly. Apply the Clausi us-Clapeyron equation and obtain the expression for
molal cryoscopic constant. (3+3+3=9)
) . . . R(T?)?
Ans. See “Thermodynamics of two-phase equil™.” page, 38, and obtain the expression, K, = ST
f
Old Reg. 1(u) Under what condition, is the van’t Hoff factor for an aqueous solution of an electrolyte AmBn
equal to(m+n)? (1)
Ans. The van’t Hoff factor for the electrolyte, i =1+ (mM+n—-1La so,i =m+ nonly when o = 1.
i.e. when the dectrolyte in aqueous solution is completely dissociated.
(V) Why is camphor suitable as a solvent for determination of molar mass by Rast method? (1)
Ans. Camphor has K; =40 K Kg/mol. Thus AT; islarge and ordinary thermometer can be used to
determine the depression of freezing point of the solution (ATy).
(w) For ice, the graphical plot of melting point (X — axis) against pressure (Y — axis) has (-)ve slape. Why? (1)
d_P — qusion
dar T (Vwater _Vice)
and L = (+)ve so, theslope,:__'; = (-)ve.

Ans. Clapeyron equation is,

But for a definite mass, V., ) V, .,

er ! fusion

5(c) An organic compound contains 68 % C, 10 % H and the rest oxygen. A solution of 0.032 g of the
compound in 0.722 g of cyclohexane had a freezing point of 6.39°C less than that of the solvent.
Calculate the molar mass and molecular formula of the compound (K for cyclohexane=20.2). (5)

Ans. Raoult’s law of depression of FP is, AT, =K, szx—lOOO . Putting data, 6.39 = 20.2x 0.032x1000 .
W xM, 0.722x M,

Solving the equation, we get, the molecular weight of the organic compound, M, = 140.
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Now, C:H:0=68%:10% :22%. = (13—2 : %) : i—: =4:7:1 (atomic rétio).
The empirical formulais C4H;O and molecular formulais (CsH-O), . Putting the atomic weights of
the elements of the compound, n(4 x 12+ 7 x 1+ 16) = 140, or, n = 2.
Hence, the molecular formula of the compound is CgH140-.

BU, 2008

1(b) What is the advantage of using mole fraction over molarity as a concentration unit? (2)
Ans. See Q2(b) of BU’2000, page 1.
(f) Equal weights of ethanol or glycol may be chosen as antifreeze agent in car radiator water for driving

snowy region. Which one would you prefer and why? (2)

Ans. Both the compounds are used as antifreeze agent, but glycol is preferred over ethanol.
Glycaol is less volatile, so with equal amount of ethanol and glycol taken in the radiator water,
thereisless loss of glycol due to evaporation.
Further, dueto less volatility (BP 197 °C) it prevents to buildup unwanted pressure within the
cooling system.

(9) “The Clausius-Clapeyron equation is a special case of the van’t Hoff’s equation for liquid — vapor
equilibrium.” — Justify or criticize. (2)
Ans. Van’t Hoff’s equation is, In& = AH_VaP

R

Py

[l_i], applicable to any chemical or physical equil™.
T

1 2

The equilibrium constant for the process, liquid [1  vapor, K, :%, but a;, =1and a,, =p,
iq

vapor pressure of the liquid so, Ke = p. Again, AI-_IVap = E\,ap .

Putting, we get the Cl_ausi us-Clapeyron equation,

inPz :ﬁ 1 1) anditis applicabletoonly liquid [J  vapor equil™ .
p R{TL T
This shows that Clausius-Clapeyron equation is a special case of van’t Hoff’s equation.
See the text, “Principles of thermodynamics”.

B(3)(a)(i) State the thermodynamic criteria of anideal binary liquid mixture.
(if) Which thermodynamic law governs the dissolution of CO; in water in the preparation of cold drinks?
— State. (4)
Ans. (i) See BU’2004, Q2 (d), page5. (ii) Henry’s law. See BU’2006, Q1 (q), page 9.
(b) Why is the bailing point of a solution greater than that of a pure solvent? (2)

Ans. At 1 atm pressure, pure solvent boils at Tb0 but solution does not boil since its vapor pressureis
lower than 1 atm at Tb0 .When the temperatureisraised to T, , solution reachesto 1 atm and it
boils. Thus, T, )T, .

4(a) Show that in a solvent extraction process, it is more economical to use a smaller volume of solvent in
stages than the total amount of the solvent at atime. (4)
Ans. See the text “Thermodynamics of two-phase equil™.” page 13.
(b) Withincrease of pressure, the melting temperature of paraffin increases but that of ice decreases.
—Explain. (2)
Ans. Seethetext, “Principles of thermodynamics by N C Dey.
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C(7)(a)(i) Deduce Gibbs-Duhem equation. (5)
Ans. Derivethe equation, O=Xndz . See the text, “Principles of thermodynamics”, by N C Dey.
(i1) Define chemical potential (1 ) and state its dimension.
Explain whether 4 isan extensive or intensive property. (5)
Ans. See BU’2001, Q2 (g).
Last part: It is Gibb’s free energy per mole so it is an intensive property.

(9)(a)(i) Derive ardation between osmotic pressure of a solution and relative lowering of vapor pressure. (5)
Ans. See the text “Thermodynamics of two-phase equil™.” for derivation of

=2 x, andtheninsert x — AP and get the final relationis, 7 =<0 2P
Vi Py A

(i1) At 233K, the osmotic pressure of a solution of ureais 500 mm of Hg. The solution is diluted and
temperatureis raised to 298K, when the osmotic pressure is found to be 105.3 mm of Hg.
Determine the extent of dilution. (5)

Ans. Let theinitial conc. of urea solution is c: and final conc. after dilution at the temp. 233K is ¢,

then osmotic pressure at 233K after dilutionis 7,... = 7,4, x% =105.3x0.782 mm of Hg.
Now the extent of dilution, &.=C2 _1_C2 _q_ 7o _1 1053x0782 ,oor_g3504
C C Vi 500

(9)(b) Explain why equimolar solutions of sucrose and sodium chloride in water are not isotonic. (2)
Ans. See BU’2006, Q2(f), page 8. Write sucrose instead of urea.

BU, 2009

1(f) What thermodynamic function is responsible for osmosis and how? (2)
Ans. See BU’2000, Q4(a)(i), page 1. Thereis higher chemical potential of the pure solvent than the solvent
in solution when these two are separated by semi permeable membrane. So the solvent flows from the
solvent side to the solution side through the semi permeable membrane.

2(b) At one atm pressure, the boiling point of aliquid is 350K. If the heat of vaporization is 30 kJ mol *,
find its boiling point at 0.5 atm. (2)
Ans. See BU’2004, Q6(c)(i).

3(a) Derive thermodynamically a relation between the elevation of boiling point of a dilute solution
and molality of the solute. (4)

Ans. Derivetherdation, AT, = K, xm. See the text, “Thermodynamics of two-phase equil™.”

(b) State the assumptions and approximations involved in the above derivation. (2)
Ans. Seethetext, “Thermodynamics of two-phase equil™.”.

6(b) Can there be any elevation of freezing point of a liquid? — Explain. (2)
Ans. Yes. When the solute is more soluble in the solid solvent than in the liquid solvent, there occurs
elevation of freezing point of the liquid. See “Thermodynamics of two-phase equil™.” page 25.

C(7)(ii) Derive Clausius-Clapeyron equation for liquid — vapor equilibrium. (5)
Ans. See the text, “Principles of thermodynamics” by N C Dey.

(20)(ii) Show the entropy of mixing of a binary ideal gas mixture is maximum for an isothermal process
when X, = X, =0.5, where X, and X, are the mole fractions of the components. (5)
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Ans. Seethetext, “Principles of thermodynamics” by N C Dey.
First formulate AS;;,, =—NR(X InX +X,Inx,), then show that AS,;,, is maximum when

X =X, = 05.
BU, 2010

1(f) What is the difference between 0.1 molar and 0.1 molal CaCl; solution? (2)

Ans. 0.1 molar CaCl, solution contains 0.1 mole of the solutein 1 litre solution but 0.1 molal CaCl,
solution contains 1 mole solute in 1 Kg of the solvent. Former is T— dependent while the latter is
T— independent.

(9) Raoult’s is valid for which type of solution? Write the value of enthalpy change and volume change

for such solution. (2)

Ans. Raoult’s law is valid for ideal solution in which solute-solute, solute-solvent and solvent-solvent
interactions are uniform.

For such solution, AH =0 and AV,

mixing mixing = O
4(a) Deduce Clausius-Clapeyron equation from Clapeyron equation mentioning the assumptions therein. (4)

Ans. Clapeyron egquation is dap = L_ for the phase change @ — S of a pure substance.

dr T(V,-V,)
If the /3 - phaseis vapor and « - phaseis either solid or liquid then V,, ismuch greater than V.

V,, is neglected in comparison to V, and deduce Clausius-Clapeyron equation, inz_ E(E_EJ .
R R T

Assumptions are (1) Vgyig/liquid IS neglected. (2) Vapor is assumed to obey ideal gas equation.
(3) AH is assumed to be independent of temperature.
See the text, “Principles of thermodynamics” by N C Dey..
(b) When 3.78 g of non-volatile soluteis dissolved in 300.0 g of water, the freezing point depression is
0.646°C. Calculate the molar mass of the compound. (2)

sz—mOO , putting values, 0.646=1.80><M .
W, xM, 300.0xM,

K = 1.80 is taken for water. Solving, M2 = 35.11 g/mol is obtained.

Ans. Therelating expressionis, AT, =K, x

5(a) Derive ardation between the total pressure and mole fraction of any one component in an ideal binary
liquid mixture. Show the necessary plot. (4)

Ans. See the text, “Thermodynamics of two-phase equil™.” for derivation, p. = x p°.
Thus, for 1% component, p, = X, and for the 2™ component, p, = X, P>

sothetotal pressure, P= p,+ P, =X PP+, P9 =% P +(1-%) S or, P=p +(p’ - p3)%
For the plot, see the same page.

9(a) Prove that same amount of any non-volatile solute dissolved in particular solvent will produce the same
lowering of vapor pressure. (3)
Ans. Lowering of vapor pressure of a solvent due to dissolution of non-volatile solute,

A
%:Xz or, Apl:pfxxz or, Ap, = prL-
P, n,+n,

For a particular solvent (for which, pf isfixed at a given temperature), the lowering of vapor
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pressureis same for same amount ( in number of moles) of any non-volatile solute dissolved in same
quantity of the solvent.

(b) What would be the concentration in g/litre of a solution containing a non-electrolyte (M, = 180), isotonic
with a decinormal solution of NaCl? The apparent dissociation of soluteis 85 %.

Ans. The osmotic pressure of NaCl solution, 7 =1cRT ,buti=1+(n-1)a=1+(2-1) x0.85=1.85.

Putting values, 7 =1.85x0.1x RT, but this solution is isotonic with a non-electrolyte solution.
$0,1.85x0.1x RT = cRT or the molar conc. of non-electrolyte solution is, ¢ = 0.185.

The conc. of the solution in g/litreis, 0.185 mol litre* x 180 g mol™ = 33.3 gllitre.

10(c) Write down the expression of ‘ebullioscopic constant’. Mention whether it is a property of solute or
solvent. (2)

R(Tp)
10°l,,,,
latent heat of vaporization per gm of the pure solvent, henceit is a property of the solvent only.

Ans. The expression of ebullioscopic constant, K, = . T, and |, aretheboailing point and

BU, 2011

1(d) Anideal solution need not be a dilute solution — comment.  (2)
Ans. The statement is not true.

Inideal solution, the molecular interactions of the components are uniform, so the like substances in
solution such as benzene-toluene, carbon tetrachloride-chloroform etc. forms ideal solution at all
compoasition. These solutions need not be dilute for being ideal. However all non-ideal solutions

behaves ideal when these are dilute and obeys Raoult’s law of vapor pressure which is the criteria of
theideal solution.

2(c)(i) Obtain arelation between the relative lowering of vapor pressure and the osmotic pressure, stating clearly
the assumptions and approximations.  (4)

Ans. Seethetext for derivation of the relation, M _PL= P oand the assumptions and approximations.
RT p;

(ii) 1.0 molal aqueous solution of hydrofluoric acid (HF) has a freezing point of — 1.91°C. Calculate the degree
of ionization of HF in solution. What is theionization constant of theacid? (2)

Ans. AT, =T -T, =0—(-1.91) =1.91°C. The Raoult’s law of depression of freezing point of a solution
isgivenas, AT, =ix K, xm. For agueous solution, K, =1.86°C/molal .
Thus putting the data given in the problem, we have, 1.91°C =i x1.86°C/molal x1.0molal or, i = 1.027.
Again, i =1+ (n-1e« , putting the values we get, the degree of dissociation of theacid, « = 0.027.

2 2
The dissociation constant of theacid, K_ = acC _ (0.027) ><1'0=7.5><10‘4.
¢ 1l-a 1-0.027

3(c)(i) Benzoic acid is monomeric in aqueous solution and dimeric in benzene. Obtain expressions for its
distribution co-efficient between benzene and water. (5)

Ans. Seethetext for the expression, Ky = N Goenzene
Coater

(i) At 1 atmospheric pressure, the boiling point of aliquid is 350 K. If the heat of vaporization is 30 kJ mol ?,
find its boiling temperature at 0.5 atmospheric pressure.  (4)
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Ans. The Clausius-Clapeyron equation is, |n(&] = ﬁ(l 21 , inserting the data given in the problem,
p) R T

|n( latm jz 30kJ mol [i_ 1 j or, T1 = 327.96K.
05atm) 8.31x10°kJ mol *K™*( T, 350K
Thus the boiling temperature of the liquid at 0.5 atmospheric pressureis 327.96K.
3(d)(iii) Explain the presence of an impurity always lowers the melting point of a pure solid. Can therebe a
phenomenon like freezing point elevation in any solution? (2)
Ans. The Raoult’s law of depression of freezing point, there occurs a depression of freezing point of a
of aliquid when a solute is added to it. Thisimplies that when a minute amount of a substance
(impurity) is present there will be lowering of melting point of the solid.
When the solute is more soluble in the solid solvent than in the liquid solvent there can be elevation
of freezing point of the solution.

BU, 2012

1(g) Inanagueous solution of sucrose the chemical potential of water is less than the molar free energy of pure
water. Explain from the point of spontaneity of mixing. (2)
Ans. The mixing process at constant T and P is spontaneous so AG,; { 0. Now taking 1 subscript for water

and 2 for sucrose, we can write as
AGy, = (Mt + 1oty ) = (g + 1,005 ) = (M = gy ) + (10, = 0,105 ) 0. Each termis (-)ve and so
(e —1uef) €O or, gty (1.
Thus chemical potential of water in solution (g ) is less than the molar free energy of pure water ( z4).

2(c)(ii) Two solid compounds A and B respectively have melting point 67°C and 127°C and the latent heat of
fusion 300 cal.g™* and 200 cal.g™. Which oneis better solvent for cryoscopic determination of molecular
weight by Rast’s methods? Why? (2)
2
R(T?)

10°1°
solvents A and B and comparing the value for the two solvents, we have, K, (B) =2.08x K, (A).

Thus solvent B is better than solvent A as higher value of Kt means higher AT and easier to record
by ordinary thermometer.

Ans. In Rast’s method, higher Kr valueis better solvent. But K, = , inserting the data for the

3(a)(i) Derive the Clapeyron equation from Maxwell’s equations of thermodynamics. Mention the necessary
assumptions and obtain the integrated form of the Clausius-Clapeyron equation from the Clapeyron
equation. (4+4)

’ i oP —(0S
Ans. See the text and start from Maxwell’s equation, ( AT)V _( /3V )T and proceed.

(i) At 0°C the heat of fusion of iceis 333.5 J g™ and the densities of water and ice are 0.9998 g cm and
0.9168 g cm® respectively. Show that an increase of pressure by 1 bar lowers the freezing point of water
by 0.0075K. (4)

Ans. The Clapeyron equationis 9P _ L or, 4T = T(V,~Vy)xdP Inserting the data for 1 g, we get
ar - T(V,-V,) L
273K (0.9998*~0.9168™)om’g ™ x1bar 273K (0.9998 —0.9168™ ) o’ x 1 bar
ar = 33357 a2 = 53 " =-0.0075K -
2J g 333.5><( - 8.31) om® x bar

3(d)(i) What are colligative properties? Deduce the relationship for the molecular weight of a non-volatile solute
and the depression in freezing point of the solvent on addition of the solute. (2 + 6)
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Ans. These properties of the solution do not depend on the nature of the solute but these depend on the
number of solute particles dissolved in a given amount of the solvent. These properties arereative
lowering of vapor pressure, elevation of boiling point, depression of the freezing point and osmotic
pressure of the solution.

See thetext for the deduction of therelation, p; _ g x 4*10°
2 ! W, x AT,
(i) The vapor pressure of a solution containing 6.69 g of Mg(NOs), dissolved in 100 g water is 747 torr at

100°C. Calculate the degree of dissociation of the salt. (4)

Ans. The observed reative lowering of vapor pressure of a solutionis [ P - le _ 160747
obs

P’ 760

=0.017"
The calculated relative lowering of vapor pressureis

[pf—ole o (VV) (66%4831) —0.00805°
Lo R ) P

The Van’t Hoff factor, | — observed colllgatlve property _ 0.017
calculated colligative property 0.00805

But, i=1+(n-a or, 2112=1+(3-Da or, «=0556 or a =55.6%.

BU, 2013

1(d) Mention the theory that comes readily to explain the abnormal colligative property of electrolyte solution.
What does thetheory state? (2)

Ans. The colligative property of a solution is the property that depends on the collection of solute particles

(i.e. number of particles) in afixed amount of the solvent. The property is increased with the increase
of solute particles in the solution.

In the dectrolyte solution, the solute molecul es are dissociated and so number of solute particlesis
increased in the given amount of the solvent resulting anincrease of the colligative property.

Thus the value shows abnormal from the point of view of the rdating laws in which the solute is
considered non-dissociated molecul es.

2(d)(i) From molecular point of view mention the criteria for a solution, B twined by mixing two compounds,
A and B, to beideal and hence arrive at the thermodynamic criteriafor thiscase. (4)
Ans. When the interaction between the molecules A — A and B — B is same with A — B, the solution is

ideal. The escaping tendency of both A and B component in solution to the vapour phase will be same
and each component obeys Raoult’s law.

This uniform interaction among A and B gives the following thermodynamic criteria:
(m) The volume change due to mixing, AV, ., = 0 and the molar volume of each component is same
asitspartial volumei.e, V. =V°.
(n) Thereis neither evolution or absorption of heat when A and B aremixedi.e., AH ;.. =0.

(0) The chemical potential of each component can be expressed as, £ (T,P) =1’ (T,P)+ RTInx.

(i) Show that for a binary solution of A and B, mole&fraction of solute ( X;) can be expressed as
mgM ,

1+m;M

Ans. The molallty (mg) of asolution of B in A meansthat m, moles of B is dissolved in 1 kg of

Xg = , where M and m are the molar mass and molality respectively. (2)

the solvent A. Thus the molefraction of B, X; = , where n are the mole numbers.

n,+ng
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Sofor m, molal solution, y - M _ MM,
1 ]erB 1+mM,

M

A
3(c)(i) Deduce the relation between osmotic pressure (7 ) and mole fraction of solvent (X, ) in solution,
7V," + RT Inx, = 0, mentioning the necessary assumptions therein. Taking C, = ) and

V=nV’+nV, (V°andV, and n and n, are molar volumes and mole numbers of solvent and
solute respectively).

I. Compute X, = N intermsof V), V, and c,,
2

I, evaluate| 2% | andshow that at ¢,= 0, | <% | isequal toRT. )
ac, ). ac, ).

Ans. Seethe text for derivation of osmotic pressureupto V,°z=—-RTInx or, V,°z+RTInx =0.

I. Now, X, = B L N _?zvl —=1- L , taking V = nV,° +nV,° (approx.).
n+n, n+n, nv;" +nV, \
But, szcz,so x =1-c\,°. Thisisthe expression of X, intermsof ¢, and V,°.
Il. Wehave V,° x 7 + RT Inx, =0 or, V,°7 + RTIn(1—02\71°) or, \71°7z=—RTIn(1—c2\71°).

A — 1, -
Expanding the Interm, wehave V,°z =—-RT [—czv;) B (02V1° )2 —— —)

Or,ﬁzRT(cz+lc§\71°———j.Now, ® =RT+Cc,RTV° +———,
2 ac, ).

but, if ¢, =0, thenall c, bearing terms become zero and (‘%j -RT.
ac, ),
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Answer To Calcutta University On Thermodynamics Of Two — Phase Equilibrium

CU, 2000

6(a): The vapor pressure at 40°C of pure carbon tetrachloride and cyclohexane are 0.2844 and 0.2461 bar
respectively. A solution of these two having 0.4753 mole fraction of CCl4 in compasition in equilibrium
with
the vapor at 40°C. Calculate assuming ideal behavior the total vapor pressure and mole fraction composition
of the vapor at equilibrium. (4)

Solution: Thetotal vapor pressure, P = p3 +( pf — ps ), , assuming ideal solution and subscript 1 for CCla
and 2 for CeH1. . Inserting the values given, P =0.2461+(0.2844—0.2461)x0.4753=0.2643 bar.

B, pOxx _ 0.2844x0.4753

Mole fraction of CCl, in the vapor phase, y - 2
P P 0.2643

=0.51-

CU, 2001

2(a): Derive thermodynamically a relationship between the osmotic pressure of the solution and the mole fraction
of the solute in thein a dilute solution and hence relate osmotic pressure with molar conc.  (5)

Ans. Seethetext for derivation, = R_)_I and hence 7 =cRT.

1

2(c): Thetotal vapor pressure at 25°C of a mixture of benzene and toluene in which the two mole fraction are
equal, is 62 mm Hg. The vapor pressure of pure benzene at 25°C is 95 mm Hg. Calculate mole fraction of
benzene in the vapor at equilibrium with the liquid mixture (assume ideal behavior of the mixture). (3)

Solution: The molefraction of benzene in the vapor phase, y, = B BX% 95x05 =0.766.

P P 62

CU, 2002

2(a): Derive thermodynamically Raoult’s law of relative lowering of vapor pressure. (4)

Ans. Seethetext for derivation, PP =X, the terms have their usual meaning.
P
CU, 2003

2(a): Derive thermodynamically a relation between the elevation of boiling point and conc. of a dilute solution
of anon-volatile, non-€lectrolyte and non-associated solute.  (5)

Ans. Seethefor derivation, AT, = K, xm, where m=molality conc. of the solutein the dilute solution.

6(d): What is the thermodynamic criteriafor anideal solution? (2)
Ans. AV, ... =0, AH =0 and the chemical potential of any component, . (T,P)=x°(T,P)+RTInx .

mixing mixing

CU, 2004
2(a): Derive thermodynamically a reation between the depression of freezing point and molality of asolutein

dilute solution, clearly mentioning the assumptions involved. (5)
Ans. Seethetext for derivation, AT, = K, xm and state the assumptions.
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2(c): The vapor pressure of A is 939.4 mm Hg and that of B is 495.8 mm Hg at 140°C. Assuming that they
forman ideal solution, what will be composition of a mixture, which boils at 140°C and under 1 atm?
What will be composition of the vapor at this temperature? (3)

Solution: P = pg +( Pa— pg)xA. But thetotal pressureis 1 atmi.e. 760 mm of Hg, Inserting the data,
760 =495.8+(939.4—495.8)x X, Of, X, =0.5956 i.e. molefraction of A inthe mixtureis 0.5956.

~939.4x0.5956
760

=0.7364.

The mole fraction of A in the vapor phase, y, = pA; Xa

6(d): “Colligative properties are intensive in nature.” — Comment. (2)
Ans. The statement is correct. These properties do not depend on the amount of the solution taken for the
experiment.
CU, 2005
2(a) The question is repeated in CU’ 2001, 2(a).

CU, 2006
1(a) The question is repeated in CU” 2003, 2(a).

1(c): Calculate the Van’t Hoff factor and the apparent degree of dissociation of a 0.2 molal agueous solution of
NaNOs which freezes at — 0.675°C. [Given, K = 1.86 K molal™] 2
Solution: AT, =T -T, =0-(-0.675) =0.675°C, The depression of freezing point of an electrolyte solution

isgivenas, AT, =ixK; xm,

Inserting the values given in the problem, 0.675°C =i x1.86 °C molal *x0.2 molal

or, the Van’t Hoff factor, i = 1.81. Now the apparent degree of dissociation (¢ ) of NaNQOsz in
agueous solution is given by therelation, i =1+ (n—1)« or, 1.81=1+(2-1)

or, o =0.81 or 81 %.

2(b)(ii): “Freezing point of a solution of a non-volatile and non-electrolyte solute in a solvent is always less than
that of the pure solvent.” — Comment on the statement. (2)

Ans. The statement is partially true. When the solvent in the solution separates as pure solid solvent, the
statement is true. But when the soluteis separates with the solvent and solute is more soluble in the
solid solvent, the statement is not true and the freezing point of the solution is greater than that of
the pure solvent.

CU, 2007
1(b) The question is repeated in CU’2001, 2(a).

2(b): A certain solution of benzoic acid in benzene has a freezing point of 3.1°C and boiling point of 82.6°C at
1 atm pressure. Explain the observations and suggest structure of the solute particles at the two temperatures.
[Normal FP of benzene = 5.5°C, normal BP of benzene=80.1°C, K; =5.12 °C/mand K,= 2.53 °C/m]  (4)
Solution: Observations show that FP of the solution is depressed whole BP of the solution is elevated.

From the Raoult’s law of depression of FP, AT, = K, xm or, y,- ATy _55-31_ 0.47 molal.
K, 512

Again from the Raoult’s law of elevation of BP, AT, =K, xm or, y— AT, _826-801_ 0.99 Molal.
K, 253

The molality of the same solution differsin the two experiments. The molality of the solutionin FP
experiment is greater than that in FP experiment. Since the conc. isinversely proportional to the
molar mass of the solute, hence molar mass of the soluteis greater at the FP of the solution than at
the BP. This suggest that benzoic acid in benzene remains in the associated form at the FP and
remains in normal form at the BP of the solution.
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CU, 2008
1(a): The question is repeated in CU’2003, 2(a).

2(a): Inasinglegraph, draw the # — T plots for solid and liquid phases of (i) pure solvent and (ii) solvent in
solution. Mention the thermodynamic basis for the depression of freezing point.
Elevation of freezing point is observed sometime in some solutions. — Justify. (4 + 2)
Ans. Thereason for drawing the curvesis given bellow:

Chem. pot. of the solvent is related with temp. as (aﬂl aT) --§
P

liguid

= (—)ve.
solvent

Sothecurve g, vs. T has (—)ve slope always and the slope is more
(—)ve for liquid than for solid as, S (1)) S(s).
Again, £4,(1){ (1) i.e chemical potential of the solvent in solution

solid
solvent

liguid solvent

i golution
is always less than that of pure solvent at any temperature.
At the FP of the pure solvent (T?), 2(s) = £ (1), a7
but at this temperature, solution will not freeze as g4 (1) is less than T - E 3T
1, (S). Astemperatureis lowered, 2 (1) will increase more than FF depression

1, (S) and at FP of the solution (T, ), they are equal and solution will freeze.

This shows that there occurs depression of freezing point of the solution.
In some solutions, solute is separated with the solvent as solid solution and when the solute is more soluble
in solid solvent than in liquid solvent, freezing point is elevated and there occurs elevation of freezing point
of these solutions.

CU, 2009
1(c) The question is repeated in CU2001, 2(a).

2(c): The melting point of phenol is40°C. A solution containing 0.172 gm acetanilide (CsHsON) in 12.54 gm
phenol freezes at 39.250C. Calculate the freezing point constant and the latent heat of fusion of phenol. (4)
Solution: The depression of freezing point of the solution, AT, =T° -T, =40-39.25=0.75°C=0.75K .

Molecular weight of acetanilide, CsHsON is, M2 =8x 12+9x 1+ 16 + 14 = 135,

Raoult’s law of depression of freezing point of dilute solution is, AT, =K, xm=K, x w, x1000

w xM,

Inserting data, wehave, o75k — K x O-1729Mx1000gmKg " or, K; = 7.38 K Kg mol™.
'~ 1254 gmx135 gmmol

R(T?)"
10001?

Again the cryoscopic constant of the solvent, K, =

— - 2
1000 gmKg ™ xI?

we get latent heat of fusion of phenol (17) = 110.31 Imol™.
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CU, 2010

1(a): 1% part is repeated in CU’2004, 2(a). 2™ part: Why is the conc. have expressed in molality and not
molarity?
(5+1)
Answer for the 2™ part: Molality is temperature independent but molarity is temperature dependent.
In this experiment, there occurs a change in temperature and so molality is used.

1(c): The BP of ethanol at 1 atm pressureis 78.3°C with AH, | =39kJ mol -1 . At what pressure would it boil at
25°C? Mention the assumption, if any, used in the calculation.

Solution: The Clausius-Clapeyron equation is %E] _ AHne (Tz —le . Inserting the data given in the problem,
P R | T,T,

1

In lam)_ 39k mol * 351.3-298 K-t Solving the equation, we get, P, = 0.092 atm.
P 8.31x107° kJ mol *K*{ 351.3x 298

1

2(c): Thelowering of chemical potential of the solvent in presence of soluteis an entropy effect. — Comment. (3)
Ans. For pure solvent, x0 =H? -TS’, terms have their usual meanings.

For solvent in solution, », = H, - TS, But for ideal solution, thereis no enthalpy effect dueto mixing
i.e HY =H,. Inpresence of solute, entropy of the solvent is increased due to more randomness in the
system. That is, S ) S° and hence, 4 ( 1 . Thus lowering of chemical potential is an entropy effect.

2(d): Twoliquids A and B form anideal solution. At a particular temperature, the vapor pressure of pure A is
200 torr whilethat of pure B is 75 torr. If the vapor over the solution consists of 50 mole percent A,
what is the mole percent of A intheliquid?  (3)

Solution: Given, p} =200torr, pg =75torr, y, =05 and x, = ?. Wehave P = p; +( pg — pg ) X,

and y =Pa_ PaXXs now inserting the expression of P, we have, Ya=— pon Xa .
P P pB+(pA_pB)XA
Inserting the data given, 0.5= 200x x, . Solving the equation, we get, x, =0.273.

75+(200-75)x,
Thus, the mole percent of A intheliquid, X, = 27.3.

CU, 2011
1(a): The questionis repeated in CU*2001, 2(a).

1(d): A certain mass of a substance when dissolved in 100 gm of benzene lowers the freezing point by 1.28°C.
The same mass of solute dissolved in 100 gm of water lowers the freezing point by 1.40°C. If the substance
has a normal molecular weight in benzene and is completely dissociated in water, into how many ions does

dissociate in water? [Given, K¢(water) = 1.86, K¢(benzene) = 5.12 in K Kg mol™* unit] ()]

w, x1000
w xM,

In benzene solvent, ; g — 5,125 %1990 and in water solvent, 1 40— j x1.86x 2 X1090
00xM, 100 M,

Dividing the two eguations, we get 128 _ 512 o j =301
140 ix1.86

Solution: The Raoult’s law of depression of freezing point is given by, AT, =K, x
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This Van’t Hoff factor, ‘i’ is related with the degree of dissociation (¢ ) asi =1+ ( n—l)a .

Putting the values, 3.01=1+(n—1)x1 or, n =3.
The substance dissociates into threeions in water solvent.

2(b): For anideal solution which of the following thermodynamic properties will be zero:
AV, AG,,,, AS,, AH L 7
Ans. AV and AH_, havezerovalue
Calcutta University, 2012

Q. 1(b): Derivethermodynamically a relation between the elevation of boiling point of a dilute

solution and molal concentration of the solute. State assumptions and approximations
involved. (4]
Ans. SeetheText.

Q. 1(c): Calculate the van’t Hoff factor and the apparent degree of dissociation of a 0.2 molal
aqueous solution of NaNOsz which freezesat — 0.675°C. [ Ki=1.86 K kgmol™?]  [2]

Ans. (ATf )CaJ =K, xm=1.86K kg mol™ x 0.2 mol kg*=0.372K.

(AT,),. o0675K

Given, (ATf ) =0.675 K. Thus, van’t Hoff factor, i = = =1.81.
ches (aT;) 0372
The apparent degree of dissociation, a = L:; N %1_11 =0.81 =81 %.
n — —
Q. 1(d): The lowering of chemical potential of the solvent in presence of a solute is an entropy
effect. — Comment. [2]

Ans. SeeC.U. 2010, Q. 2(c), page 290.

Q. 1(e): Twoliquids A and B form an ideal solution. At a particular temperature the vapour
pressure of A is 200 torr, while that of pure of B is 75 torr. If the vapour pressure over
the solution consists of 50 mole percent A, what is the mole percent of A in the liquid?
State the assumption involved. [3+1]

Ans. 1% part: See C.U. 2010, Q. 2(d).
2" part: Both Raoult’s law of vapour pressure and Dalton’s law partial pressure are
assumed to be valid for thisideal solution.

TIFR Adm. toInt. M Sc and Ph D, 2014

Q 5: The partition of a compound between two immiscible solvents A and B is 10. Solvent A is preferred over
solvent B. You aregiven 10 ml of 0.1 M solution of the compound in solvent B. This solution is vigorously

shaken and equilibrated with 10 ml of solvent A. After phase separation, the concentration of the
compound in solvent B is

(A)0.09M (B)0.099M  (C)0.009M (D) 0.05M [Correct answer is (C)]

Q 38: When 10 ml of each liquid pairs listed below are mixed and then allowed to stand, which pair is most
likely to separate into two layers?

(A) carbon tetrachloride and hexane (B) ethanol and methanol
(C) carbon tetrachloride and methanol (D) hexane and pentane [Correct answer is (A)]

Q 39: Vapor pressure of aliquid in a closed container depends upon
(A) thevolume of thecontainer  (B) the volume of theliquid (C) the temperature (D) both B and C
[Correct answer is (C)]
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Phase rule

Definition
of phase.

Definition of
component.

THERMODYNAM ICS OF GENERAL PHASE EQUILIBRIA
( PHASE RULE )

An American scientist, Willard Gibbs in 1876 deduced arelation from
thermodynamical consideration among the number of phases (P), components (C) and degrees of
freedoms (F) of the system at equilibrium. Thisrelation is called phase rule and
it is stated as,

F=C-P+2
The numeral 2 is added to account for the influence of temperature ( T ) and pressure ( P).
The beauty of the relation lies in its simplicity and ability to explain the various divergent and
unrelated multi-phase equilibria.
Definition of thetermsinvolved in the Phaserule:
(1) Phase (P): It isapart of the system, homogeneous in itself and mechanically separable
from other homogeneous parts of the system. Each phase is separated from other

phases by definite boundary surface, called phase boundary.

(a) For gaseous system: Only one phase is possible since the gases are completely
miscible with each other in all proportions.

(b) For liquid system: The number of phasesis equal to the number of layers formed in
the system. Completely miscible liquids form only one phase. Solution is also one
phase system.

(c) For solid system: Each solid constitutes a single phase except for solid solution.
Thus, the number of phases in the solid system is equal to the number of solids
present. Allotropic modifications and polymorphic forms constitute separate phases.

(2) Component (C): It isthe smallest number of independent chemical constituents by
means of which the composition of each and every phase of the system can be
described.

Independent chemical constituent is the one whose concentration can be varied
independent of other constituents present in the system.

The properties of a system at equilibrium are determined not by what constituents
have been selected as its components, but by their number i.e. by the number of
components only.

While expressing the composition of a phase, in terms of selected constituentsii.e.
components, every one of the selected constituents must be included.

(i) One component system: Only one chemical constituent is present in non-reacting

Non-reacting system. Such as, water(s) =—— water(l), water(s) =—— water(v), water(l) =——water(v)

system.

Reacting
system.

and water(s) —— water(l) —— water(v).

All this equil™. systems constitutes one-component only.
Reacting system: Dissociation of NH4CI(s) in evacuated vessel congtitutes one
component system.

NH4Cl(s) === NHs(g) + HCI(g).
There are three chemical constituents but al are not independent.
No. of components(C) = No. of chemical constituents(C' ) — No. of restrictions(r).
In the example, one restriction is the chemical equil™. and other restriction is due

to equal conc. of NHs and HCI existing in the system. and s0,  py,, = Py -

The no. of components, C=3-1-1=1, it isone-component two-phase system. NHz and
HCI are present in the gaseous phase in the same proportion as in the solid NH4ClI. The phase rule
does not make a distinction between chemical compound and its chemical constituents in a mixture
in the same proportion, so long that mixture is homogeneous.
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(if) Two-component system: Two chemical constituents in non-reacting system
comprises two-component system.

(&) An agueous solution of common salt, NaCl is a two-component system.
Though the solution contains three chemical species Na*, Cl- and H20,

Agueous yet it is atwo-component system as there is one restriction of electroneutrality ,
solution of so number of components, C=3-1=2.
common salt. If the species are taken Na*, CI-, H*, OH" and H-0O, the redtrictions are then three as
C,. =C,,-» C, =Cy andH20 —= H" + OH" so number of components,
C=5-3=2

(b) Another example isHa, |2 and HI system at equil™. Hx(g) + 12(g) =—— 2HI(g) isone
phase system. But the component in the gas phase is determined by any two
H, 1, and HI arbitrarily selected constituents, while the conc. of the third one is definite and can
’ be known from the other two. The number of component, C =3 -1 =2, asthereis
one equil™. restriction.
But if H> and | aretaken initially equal then it is one-component system as
Cy, =C,, -
Similarly, system containing NH4CI(s) along with initially taken NH3(g) or HCI(g)
reacting vessel is a two-component system at equil™. asinthat case, py,, # Pug -
(c) Decomposition of CaCOs(s) at equil™., CaCOs (s) —— CaO(s) + CO2(g).
is athree-phase system but it is a bi-component one, since there is one restriction of
equil™. and three chemical constituents.

at equil™.

Decomposition

Of rC]:aC((st(S) Though number of moles of CaO and CO: are same but conc. of the two
WI;I gﬁilrl”ms are different asthey are not in the same phase. That i,

Neaos) = Noo,ig) PUE Ceao(sy # Ceoy(q) -

(3) Degree of freedom (F): It isthe smallest number of independent variables such as
Definition of pressure (P), temperature (T), concentration ( X) which can be varied independently

degree of without altering the number of phases of the system.
freedom. Let usillustrate with one-component water system with different phases at equil™.
F P F
One component
water system with vwater vapor water vapor
different phases. water vapor e
liquid wrater
hipud water
C=1,F=1, F=2 C=1,P=2,F=1 C=1,P=3,F=0
Bivairant Monoorariant Hon-wariant

I I 111

Inl, both T and P can be varied independently, in 11, only T can be varied independently, P is
automatically fixed. In1l, neither T nor P can be varied. These are fixed and it is called ‘triple point’.
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Phase
rule for
saturated
solution

Phase rule

for Hx(g),

O2(g) and
H20(g)
reacting
system

Phase rule
for aqueous
solution of
HCN

We may illustrate with systems having two components.

(a) The system consists of solid sucrose in equil™. with agqueous solution of sucrose.

sucrose(s) —— sucrose(aq).
Number of components, C = 2, Number of phases = 2 so, the degrees of freedom
(intensive variables),

F=C-P+2=2-2+2=2.
Two degrees of freedom signifiesthat once T and P are specified the equil™. mole
fraction (solubility) of sucrose in saturated solution is fixed.

The other properties like solution density, refractive index, thermal
expansivity and specific heat capacity all are fixed, but the volume of the solution
is not fixed.

(b) Let us consider amixture of Hz(g), O2(g) and H20(g). Thereis no chemical equil™.
in this case and the number of components is 3. Now if the mixture is heated in the
presence of a catalyst, a chemical equil™. is attained.
2H2(g) + O2(g) == 2H20(9).
The number of components = 3 — 1 = 2, asthere is one chemical equil™. condition,

Hcaco,(s) = Heao(s) T Heo,(g)
The degrees of freedom, F=C-P+2=2-1+2=3.
If the equil™. is attained by starting with H>O(g) in a closed vessel, the number of
components would become 1 and inthat case, F=1-1+2=2.
(c) Another system is considered with agqueous solution of weak acid HCN.
Let usfind the restrictions, components and degrees of freedom.
The system has five chemical species H,O, HCN, H*, OH", and CN",
so C'=5. But there are two independent chemical equil™. conditions,
Mo = My + Moy A Loy = f0 + fy
In addition to, there is another restriction of electroneutrality, x,. =x_ _+X,,- -
Thus no. of components, C=C'-r =5-3=2,and, F= 2-1+2=3.
These intensive variables of the systemare P, T and X, , OF X,cy

Exercise: Calculate the number of phases (P), components (C) and degrees of
freedom (F) of the following systems at equil™..

(1) NHCI(s) == NHs(g) + HCI(9), (a) when py,, = pyo and (b) when py, # P -
Ans. (QQP=2,C=1,F=1,(b)P=2,C=2,F=2.

(2) 12(s) = lo(water) <~ lz(benzene). Ans. P=3,C=3,F=2,[T, ¢, Or ¢ g I.

(3) Water at itsfreezing point. Ans. P=2,C=1,F=1(T or P).

(4) Aqueous solution of H2SO4. Ans. P=1,C=2,F=3 (P, T and X, &, O X, )

(5) Ag. solution of Ho2SOsand HAc. Ans. P=1,C=3and F=4 (P, T, X, o, and X,,.)-

(6) H20(I) and H20(Vv) inequil™. at 1 am. Ans. P=2, C=1, F=0 (as P =fixed).

(7) N204(g) == 2NO2(g). Ans. P=1,C=1,F=2(T, Xy, )-

(8) Pure partly frozen acetic acid. Ans.P=2,C=1and F=1.

(9) A liquid at its critical point. Ans. P=2,C =1, F= 0 (liquid and vapor are aike).

(10) A binary azeotrope. Ans. P=2, C + 2 and F = 0 (two regtrictions, P = fixed and

liquid and vapor have same composition).

(11) A saturated solution of NasPO4 which is completely dissociated to its component
lons, containsan excessof thesalt. Ans. P=2,C=2, F=2(PandT).
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Generalized
criteriafor

equil™.

Thermodynamic criteria of phase equilibria.

Let us consider a system in which a pure substance
(one component) is present in two phases (« and g) in equil™. with each other.
Let 1 and u” arethe chemical potentials of the substance in phase ¢ and S respectively. The
free energy of the system is thus given as,
G=f(T,P, n*,n").
where, n“ and n” are the mole number of the substance in the phases o and S respectively. The
change in free energy of the system as aresult of changesin T, P,
n“ and n’ isgiven by

dezﬂﬁj dT+(@j dP+(§j dn +(§] dn’.
oT P,n%,n/ oP T.n%n’ on” T,P,0* anﬂ T,P.n%

Or,dG=(§j dT+(§j dP+ p“dn” + y’dn”.
0 P,n%,n/ 0 T.n%n’
If dn mole of the substance is transferred from phase « to g at constant T and P,
we get,
dG=x"(—dn)+ p” (+dn)=(u"— u*)dn.
If the above transfer takes place reversibly ( i.e. under equil™. condition ), then dG =0
and so the equation reduces to
(u” — p*)dn.=0,sincedn = 0, it followsthat x” = u“.
It signifiesthat if a substance remains in equil™. between the two phases, its chemical potential must
have the same value in both the phases.

The above criterion of a substance present in two phases in equil™. may be generalized
for a system containing more than one phase and each phase containing more than one substance. If

aclosed system at agiven T and P contains n, n, n,..moles of components

1, 2, 3, ... remain in equil™. in each of the phases «, 3,7,..., then the above criterion can
be extended to,

W=ul = =...
W=pl =l =...
W=l =l =......

That is, if the system remains in equilibrium, the chemical potential of any
one component must have the same value in each phase in which it exists.
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Intensive
variables

Limitations

Systems having
same degree of

freedom beh
similarly.

Derivation of the phaserule, F=C -P + 2

Let us consider a multiphase system containing P phases at equil™.
and each phase contains all the C components at pressure, P and temperature, T. The systemisa
closed one and non-interactive. The system can be completely defined by specifying the following
variables:

(1) pressure (P) — one variable (2) temperature (T) — one variable
and (3) concentration of each component in each phase.

Let ustake the mole fraction as the mode of expressing the conc. of
the components. For each phase we require (C — 1) mole fraction terms since the last one is fixed
from the remaining. Since there are P phases, hence total conc. terms required, is P (C -1).

Again, components in all the P phases are in thermodynamic equil™., so
chemical potential of each component is same in all the phases in which it exists.
Since chemical potential is related to the mole fraction (x ) linearly, u =’ +RTInx,

hence conc. of a particular component in one phase if known, the same in other phases are fixed.
Thus the number of conc. variables fixed for the syssem = C (P - 1).
So, the conc. variables required to define the syssem=P (C-1) - C (P-1).
Including Pand T variables, we have the total degrees of freedom,
F=2+P(C-1)-C(P-1)=2+PC-P-PC+C
F=C-P+2
This is the Gibbs phase rule equation and valid for any heterogeneous equilibria.

The influence of electric, magnetic, gravitational or surface force are
ignored. The equation does not depend on the nature or amount of the substances present in the
system.

It does not assume anything regarding the constitution of the matter or
molecular complexity. It simply depends on the number of components and phases present in the
system.

However, phase rule is qualitative in nature. Complete study of heterogeneous equilibria can be
made with the help of (i) law of mass action (ii) Nernst distribution law

(iii) Clapeyron equation and (iv) the Phase rule.
The phase rule predicts qualitatively the effect of temperature, pressure and conc. on the polyphase
equilibria
Therule states that systems having same number of degrees of freedom shall behave similarly. Thus
it enables to classify the different types of physical or chemical equilibria.
To illustrate, let ustake three different systems viz.
(i) H20() === H20(v), (ii) solid tin( &) === vapor and (iii) CaCOs(s) =—— Ca0(s) + CO(q).
The last one is chemical equil™. while the first two are physical equilibria.
Each system has one degree of freedom i.e. monovariant. The effect of P and T on the phases of the

systems is given below.
T T Cal0505]

F F

ave T Liqud water
F

"
vrater vapor L vapar — CaC'[sJ+CC12 (2

T - T——> T—
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Effect of T on
the stability of
different
phases

Effect of P
onthe
stability of
different
phases

Effect of temperature (T) and pressure (P) on the stability of phases:

The basic equation relating to the chemical potential, du=-SdT +V dP,
where, S and V are the molar entropy and molar volume of the substance respectively.
The eguation gives, [2—_’?] = —S = (—)ve, since molar entropy is always (+)Vve.
P
That is, 1 decreaseswith T at constant P. The slope of 4 vs. T curve is highest for gas, lowest for
solid and in-between for liquid.
The curvesof 4 vs. T for solid, liquid and

gas are given here.

solid 48] = sl The following conclusions, we can draw
I T R from the diagram:
P When,

Vapor

\\ (1) T > Ty, vapor phase is stable.
(2) T =Ty, liquid and vapor phase co-exist.
(3) T < T, liquid phase is stable.
T T (4) T =T, liquid and solid phase co-exist.
T ——= (5) T <Ts, solid phase is stable.

—

Again, (a—“j =V = (+)ve, since molar volume is always (+)ve

oP T solid phase

The chemical potential of a substance always
increases with increase of pressure at constant temperature. T higrd phase | uo phase
n stable
Since the equil™. condition at constant T and P isthe F gas phase
minimization of G, the stable phase at any point of one
component in P-T diagram is the one with the lowest 1 . T—— T
Thus at point A inthe figure, liquid vapor coexist and have equal chemical potential
I e pu = pw).

Since (Z—gj =Vand V(g) )) V (I), an isothermal decrease of P lowers substantially the z(v) but
T

has only a small effect on the (1) . Therefore lowering of P makes vapor to have lower chemical

potential and thus vapor is the stable phase at point A.
That is, when P is lowered at constant T, p(v) decreases more than p (1) , SO vapor state is more
favored.

Problem: The following graph shows the variation of chemical potential, # as afunction of
pressure, P at constant temperature for diamond (solid line) and graphite (dotted line).

Which of the following statements does not follow from the graph. K
(a) Below 15 Kbar, graphite is more stable then diamond. (
(b) The molar volume of graphite is less than that of diamond. T

(c) The molar volume of graphite is greater than that of diamond. PR,

(d) Diamond is more stable than graphite above 15 Kbar.

[Ans. (c)]
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What is
meant by
phase
diagram?

Phase diagram
of one-
component
system

Phase diagram:
Phase diagrams are the graphs showing the effect of pressure, temperature and
concentration on the different phases of heterogeneous equilibria.
Co-existence of different phases can be studied in the phase diagram of the system.
When two variables such as (P and T), (P and x) or (T and x) are chosen, two-dimensional phase
diagrams are used. But when three variables are chosen, solid diagrams are needed.
Time is not avariable since it concerns with system at equil™.
For example, in one-component system, C =1, so thephaserule, F=C—-P+ 2
o, F=3-P.
If, P=1,F=2if P=2,F=1andwhenP =3, F=0. Thus, maximum F = 2.
For a one-component system, at least two intensive variables are required to describe the state of the
system. We can represent any state of one-component system by a point in atwo-dimensional P vs.T
diagram (mole fraction of one-component system is always one). Each point correspondsto a
definite value of Pand T.
Such diagram is called phase diagram.
The graph shows the P — T phase diagram of pure water.
The effect of Pon T for transition of one phase to another
of asubstance is guided by Clapeyron equation.
Lines are the locus of the points of Pand T on the
coexistence two phases (F = 1). Areas bounded by
the lines indicate the existence of a single homogeneous
phase (F = 2). The point of intersection of any two curves 3<% triple point
indicates the coexistence of three phases (F = 0) and
the point is called triple point. 0oy T 3
It could be shown from the Clapeyron equation, that sublimation curve (S == V) is steeper than the
vaporization curve (L =V).
The slope of the sublimation curve according to the Clapeyron equation is

dP _ Lo and that for the vaporization curve is ar =

d_T - T (\7\/apor _\750Iid ) dT T (\7\/apor

I:sub = I:fus + I:\/ap thUS, I:SJb > I:\/ap and (\7\/apor _vsolid ) ~ (\7\/apor _\7quuid) .

This explains that (E] )(Ej
dT sublimation dT vaporisation

Again by the use of Clapeyron equation, it is possible to show that melting curve
is steepest and dlightly tilted towards the pressure axis.

dP W qusion

F

I:\/ap .
_\7quuid)

But,

i.e. the sublimation curve is
steeper than the vaporization.

— = — and (V44 — Va4 ) isvery small and (-)ve for water system.
dT T (\/quuid _Vsolid ) ( A a ) y ( ) W
. drP . . .
This shows that (ﬁ) is very high and negative.
fusion

Problem: The graph above showsthe P - T phase diagram of pure water.
Indicate which of the following statement about the figure is not true.
(a) At the point Y, water has one degree of freedom.
(b) Point X isthetriple point of water.
(c) The molar entropy of water a Q is greater than at Z.
(d) Solid liquid water coexist at the point R. [Ans. (@]
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Phase
diagram of
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Univariant
system

| sochoric
heating

| sothermal
expansion

| sothermal
compression

| sochoric
heating along
the BO curve

Phase diagram of water system:
It is one component system and the possible phases are three —
solid (s), liquid (1) and vapor (v). The degree of freedom, F =3 — P.
F is 2 for single phase, 1 for two phases in equil™. and O for three phases in equil™.
The phase diagram of water system is given below.

BO — sublimation curve, s [J Vv
OA — vaporization curve. [ I Vv
OC — melting curve, s[] |
O — triple point representing the
coexistence of s I[] v
OD — super cooled water[] vapor

Three curves BO, OA and OC divide
the diagram into three curves:

\ BOC — single solid phase (ice)
ToUTE  rolme  romme AOC — single liquid phase
T BOA — single vapor phase.

218 atm

4 58 mm

Experimental set-up —

An evacuated vessel fitted with a movable piston is placed in a
thermostat of temperature much below of 0°C, let it be — 20°C.
The piston can be placed at any position by a set of stops.

P

ifi ;ﬂvgpkir The solid water (ice) is placed in the vessel. The behavior of the
bt system at various temperature and pressure is shown by the
above phase diagram.

(a) Sublimation curve: (solid =— vapor):

Initially the vessel contains ice and its vapor in equilibrium
at — 20°C. The system has two phases so degree of freedom is one. The system has a fixed pressure
at the temperature. The intensive state of the system is indicated by the point B in the diagram.

Now T isincreased at constant volume. The vapor pressure (P) of theiceis
increased along the line BO. The curve shows the relation of Pand T for
ice [J vapor equil™. following the Clapeyron equation.

At any temperature of the curve BO, if the volume is increased by moving

the piston upwards, pressure is decreased. But a agiven T, pressureis fixed
(F=1). So to keep the P fixed, alittle bit ice is vaporized. If the process of isothermal expansion be
continued, whole of ice is vaporized and the system contains only the water vapor (one phase). It
occurs at a pressure below of that given by the curve BO at temperature of expansion.

Similarly isothermal compression at any point along BO leads to only solid
state, ice when the piston will be directly in contact with the solid phase at a pressure greater than
indicated by the curve BO. Thus the area above BO curve is solid (ice) and below BO isvapor. This
curve extends to OK.

If the temperature of the system containing ice and its vapor is increased at
constant volume, vapor pressure is increased until the vapor pressure of ice becomes equal to that of
liquid water. At this temperature, called triple point, ice starts melting and the system contains three
phases at equil™., ice == water (I) == water (v).

THERMODYNAMICS OF GENERAL PHASE EQUILIBRIA —N C DEY 8



Thetriple  Thesystemisinvariant (F = 0) and both T and P are fixed and can not be changed.
point and its T any of the variables is tried to change, one phase will disappear and becomes two-phase system.
TandP The state is shown by the point O in the diagram. The temperature and pressure and P of the
point are 0.0075°C and 4.58 mm of Hg respectively.
(b) Vaporization curve (liquid == vapor):
If the system is heated at O keeping volume constant, whole ice melts

I sochoric . . .
heating along and the system contains water and vapor only. No_vv_ isochoric increase of temperature,
the curve OA vapor pressure of liquid water also increases and it is shown by the vaporization curve OA.
that extends to Th(_a curve will extend up to the critical temperature (Tc) at which liquid and vapor become
Te indistinguishable (F = 0). S N
The system containing liquid water and vapor is univariant (F = 1)
Normal and only one variable out of P and T can be altered. At agiven T, vapor pressure of liquid water
boiling point is fixed. Wh(_an P=1am (760 mm of H_g), the liquid starts boiling, and corresponding
of water temperature is called normal boiling point of water (100°C).
The slope of BO is greater than that of AO at the triple point (Tr).
c _ . This can be shown by approximate calculation.
omparison o 1 -
S,gpes of (Ej _ 18x(80+540) cal mffll Q082IaM _ 6 75 tmik * = 5.7 cm of Hg KL
sublimation & dT Jypimaaion 273K x22.4lit mol 2cal
vaporization (d_Pj _18x540cal .mol ’1_1 oo8litatm o 4o emof Hg K-
curves OT raporizaion 273K x 22.4lit mol 2cal
At agiven temperature of AO curve, if the system is subjected to isothermal
expansion, liquid water is vaporized to keep vapor pressure fixed. If the process is continued all
| sothermal liquid is vaporized and system contains only the vapor phase.
expansion Thus at pressure below the curve OA the system will contain single phase vapor and at pressure
and ) above the curve OA, it will contain single phase liquid water.
compression These single phases are shown by area below and above OA respectively.
(c) Méelting curve (solid == liquid):
If the system containing only the solid phase (ice) at high pressure,
) is gradually heated, its temperature risestill a stage is reached when it starts melting.
| sobaric At this stage, temperature of the system remains constant till whole of the solid phase is
heating of converted into liquid. The temperature at which solid phase melts depends on the pressure over
solidphase@  {he golid phase. The line OC represents the variation of T and P at which solid and liquid are in
high P equil™. with each other.

The slope of the melting curve OC is given by the Clapeyron
equation and the approximate value of the slope is calculated as,

(@) _ 18x80cal mol * 0.082litatm
AT Jing 273K x(-0.09x10°)litmol * 2cal

(d) Metastable state (super cooled liquid water == water vapor):
If the system containing liquid water == vapor is rapidly cooled, it may
happen that ice fails to appear at the triple point, O and the vapor pressure of the liquid continues
Metastable to move along OD. It represents the metastable equil™. involving super cooled water == vapor.
equil™. state Similarly, if the system containing ice and vapor is heated rapidly, ice failsto melt and
metastable equil™. is reached as super heated ice == vapor and the curve extends beyond O.
Since at the triple point, the slope of solid-vapor is greater than that of
liquid-vapor curve, the metastable curve OD remains above of OB and vapor pressure of the
Prs? P metastable equil™. is greater than that of stable equil™. at the same temp. The metastable state is
unstable and a slight disturbance shifts it to the stable state of the system.

=-134atmK™.
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Metastable
stateis
unstable state

At thetriple
point, the

system isthree

phasic (F = 0)

At the freezing
point, the
system istwo
phasic (F = 1)

However, Tp
iscloseto Ts

What is called
sublimation?

Condition for a
substance to
sublime —
triple point
pressure is
greater than
1am.

These solids
can be melted.

Thermodynamically, it can be shown that metastable state (ms) — stable state (s) is a
spontaneous process since for the process, AG ( O.

AG=p,—p . BUt g o=p,=p)+RTInp, and g, =u, =4 +RTInp,.
Inserting the values, we get, AG=p, - = RTIn[ sz
Prrs
but, P { Ps SO, AG = (-)ve, hence, the process is spontaneous.

Comparison of triple point (Tp) and freezing point (Tt) of a pure substance:

(2) At the triple point, three phases of a substance remain at equil™. under the vapor
pressure of the substance. For water, at the triple point, the system contains

solid water (ice) = liquid water =— water vapor in equil™ P

The degree of freedom (F) = 0, i.e. the system isinvariant. :

Both pressure and temperature are fixed at 4.58 mm of Hg *,I b

and 0.0075°C. AT N
(2) At the normal freezing point (melting point), a substance ugle pouil} - - - ,rlh:-,.

remains in two phases under one atm pressure. praenzy i

For water, the system contains liquid water === vapor. F . .

The degree of freedom (F) = 1, the system is univariant. e

If pressure of the system is changed the freezing point is also cnangea.
If pressureis kept at 1 atm, the freezing point of water is 0°C.
From Clapeyron equation it can be shown that the freezing point of water changes
by 1°C, when external pressure is changed by about 134 atm. So at 4.58 mm pressure,
the freezing point is raised to +0.0075°C.
Since the effect of external pressure on the freezing point of liquid is very small, the normal freezing
point of a substance is very closeto itstriple point and in all practical purposes; the triple point of a
substance may be referred to its freezing point.
Sublimation:
When a substance changes its phases from solid to vapor under atmospheric pressure
without melting i.e. without passing through the liquid state, the processis called
sublimation.
(solid == vapor).

The vapor exerted by the solid is usually small but some substances like
naphthalene, camphor, iodine, solid CO2 (dry ice) have vapor pressure even at ordinary temperature
high and it increases with the increase if temperature. If the vapor pr&esure of the solid reaches the
atmospheric pressure before it reaches its melting point, ="'~~~ --~
In other words, such solids would be found to
sublime when its triple point pressure is higher
than the external pressure of the system. In such
case, vapor pressure of the solid reaches the
external pressure before the solid melts.

Liquid CO. does not appear a 1 atm pressure, so it
remains dry and thisiswhy it iscalled dry ice.
However, when the external pressure is kept higher
than the triple point pressure, the solid melts.

Triple point pressure of iodine systemis 1.06 atm.

511 atm

1 atm

-78 II: —SI‘D'JS [
(Phase diagram pf diy ice)
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Phase diagram of Sulphur system:
Sulphur is one component system (C = 1).
It has polymorphic forms, some of which are unstable. It can exist in four phases.
(1) Rhombic Sulphur (S, ), (2) Monoclinic Sulphur (S,),
(3) Liquid Sulphur (Sp) and (4) Sulphur Vapor (Sv).
The phaserule states, F=C - P+ 2, but for thesystem,C=1, 0 F=3-P.
Thus the following information can be drawn for the existence of its different equilibria.
(a) Single phase equilibriac P =1, s0 F = 2, the system is bivariant. There will be four
single phases (“C,) and represented by the area in the phase diagram.
(b) Two phase equilibria: P = 2, so, F = 1. The system is univariant and could be specified
by one variable (P or T). There are six two-phase equilibria (*C, ), and these are:
S S, S, 8,2, =5, 8, =55 =&,.

The equilibria are represented by lines.

(c) Three phase equilibriac P= 3, so, F=0, i.e. the system is invariant and there are four
three phase equilibria (“C, ). These are represented by points and called triple points.
The variables are automatically adjusted. The four equilibria are:

S, =28, 25,5 55,5 =5 5,59 5.,

(d) Four phases can not exist in equil™., when P=4 , F = — 1 and this is meaningless.

With the use of the above information, the following phase
diagram of the sulphur system can be drawn.
Description of the phase diagram: "E
Areas — ABEF(S,), ABCD(Sv), FECD(S.), EBC(S,) |
Lines indicating stable curves: '§'| wug D
v ~ ke ndsn 121 que

() AB — sublimation curve for ¥ ¥ Sy,

(i) BC — sublimation curvefor Sz =— - i

(iii) CD — vaporization curve for =5, = 5, %,.

-
s
Y

. .. - w s
(iv) BE — transition curve for S, = 8] #

(v) CF — melting curve for S ar wapar

(vi) EF — melting curve for O 1]
Lines showing curves:

(i) BG — metastable sublimation curve of rhombic sulphur, S = Sy
(i1) CG — metastable vaporization curve of liquid sulphur, S, = S5,

(ii1)) BH — metastable sublimation curve of monoclinic sulphur, Sy == S
(iv) EG — metastable melting curve of rhombic sulphur, S, = 5]
The system has three stable triple points and one metastable triple point.
(i) B point representsthe stable equil™. of 5., =— S, =— S,

(i) C point represents the stable equil™. of Sy = S5, = 5,
Y S/j. R
SN == S,

(iii) E point represents the stable equil™. of
(iv) G point represents the metastable equil™. of “ee =

e,

Data for triple points are —Triple points - B C E G
Pressure (P — 0.0l mm 0.025 mm 1290 atm 0.03 mm
Temp.(t°C) — 955 120 151 114
_________________________________________ 0
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TWO - COMPONENT SYSTEM

The phase rule states, F = C - P + 2. For two-component system, C = 2,

2 so the rule becomes, F = 4 - P. Since, Fun = 0, 50 Po = 4.
Introduction This shows that 4-phases of 2-component system can coexist
Again, Fue =4 - Puin 50 Foax = 3 a8 Poyin = |

So to describe the of a two-component system we need three degrees of freedoms. Thus if
we like to draw phase diagram of this system, three independent co-ordinates are required
resulting 3-d (solid) phase diagram. This is rather difficult to draw, instead, we generally
keep one degree of freedom (either T or P) constant and then we draw 2-d diagram ecither
P vs.x, (composition) keeping T constant or T vs. x, at P constant.
We shall discuss four two-component systems keeping in mind that one degree of
freedom is kept constant, the phase rule in that case isF=4-P 1 or Fe=i_p
Systems T'he systems of our discussion are given as,
tobe . partially miscible liquid-pair in equilm. with special emphasis to critical solution
discussed  temperature (CST),
2. completely immiscible liquid pair in equil™. with their vapors with an application to
steam distillation.
3. Completely miscible liquid-pair in equil™. with their vapors with special refereace to
azeotropic mixture.
4. Solid-liquid equil™. with special reference to eutectic point.

PARTIALLY MISCIBLE LIQUID PAIR

Two liquids are partially miscible means that each is soluble in
the other to limited extent. We shall discuss two liquid pairs — (1) phenol-water system
and (2) nicotine-water system.

(1) PHENOL-WATER SYSTEM:

These liquids are mutually soluble to certain extent
depending on temperature. Therefore, in this system we shall keep pressure constunt at

one atmosphere and use T and x, to draw the phase diagram. P=1atm
Let us take roughly equal amount of phenol and water in L
) a system at constant P of 1 atm and at low temperature, —
Content  These two liquids form two layers - one (say, 1" layer) contains

ofthe  saturated solution of phenol in water and the other (say, 2™ layer) | P°"° WAt
system  contains saturated solution of water in phenol. layer 2

The vapor of the liquids are neglected as at | atm pressure, water in phenol
phenol and water remain exclusively in liquid phase and no
vapor is formed.

Effect of T Now let at temperature, say 40°C, the composition of the 1* layer is x,, and that of the
otllul::llimal 2™ layer is x, ,. As the temperature is increased, more phenol iddissolved in water and
SORNoS, s0 x,, increases while more water is dissolved in phenol and so x, , is decreased.

THERMODYNAMICS OF GENERAL PHASE FOUIM — NCDEY 12
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Liver rule

The mutusl solubility in both the layers is incressed und so the immiscibility is reduced.
if the temperature is further increased, the two solubility curves meet at C at which both
conjugate solutions have same composition and it becomes homogeneous (one phasic).
This temperature is called critical solution temperature (CST) above which phenol and
water are completely miscible. The points along AC and BC represent two-phase and
two-component system, so the degree of freedom along the lines.
F=3-P=3-2=1, when P is kept constant.
Since the degree of freedom (F = 1), the system is
monovariant ic, if T is kept fixed, the composition
of the two layers remain fixed.

But at C, there is another physical restriction,

both the layers hive same composition and F = 0,
The system at C is invariant - both temperature and
composition are fixed at 4 constant P, If P is 1 sumn, ,."..'u.;
for phenol-water system, CST = 66°C and composition oS
at the CST 15 35%(w/w) phenol in water,

However if P is changed, the above values are also changed.

This point is similar to the critical point
of liquid-vapor equil™. of a pure substance at which
both the liguid and vapor phases in equil™. gets more
and more alike, And at the critical point, both phases
become indistinguishable vielding onc phasic system. N
The degree of freedom at the critical point (T,) is 2 b
F=C-P+2=1-2+2-1=0,asthere is one more restriction for the two phases are
dentical in density at the critical point of a pure substance (C = 1),

Now let us take temperature constant at say 40°C and see
the effect of wdding phenol in water ut this constant T,
Let the system contains only pure water at the start and so x, = 0. Now as phenol is added
gradually to the system, x, increases until the point L is reached in the phase diagram
when the system contains the satursted solution of phenol in water. Further addition of
phenol creates two phasic system — one is saturated solution of phenol in water (1 phase)
and other is saturated solution of water in phenol (2™ phase). These are conjugated
solutions. At constant T, the composition of both the solutions (phases) are fixed (F = 1).
If now more phenol is added, the relative amount of the two phases will change keeping
the composition of these phases unchanged. The relative amount of the two phases
is known by the liver rule. The liver rule is so called becsuse a similar rule relates the

masses of Two ends of a liver to their distances from a pivot. m
umount of ¢ach by the relation. |

The liver rule states that a point in the two-phase region
of a phase dingram indicates not only quatitatively both the
phases are present, but represent quantitatively the relative

%k = n,x1, m, xl, =m,
where, / and [ asre the distances along the horizontal tie line from the balanced point.
n, and n, are mole number of the 1* phase and 2™ phase that are in equil™.

=1 atm
Fel

e

2

— —

F=l

T M

e

P=i
F=3 €

vapas
phase

Saquad
phees

vap [ ¥l
A F=\ a

- —
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At the point M in the phase diagram, let MN =/, and ML = /,, then %=% .
1

The liver rule is f’n=§L

&
As more phenol is added, M shifts towards N, /, increases and /, decreases so '%
1
increases, that means amount of water in phenol phase increases and amount of phenol

in water phase decreases. Atthe point N, /, =0 and /, =LN, so —"—‘-—=§—3=0.
L S

The 2™ phase is present with a trace amount of thel™ phase i.e. the system is saturated
solution of water in phenol only. Further addition of phenol, the system contains the
unsaturated solution of water in phenol. At the point O, infinite amount of phenol is
added so that water content is negligible and x, = 1, i.e. almost pure phenol.

So long the system contains two phases, the degree of freedom,
F=3-P=3-2=1. It means that at a given T, composition of both the conjugate
solutions is fixed. Both phases are saturated solutions in the system

NICOTINE - WATER SYSTEM

~

This is another important system of partially miscible liquid pair.
The system has two critical solution temperatures (consolute temperatures); above the
upper CST and below the lower CST, two liquids are completely miscible; but between
the two temperatures they are partially miscible.

For the nicotine-water system, P=lum
upper CST = 208°C and lower CST = 61°C. o P=
The composition at the two CST is same and is 34% (w/w) , _CST e
nicotine in water. i i
At 94°C to 95°C, nicotine is least soluble in water, T
while at 129°C to 130°C. water is least soluble in nicotine.  tower >
One interesting information ~ *'“=' e 4%
regarding the system is that if pressure above this system pue pan
is increased, the two CST come closure; the area of the watr % T cicotine

egg-shaped figure decreases and at a sufficient high pressure the area vanishes and two
liquids become completely miscible.

However it is worth noting that CST values of these liquid pairs are
highly sensitive towards any impurity present. Very often purity of a liquid is checked by
noting its CST value, with another liquid with which it is partially miscible.

(1) When the impurity is soluble in one liquid, mutual solubilities of the liquids are
decreased resulting an increase of CST.

(2) When the impurity is soluble in both the liquids, the mutual solubilities are increased
and CST is lowered.
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MMISCIBLE LIQUID PAIR

Immiscible liquids are mutually insoluble. When such liguid
pair is beought together, each liquid bebaves independent of the other. Consequently the
vapor pressure of a mixture of two immiscible liquids at any temperature is the sum of
the vapor pressures of the individual pure components at the same lemperature.

Mare over, the vapor pressure above the mixture will be independent of the amount of
each ligquid present. oSy

H'P is the total pressure and, p, and p, are the ? S
partinl vapor pressures of the two components, thea, P= p + p,

Since p, -—-I—Pmd P i P g0 L alh,

Rl -+ ny P W iy
where, n, and n, are the mole number of the two components inthe |
wwrm&ammame.mpmofmcm m‘:‘db

componmn‘mﬂxed.i.e " = constant and so -'-’l- is also fixed.

hmmthmm:wucmhnisdwmthcmsobmusmcmmpom
are present at 4 given tempersture, I w, and w, are the weights of the components in the

W,/
s M n w, x M,
Y mmw&.-/“l-“lx l. m Py MR AWY
e ’ o 'yM w, M, L w, % M,
’ 1

If the liquid pair is distilled, then the distillate contains the weights that depend on the
vapor pressures and molecular weights of the components.

This principle is applied in STEAM DISTILLATION,

As the temperature is inareased, the vapor pressure of the liquid pair, in which one
component is water, is also increased. When the vapor pressure over the liquid pair is
equal 10 the external pressure (say, | atm), the mixture boils and distillation goes on with
constant composition of the distillate. The boiling point will be lower than the boiling
point of cither of the two liquids.

Let a liquid which is immiscible with water is to be separated
from other non-volatile imparities, it is often distilled with steam. The process becomes
particularly useful when the substance boils at high temperature and decomposes near its
boiling point, In steam distillstion, the substance is distilled with water at 8 temperature
considerably below its normal boiling point (acar 100°C), and hence the danger of
decomposition is avoided.

Tonnmmmm,mwmmmmp 185°C)
which s punified at about 98°C by the steam distillation. At this temperature,

Power =712mm and p_ . =48 mm , total vapor pressure = 760 mm,
The liquid is taken with water and heated 1o boiling. The vapor is condensed und the
distillaze contains the welght ratio as,
W PoxM, ’48:-204'1
Wy, pyaM, 712x18 9
That is out of every 16 gm of the distillate, 7 gm would be iodobenzene.
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Thus relation may also be used to determine the molecular weight of the liquid from
the other data.

A mixture of water and nitrobenzene boils at 98.5'C at | atm pressure. The distillme
collected after n time shows that water content is 10.0 gm. What is the nitrobenzene
content in the distillate? [CU "92}). ‘

[Vapor pressure of water = 73.3 ¢m of Hg at 98.5°C, mol. wt. of nitrobenzene = 123].

Pisonn = 76.0~73.3 = 2.7 cm of Hg, The content ratio in the distillate,
W DMy 10gm _ 733cmxI8 R
W, . P e 2 Teme123 O Mamieew =252 40

. A mixture of quinoline and water boils at 98.9°C under a pressure of 740 mm of Hg,

The distillate contains 78 gm of quinoline and 1000 gm water. The vapor pressure of
quinoline at 98.9°C is § mm of Hg. Calculate the molar mass of quinoline, [CU'96).

7 T xM o 1000 gm (740 -8)cm x 18 gmmaol
Wonnains  Pomansinr M uron " TRgm Beme M .
So, the molar mass of quinoling, M ... =128.5 gmmol ™.

COMPLETELY MISCIBLE LIQUID PAIR IN EQUILY. WITH THEIR VAPORS

The system is a two-component two-phase

! Top e
of liquid —vapor equil™, at constant temperature, = ik
The total vapor pressure of the liquids is P. T
The liquid pair is completely miscible.
The composition of the system is expressed by vapees of tha
%, = mole fraction of the 1% component in the liquid phase o xsdosed
o — ) andx, +x, =1, e
i+ (D) o
¥, = mole fraction of the 1" component in the vapor phase
—_— (%) and v, 4+ 3. =1
ey
z, = overall mole fraction of the 1" component of the entire system
n i)+ n(v) .
- v .'. .- el
[y m (Vi) [ () 40, (0)) N St
When the solution is ideal, it obeys Raoult’s law. t s tas) #
=P P = Pl - P, and P=pl 4 (pf - pi) % p /
When the pressure over the piston is greater than the oquil®. & o 30
vapor pressure, the system contuins only the liguid phase. eyt
Agairn, for the composition of the vapor phase,

- —— i
yimbiafn or.x,--;—';y.. But p!)P since (*liguid "™ N =
1
buwmdmmwhiid&bﬂnmhlvmphmisdwuysﬂdxwi&mvdnﬂe
component (here, 1* component).

S»
4N - '
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Again, P = pl = (p!' = p!ix, . putting the value of x, we have
A
R Ve DAY

P=p}'*(l’;'—r§)—£:y.,mnnnging the equation, P =
1

This is not a linear relation between P and 3=
However. the above equation can be reshuffled as, e

 JE " - p P el | »
;=-7°(A.—€*]}'. : ! A
s P P J R g
piand pt are fixed for the liquids at @ given tempernture, Ry
g
Pvay, it -;;islimul}' celated with ;. rhem ey |
! ¢ .
constant I wihen the pressure over the pistan is below the vapor curve,  ™° T
the sysiem contains only the vapor phase. T = pomstas
The curve starts at 7 (when, v, = 0)and ends at p; P:?:'o P, 1
(when, 3, — 1). This is not a lincar plot of P vs. y,. t | AT Y
When the two curves are combined, it gives the plotof '
P vs.2, (overall mole fraction of the 1% component). ,E -
The upper curve is called liquid curve and the lower curve js
Pvs.s st DO burye, When the pressure over the piston is above B
M the liguid curve, the system contains only the liquid phase. ¥el
constant T But when the pressure is below the vapor curve, the system
contains only the vapor phase., - - —
When the pressure is within the two curves, the system -3 B — P
contuins liquid and vapor phase both in equil®. with each L s sl e higher
other. The degree of freedom of this two-component and Pk o 6 sl ot
two-phase system is F=C-P+1=2-2+1=1, fower P

The system is univariant ot constant temperature.
It means that P and compesition are inter-dependent. If P is changed, the composition of
the liquid and vapor phases is also changed. But if P is kept fixed at say, /', the
compasition of the liquid and vapor phases are fixed at x7 and )|,
isotsermal  Let the pressure of the system is reduced isothermally from the state poant A with fixed
destillation  syerl! wmpmitbn_ :;_ T i urtaen
oe<tala At the point , the systemn 14 entirely liquid and remains so
opleth, & linie a5 the pressure is reduced until the B point is reached.
of constamt M B, the first trace of vipor appears with compasition, ]
verall comp”, This first vapor is considerably richer with more volatile
1" component than the less volatile 2™ component.
A the pressure is further reduced, the point reaches 10 C,
more liquid is vaporized with compasition, 3] in the vapor
phase and &7 in the liquid phase with overall composition,
5 mmmofdwmplmmobﬁmdbylheliwr

Liver rule mlc.f!-—c— This could be expressed and becomes same

with the mass-ratio of the two phases.

THERMOOYNANICS OF GENERAL FHASE POUL™ —NC BEY !
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Isopleth
situation in
briet

Non-ideal
solutions
with (+ive
andd (<ve
devistions

Apominatwo—phasuegwnofaphmdumm the system’s overall composition,
mnnommﬂomofzhemnhnohmﬂ ngtmbymepohaumundsof
the tie line through that paint

mmdm more liquid is vaporized and point comes down w0 D when
last drop of the liquid vaporizes with liquid composition, x; and vapor caomposition,
virtually =, Further if P i3 reduced, the poim flls w E, below the vapor curve and the
This is the basis of isothermal distillation. |

Two component liquids can be separated by this process completely. p =B

Thus as P ts lowered, the system’s state point is changed from A to | -

At A oaly higuid exists, at B, first vapor appears, st C, liguid and 1

vapor coexist, at D, fast liguid vaporizes and at E, only vapor exist, l1)
~E

For NON-IDEAL solutions, both the liquid components do not obey
the Raoult's law, thonm?m:'ofﬁe components are given as,
p=xple™, g,=§£:‘u and  total pressure, P =x, pf e 4p, = x, pl "
@ is constunt which has the sume value for the both

the components. For idesl solution, @ =0 und for U xS
non-ideal solutions, & + 0, and it means that there | P t

is interaction between the component liquids, » ¢ oo | seadean
For non-ideal solution with (+)ve deviation,a ) 0 4 vwwrcum q-\\_',‘jj
and for non-ideal solution with (-jve deviation, & { 0. w0 'w:;-"

At the point C, liquid and vepor have the same &= . N =

compesition. This mixture is called AZEOTROPIC mixture.

DUHEM - MARGULES EQUATION

Let us start with Gibbs-Duhem equation, 3 m dg, =0 (1)

For&wysymgx wdp +ndp =0 m and n, are the mole number of the two
components in the liquid phase and g and u, arc their chemical potentials in that phase.
Since each component in liquid phase is in equil™. with its vapor phase, hence,

D =p(v)=u(v)+ BT np,, ot dp, = RT dIn p, and similarly, du, = RT dInp, .
Dividing equation (1) by (s + 5, ) and replacing dp, and dy. interms of p, and p,,

we have, "L RT d Inp, t--’:-l—- RTdnp, <0or, xdln p+ x,dln p =0,
o+

Again dividing by dx ., -‘-dlnp,o-'kdlnpz-o But x, |x, =1 or, dx, +dy, =0

or,dx, = - dx, . Putting this, (—1’1 dinp, _dlnp.
dinx, dlnx,

Mumwmmhmmcmﬁﬁmofﬂwwm
the liquid phase with the vapor pressure in the vapor phase, This equation can show that
o is same for both the components in the system, hence they behave in the same manner.

18
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Margules
equation

onowalofls
cquation

Ides]
solution-

omponent
iquids can

(l)"lf‘:om companent behaves ideal and obeys Raoult's law, p = x p’, then,
= Y or, = . -ﬂ‘-ﬂ»:l d—lnz;-zl
Inp =knx +lnp or, dinp, =dinx or, Tian , hence, iy

or, dln p, =dinx,, integrating, In p, =Inx, + IC.
But, when x; = 1{pure2), p, = p/. Putting we get IC =In pl.
Thus, Inp, =Inx,+Inpy on p,=x, pi.
This shows that if one component behaves ideal then other component slso behaves ideal,
{b) If one component behaves non-ideal with (+)ve deviation, then p, ) x, oy
or, 1n py ) (lInx, +1n g )or, din ) dinx or, ‘—';"l'-’m The tiuation gives Ef‘"

This leads 1 p, ) x, p,.!hnis.semdcmpm\euulsoﬂnwsﬂmdcviuionwnh
respect 1o Raoult's Jaw.

KONOWALOFF'S RULE

Duhem- dlnp, _diop,  x dp _x dp,
hawcinge s S b T TR

e e %“'LJ(;J%

Now the total vapor pressure, P = p 4 p, or, — 2‘-*—%’:
mmuwof-ﬂ.wm.i’-’;.i’&(l-ﬂ.&).m&-a‘t.
o, dey o, P x 21 M

composition of the components in the vapar phase. This leads o the Konowaloff"s rule,

L. 5

‘*v %(' -’t’-

Kmm;mmmuwmmummnmmmmm

BZLOLUOPL,

Type — L ideal liquid pair; { pf (P (' )" liquid is taken more volatile than 2% liguid.
dr dp, [ ax,] Kk . Trrested
— ‘M - 7 | — 0’ Y, i 8
dy, Ve dy, i : ’o.VJ)') T " *

mn.uuv,um(dmwummmm)mm v

mote of the 1" component (more volatile liquid). The repeated 5

disﬁﬂuionptodwupnel‘cmmin&cdisﬁlm:d

T = rexsiecd

pure 2* component in the residue. 6 xT— 1|
Thus ideal solution of two liquids can be campletely separsted
by fractional distillation. Yo sl
Type 11 liquid pair: non-ideal solution with (+)ve deviation. . ¥ s
P attnins max™at x, = x, and P) p’) pl. vp c

(1) When x, = x, , azeourope composition liquid mixmre.

0 u 1
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Nomideal 8P o o b attaing masx™. B osso =2t
solilio=" 8 since P attaing alxy =x,, dx, ()vc.soy: 5

component  Repeated distillaton can not separate the liquid components as the
fiquids can not  yapor phase and liquid phase both have same composition,
be separated mlnddmmmbouswlmcmn-nmmmnucommmwhgpmm
(i) When x; (x, m;-«m ;< (“ive, and 21 45
3 |

m&mnmﬁubcmhml'mmdmﬂchhwm
Froctional distillation produces azeotrope in the distillate and pure 2™ component in

the residue.
() When 5,) , taken, = (ve, P = (v, and S (L
Mmpoducemmpemmemmmasvaporpmmmkss

Repeuted
and less of the 1" component and ends with azeotrope. The residue contains more
and more of the 1¥ component and ends with pure 1% component.

Type 111 higuid pair: non-ideal solution with (—)ve deviation. T+ constact
: P attains minimum at x, = x, and P pt { pt. ' P
:Iolmlon- (i) When x, = x,, , azeotropic composition iquid mixture. V:. -
component i’:a().sincc!'wakuminimum. 2?---(-)\(c.ao A X X
Juids can not dx, o, ¥ % 0 T
x separated  Repeated distillation can not separate the liquid components as the  JEN

vapor phase and liquid phase both have same composition. The liquid
mixture boils with constant composition at constant maximun boiling point
(i) 5 { x, lnkun.if—-(—)ve.ﬁ-(—)vc.-‘i(i'-.
dx. dr, b %
Repeated distillation enriches the residue with 1* component and ends with
azeotrope. Distillate ends with pure 2* component.
fii) When 5, ) x,, taken, 2 = (+)ve, Lo = (—jve.and 21) 2.
dx, &, %

gﬂ,wmmnmmmmmwimmmmmmmm
That is, residue contains less and less of the 1™ component

(x, decreases to x,, ). Residue ends with azeotrope and distillate with pure 1
component.

THERMODYNAMICS OF GENERAL PHASE EQUILIBRIA —N C DEY
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FRACTIONAL DISTILLATICN OF MISCIHLE LHJUID PAIR

Reducing pressure at constant lemperature 15 one way of domg
distillation but it is more commaon to distill ot constant pressure by raising the
tempesature. So we require a temperature (1) — composition ( z, ) diagram.

Fuiddwlﬁmwhichohwysw‘zhw we have, P= p! +( 7 - pi |x,

45 of
mcunu or, X, = A@n.vsp;’-ot. »= 2 TS p’
[Tz and A-p: P p-p
Tm Atatemperature T, pf and p! are known from Clausius-Clapeyron equation,

So x and y, can be calculated at various T ot constant known pressure (usually | atm).
These calculutions can be used to daw Tyvs.x, and 3. T=f(x)and T =gy, )
but the relations are not lincar. The pomt of differences in this diagram from
P vs. 5, ot constand T are :

(i) the curve looks fike a lense within which liquid e
and vapor remain in equil® and the degree of 4 i
Difference freedom is one (F = 1), since the curves T va. x, T
Wiﬁil’:& and T vs. 3, wre not linear, ‘
COMP. (i) outside this zone, theee is one phase (F = 2).
« Vapor phase is stable at high T and liquid is hrad 7
stable at low T, so vapor phase is sbove the S phas :
lense and liquid phase is below the lense, o X, %

(ifi) # & given pressure, boiling point (BP) of a liguid ™=+ 5 7 ™
depends on its volatility, the more volatile liquid (liquid having high vapor pressure)
will boil at lower 1. So solution with differeat compositions will boil ut different

The BP vs. comp”. diagram is discussed for three different types of miscible liquid pairs.

() Solutions either ideal or very little deviation from ideality, The 1otal pressure (P) of
the Tiquid mixture lies between those of the pure components, ( g5 ( F ¢ ).

Tdeal Example: benzene ~ toluene pair,
solutions — 77 and 7} dre the BP of pure 2™ and 1* liquids respectively, Since ut BP,
""‘“W::"“ liquid — vapor exist in equi® , F = 1 and 50 comp®. and BP are mutually dependent.
o y Ata given T, the comp” of liquid and vapor are fixed at x, and y, respectively.

The vapor phase is rich with more volatike 1 component, and this vapor is condensed
into liquid and again it is cvaporated. This vapor becomes richer with the 1%
component and the residue is rich with less volatile 2* component. Repeated
distillation gives distillate (condensed vapor phase) pure 1™ component and
residue contuins pure 2 component. Thus for ideal solution, both components can be
separmied by repeated distiliation. This repeated distillation is done efficiently by
fractional distillation in which the boiling and condensation cycle is repeated
successively. The tachnique is used to separate volatile liquids,

(b) Solutions with large (+)ve deviation from ideality, £, ) o ) 5.
Example, ethyl alcohol and water with minimum boaling point & azeotropic comp”™
=, is the point indicating the comp”. of azeotropic mixture .

(3) IT liquid mixture is wken inltially having composition
( 2, ) less than azeotropic mixture ( =, ) then by fractional distillation,

THERMODYNAMICS OF GENIRAL MIASE BULILY — N C D0y r4
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Non-ideal
Mutions with
e deviation
» components
can not be

separited

Example —
ethyl alcohol
and water

(BU'2001)

Non-ideal
slutions with
large (-Jve
deviation.

Example —
HCt and H,O
(BUT2001)

T=iun

we get pure 2™ component in the residue und
azeotropic mixture in the distillate. ooy ]

(1i) If the liguid mixture is mken as that of azeotropic
composition, then it dissills with same composition
and separation of any component is not possible. | 7

(i) If the liquid mixture comp”, ( z, ) i4 taken greater than (!r” ﬁﬁ;’
azeotropic comp”. ( z,, ) then by fractional distillation, = |
we get pure 1" in the residue and mzeotropic MIXURE oy | 5"t gl
in the distillate.

Water and ethy! alcohol mixture forms the miscible liquid pair with large (+)ve deviation

and thus it forms azeotropic mixture with minimum BP (78,2°C) and composition, 96.8%

wiw cthyl alcohol in water. When a dilute solution of ethy! alcohol is fractionally

distilled, it separates #s pure water in the residue and azeotrope in the distillate.

When concentrated ethyl alcohol solution is fractionally distilled, we obtain pure cthyl

wleobol in the residue and azeotrope in the distillate. Complete separation of aicohol and

watter in not possible, The rectified spirit sold in the market is the azcotropic mixture.

This pair forms azeowope with minimum BP and it means that it is more volatile than

water and ethyl alcohol.

BP of ethyl alcobol — 78.5°C, BP of water — 100°C and BP of azeotrope — 78.2°C.

(¢) Selutions with large (—)ve deviation from ideality, Py, ( o1 (o7

Example: hydrochlonc acid and water with maximum boiling point at szeotropic comp”.

2, I8 the point indicating the comp”. of azeotropic mixture .
Since this pair of lquids forms max™. BP szeotropic mixture 5o it is less volutile than
both the

(i) If the liquid mixture of compesition ( =, ) is taken jess than azeotrople mixmre ( 2, )
then fractional distillation gives pure 2™ component in the distillate and azeotropic
mixture in the residue. Complete separation is not possibie.

(in) If the liquid mixture is taken as that of azcotropic
composition, then it distills with same composition
and separation of any component is not possible.

(ki) If the liguid mixture comp”. ( 7, ) is taken greater than
nzeotropic comp’. (7, ) then by fractional distillation,
pure 1" component separates in the distillate and
azeotropic mixture in the residue.

This s due 10 the foct that azeotropic mixture is of huving

max™. BP and so Jeast volatile. " 3 =3 1

This muxture forms szeotrope with max™, BP, 108.6°C, ponl o

and composition 20.22% w/w HCI i H,0.

Any solution of HC! is boiled and residue ends with azeotrope. BP of HC1 is — 80"C.

In analytical work where very sccuracy is intended, standard solution are prepared by the

help of wrcotropy wherever it is possible. Thus in highly accurate analytical work |

wandard HCI solution is prepared by boiling HC end H;0 together il azeotrope residue
appears @t | atm pressure, Evaporation of this solution removes both the acid and water in
the sam¢ proportion and the solution retains i1 composition imoct.

Compaosition however can be changed by altering the pressure above the liquid. But

fluctuation in the atmospheric pressure, being usually small, have practically little effect

upon the azeotropic composition.

= :‘a

Polun
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Azeotropes
is not a true
compound

Azeotrope
mixture can

be separated

Azeotropes boils at a definite temperature and the liquid and vapor have identical

composition and this may appear that the azeotropes would be a true compound,

But this is not so, because

(i) the composition of constant boiling mixture depends on the pressure (P) over the
mixture. If P is changed, the comp”. of the mixture alters.

(ii) the comp". does not correspond to any stoichiometric ratio of the components.

(iii) there is no spectroscopic evidence of the formation of a compound between the

components.
The separation of the components in the azeotropic mixture is made
possible by any of the methods given below:

(1) by distillation with a third substance. For example, absolute alcohol can be
recovered by distilling rectified spirit (azeotrope) with benzene.

(2) by chemical reaction or absorption of one component from the azeotrope mixture.
For example, nitration will remove aromatic component from azeotrope mixture
with saturatad hydrocarbons, or lime may be used in removing water from rectified
spirit. %

(3) by solvent extraction, one component may be removed by adding suitable
immiscible solvent.
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Tur Fracuoxaning CoLuss

The process of fractional distilistion is extremely tedious and mvoives more
time and labour as the separation is carried out in batches and in a dis-
continnons magner. However, these difficalties can be overcome by employ-
ing o fractionsting column, which essentially carries the distillation in a
continuous munner, Figure 4.7.9 displays one such column commonly

oMacoier

Pressure  constant

i

vapour

» VAPOUS Com position

T g
h o “

-
prebeated
lsguid mixtare

")

v

liquid composition 7. y Y4

Terupernists c—a
b
o
ﬁ.’
~

al

To lo w liquid

. Purs
Mole (aci08 —
B 2 A

Hi>Ti>Ty>T,> T,
A SNSRI T 8 7,k - Schate of redistribution of constituents in te distilling colamn

Fig. 479 Bubble-cap istilling colurma

employed in industry, This is known as the bublVe-cap columm. Tt consing
of n Jong tube carrying a large sumber of bubble-cap plates and is attached
to & boiler at the bottom and to & condenser at the top. Each plate can
hold a thin layer of Kquid and has &n overflow mechanism hrough which
the excess liquid can pass to the plate just below it, It also has many bubble-
caps through which the vapour passes upward after bubbling through the
liquid. There is a temperature gradient slong the length of the columa, the
top being cooler than the bottos:, The various plates are thus sitoated at
different temperatures and alio hold the liquid at that temperature. The
principle of bubble-cup column can be jllustrated very vicely with the help
of emperature~composition dlsgram (Fig, 4.7, 10),

Let the liquid be boiled at the bottom, say at temperature 7o, The vapour
issuing has compositiop v, When this vapour is passed through the first
plate, it is cooled to tempersture 7y and thus ite state is moved 10 the point
«. At this siate, some of 1he vapour condenses to form liquid of composi-
tion /; and the remaining vapour bas composition #,. The liquid formed
contains more of the less volatile constitwent and thus the remaining vapour
has mors of the maore volatile constituent, Next, the vapour of compasition
7 Iz pessed through the second plate whose tempernture is 775 < 7)),
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Here the vapour is cooled to Tz and thus the state of system is moved from
v) to b. At this state, again part of the vapour is condensed to give liquid
of composition 2 and the remaining vapour has composition #2. Now the
vapour has become more enriched in the more volatile constituent. This
happens at every plate of the column as is also shown in Fig. 4.7.10. As
the vapour moves up the column, it is being cooled; this cooling condenses
the less volatile component preferentially, so that the vapour becomes
increasingly enriched in the more volatile component as it passes upward
from one plate to another. -
Similarly, as the liquid flows down, its temperature is increased and again
there is a redistribution of the constituents. For example, the liquid of com-
position 4 has flown from the plate 3 to plate 2. The liquid has been heated
from T3 to T, and thus the state of the system has moved from /5 to p’.
Thus part of the liquid vaporizes to yield vapour of composition v, contain-

ing more of the more volatile constituent. The resultant liquid bas a com-

position of /; and thus contains more of the less volatile constituent. This
happens at every plate of the column as shown in Fig. 4.7.10. As the liquid
.moves down the column, it is being heated; this heating vaporizes the more
volatile constituent preferentially, so that the liquid becomes increasing
enriched in the less volatile component as it moves downward from one
plate to another.

If sufficient number of plates are used, it is possible to separate the two
constituents of a binary liquid mixture; the more volatile constituent in the
vapour form is collected from the top of the distilling column and that of
lesser volatile constituent from the bottom of the column. The vapour from
the top of the column is fed into a condenser where it is liquified. Part of
this liquid is drawn off and the rest is returned to the column in order to
maintain the stock of essentially pure distillate on the upper plates. In order
to make the separation continuous, the preheated liquid mixture is intro-
duced somewhere within the column as shown in Fig. 4.7.9.

SoLVED NUMERICALS
1. Suppose that the vapour over an ideal solution contains n; mol of 1 and », mol of 2
and occupies a volume ¥ under the pressure p = py+py. If we define ¥} | = RT}p;

and V; ., = RT|p, then show that Raoult’s law implies that ¥V =mVy o +m Vo
The pressure p over a solution as calculated by making use of Raoult’s law is given

by Eq. (4.7.13), i.e.,
1 1 1 1
N Ta L G2 R
P p (l’l P2 )y,

Replacing p's in terms of ¥’s we get

A . .
V _‘V ,m (Vl,m V;.m) ( 1y )
(mAnORT ~ RT T\ RT ~RT ) \m+m

or V= ("1+"1)V;,m+"l(y;,m_yz..m)

or V= mV] +n¥;
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SOLID - LIQUID BOUILIBKNIM - WITE SIMPLE TATRCTIC POINT

annlysas
method

Cooling of
pure Bguid

and cooling
e curve

To study the two-component solid-Tiquid equil™, at constant
wmm.wcmnymnmh!hmlndyﬁimmod.lmhisundmimmudyﬂtmoﬁn;
rate curve (fempezuture-time curve]. The liquid is cooled and tempesature (1) at different
time (1) is noted. Finally T is plotted against
Firss, apure liguad (C = 1) is taken
und its T vs. { curve s drawn. A
Al the heginning, the liquid is at A. The system 1
is one component, T'he degree of freedom,
¥ = 1, as pressuee is fIxed.. T is variable and T
it fialls along AB with time,

At B, the Hiquid begins to freeze, solid separises,
[ becomes anc-component two-phase syssem.
F=0,T is not changed till solidification s complete a1 €. The entire mass becomes solid
at C and again F =1 50 T decreates With .

Cooling curve becomes differeat if two-component liquid mixture of o definite
composition is taken, The substances are completely soluble in the liquid staie,

P = fxed

A
Cooling of two coolmg of igud (F=2)
mascible liquids olidifivation starts (F = 1)
of a fixed #icaticn continues { F = 1) '
cion B 2nd corponent starts to soldify

ek R obyegim @ =0
cookng of salids (F~ 1

T

E

t —mmm

Let the ligusd solution is al A of a definite composition and coofed, the degree of

freedom, ¥ =2 + 1 = 2. Both T and composition arc independent variables.

At B, one component begins 1o solidify and it becomes rwo-component twiy-phise

system, F =22+ 1= 1. T and composition are inter-dependent. As one solid

separntes, composition of the solution is changed and so T is also changed. For a liquid

solution of definite composition, the T at which solid first appeard is fixed. This

temperiture is called ‘initial arrest’.

At C, another solid comes out and the system is a twee phasc one, F~2 -3+ 1 =0,

T and composition remains fixed and T doey not change with 1. This break point ut C is

called *fimnl amest’,

At D, entire liquid becomes solidifiedand it is two-phase solid system, F =2 -2+1 = 1

The system becomes univanant and 1 changes with L

1t shows that any break-point in the cooling curve means appearance of a new phase.
The above curve is drawn for o Tiguid mixture of & given composition.

Cooling curves for liguid mixtures of differcat composition can be drawn. If could be

scen that tempersmure for the initin) arest is different but tempemture of the final arrest

is sume for every mixture of different compositions.
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Oue particular curve of o definiie composition resembles that of pure liquid, This liquid
mixture is called evtectic mixture. It kas definite composition and definite tempernture
for solidification of both the substances together forming a solid solution.

Cooling curves of Bi — Cd system of solution of different composition are given here:
Feloam

P=lun Pelale

laate

" R t —
Cooling curves g IMCént e
of Bi—Cd
system of ooy y P\ wm
: °
compostions ]’ me 1aC I %
T T
T —— L=t O
TO%CAn B PUNCinE {punnCd)

Our next attempt is to draw the phase diagram by using the cooling curves
of Bi - Od system. Temperature of the initinl arrest and final arrest is plotted against the
composition at constant pressure (P), The following phase diagram is obtained.

Volstengagp Prlamg.)-»
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WadCd ————s

Three The points A und B represent the freezing points of pure Bi and pure Cd respectively
teths and O is the final arrest that represents the eutectic point of the system.
wopleths 8¢ g o] discuss the phase diagram by drawing three ivopleths [it is a vertical line of
discussed constunt overall compasition, meaning equal abundance ( Greek word)] — abede having
composition kess than , POQ egual to and &'d'¢'de’ greater than the cutectic mixture,
{n) abode is the isopleth of the system of composition less than that of the entectic
mixture (O),
The stade point ‘o' represents the liquid state of overall composition of the system.
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The liquid solution is cooled to reach the state point “b” when Bi starts to solidify
w::;::t“ (l"m).Tbesysummmxainsmophsm(F-l)andi(nmtluu‘ruui
m"m comp”, are inter-dependent.

Further cooling of the system, state point ‘¢” is reached. More of Bi solidifics.
The system becomes richer with Cd, FP decreases and solution comp”.
corresponds to 1"
As T is lowerad down, amount of solid Bi increases und conc. of solution
( % of Cd in Bi) increases, FP is also lowering down.
When the state point *d' i reached by further cooling, final arrest occurs und
(Bi - Cd) 1ogether with entectic comp”. begins o scparste as solid from the solution.
The system now contains solid Bi, solid (Bi-Cd) eutectic and liguid solution of
CdlnBlwi:hcoup'comspomﬁngwmwctkpoimOF =3 -3=0.
The system is invanant, bath T and comp®. are fixed and have definite value.
So. oahmhxcooﬂng.onlylhnmlmﬁmﬂuonﬂmﬂhml“'mmm
fixed comp”, (40 % Cd in Bi) corresponding to O, This T is called cutectic
temperuture and solidification of whole solution is complete at ‘d".
The point *d’ comes down to ‘¢’ which represents the two solid phases ( F = 1),
T lowers down on further cooling. ’

a—— ardy bad sedason of Cd m Bi with fixed overall composmion (F = 2)

description T b——Tahegnstorparnta(F=1)
of the
isopleth ¢ ——300d Bi and sohitioe of Cd = Hemn

equilhyouen with campoation o L.(F=1)

¢ — (C4-Bi) 30id of sutestic componiton beging 10 soarme
and continues 2o 1634 o contant T The system containe solid B, schid
eutectic (B:-Cd) and Sqad solubon of Cd in o with eusecne compontion (F =0)

= —— sobd Bi and zobd eutecac (Bi-CH(F = 1)

I of (b) Another isopleth, o'f'c’d’ represents hine of camp®. ( % of Cd in Bi) greater than

)mp'n".k:mr the cutectic mixture (point, O}. Same oceurrence happens with a difference that
et b’.mmﬂd&lbﬂﬁuwmwwtﬁambd‘ at which solid Bi-Cd of
outectic cutectic comp”. appears and F = 0.

(¢) The isopleth, POQ is st the cutectic composition, At P, the solution is in liguid
phuse and F = 2. When the solution is cooled, the state point ‘0" is reached, the
solution begins to solidify withs the comp®. of the solution. FP remains fixed.

g Since the hiquid phuse md solid phase have the sme comp®, F =3 <21 =0,
somp'. emnho (amother restriction for equal comp’. in bath the phases),

the eutectic When all the hiquid solidifics, furtber cooling is the lowering of tempersture of the
solid with cutectic comp”.
If the process is reversed, by uking solid of eutectic comp”, and T is raised, the
state point "Q' goes to O’ and the solid begins to liquefy with same comp® of the
solid, This sobid mixture has the lowest melting point and this is why It is called
cutcotic (casily melted). Further hesting, we get liquid of the state point *P*

In the similar munner, other two isopleths abede and «¥'cde could be reversed by

taking sohd Bi and Cd coresponding to the respective composition.
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Now, we moy consider the isothermal behavior of the system at 170°C
along the horizontal line hei) o
The point, ‘h* represents pure Bi at 170°C. Now, sufficient Cd is sdded to bring the
comp”. to the state point *¢’ This point lies in the region of solid Bi and solution of Cd
in Bi, therefore suhid Bi coexists with liquid solution of comp”. *i’. All the added ('d
melts and the molten Cd ‘enough of solid Bi 1o bring the liquid solution to the
comp”, “i'. The liver rule shows that the relative amount of liquid present at point " is
given by the rule
mass uf aolid Bi =l
mss of solution of CdinBi ch

On further addition of Cd, Cd continues to melt and disselves more of solid Bi and
forms the solution of same comp”, ‘1", This is due to degree of freedom, F = | and so at
the given T of 170°C, the comp”. of the solution remains unchanged.

The state point moves horizontally from "¢’ to “i', When the suste point reaches “i°,

sufficient Cd s added 1o dissolve all of orginal Bi present to form a ssturated solution

of Cd in Bi. '

Further addition uf Cd simply dilutes the solution. Amount of liquid Increases, state

point reaches 10 °j’, the initinl amrest point, when Cd starts to solidify from the melt,

Further addition of Cd does not produce any change. The state point meanwhile iwoves

[TRT

I we hiad reached * ¢’ * by suarting with pure Cd ot * J* (Le. pure Cd) and adding B,

N%Biwhwwwﬂwwwmmmwhmﬂnmhd‘

comp™. ‘}’

To conclude, the following points can be outtined *

(1) AXOA ares represents the system of solid Bi in equil™. with liquid whose comp”
lies on the curve AO,

(2) BYOB srca represents solid Cd in equil™. with liquid whose comp”, lies on the
curve BO.

(3} Along the line AO and BO, and within preas AXOA and BYOB, F=3-2=1
It means that for a given T, comp”. of liquid phase is fixed.

() A polnton XY, F =23+ | =0, indicating the presence of three phases except at
the point "0 at which the system contains two phases — one liguid phase and other
solid phase both with same compasition. This point i the eutectic point
corresponding to the lowest freezing point

{(5) AOB is called liguid curve above which only liquid phase is present,

{(6) XOY is called solid curve below which only solid phase is present.
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Answer of Calcutta University Questions on General Phase Equilibrium
CU’1990

Q4(a) Apply phase rule to determine the ‘degree of freedom’ for a binary alloy system at the ‘eutectic point’
and for a partially miscible pair at the ‘critical solution temperature.’ (m=5)
Ans. ThephaseruleisF =C — P + 2. It is the two-component two-phase system with solid
and liquid arein equil™. But at the eutectic point, both the phases are of same composition.
So, F=2-2+2-1=1. Butusualy the pressureis kept constant, soF=1-1=0.
Similarly, at the CST, the degree of freedom, F=2-2+2-1-1=0aspressureis kept
constant and both the conjugate solutions have same composition.

CU’1991

Q3(a) How many degrees of freedom are there in each of the following systems?
Suggest variables that could correspond to these degrees of freedom. (m=2x3)
(i) Liquid water with its vapor in equil™. at apressureof 1 atm. Ans.F=1-2+2-1=0.
(ii) 12 dispersed between liquid water and liquid CCls at 1atm. Ans. F=3-2+2-1-1=1 T isvariable.
(iii) NH4CI vapor in equil™. with NH3(g) and HCI(g). Ans. F=2-1+2=3.
T and mole fraction of any two components are variables.

CU’1992

Q5(a) Define number of components and degrees of freedom in connection with phase equil™. Show that

the greatest number of phases that can co-exist in equil™. in one component systemis three. (m=4)
Ans. Seethe note.

(b) Explain why a solution of NaCl in water has two components in spite of the fact that it has actually
three species.
Ans. It has 3 species H,O, Na" and Cl” but there is one restriction of electro-neutrality so, C=3-1=2.

(c) Isfour phase sulphur system possible? Compute the degree of freedom of three sulphur system. (m=4)
Ans. No. Inthat case F =— 1 whichisabsurd. For 3phase Ssystem, F=1-3+2=0.

(d) A mixture of water and nitrobenzene boils at 98.5°C under 1 atm pressure. The distillate collected after a

time shows that the water content to be 10.0 gm. What is the nitrobenzene content in the distillate?

(VP of water = 73.3 cm of Hg at 98.5°C, mol. wt. of nitrobenzene = 123). (m=4)
Ans. See note.
CU’1993
Q4(a) Calculate the degree of freedom for each of the following systems: (m=3)

(i) HCI(g) and NHs(g)are equil™. with NH4CI(s) when the equil™. is approached by starting with the two gases
only. Ans. Thereare 3 chemical constituents but one equil™. restriction. SoC=3-1=2and F=2.

(i) HCI(g) and NH3(g)are equil™. with NH4CI(s) when the equil™. is approached by starting with the solid.
Ans. Besides one equilm restriction, mole fraction of HCI(g) and NH3(g) are equal in the gas phase

so, C=3-1-1=1landF=1

(b) Derive Gibb’s phase rule. (m=6). Ans. Seethe note.

(c) What is consolute temperature? Can we have systems with (i) upper (ii) lower (iii) upper and lower
consolute temperatures? If so, give one example for each. (m=4)
Ans. When two partially miscible liquids are mixed with approx. equal amounts, two conjugate

solutions are formed. At the consolute temperature, both the conjugate solutions are completely
miscible. Yes. The examples are: (i) phenol — H2O (ii) Triethylamine— H,O (iii) nicotine— H-0O.
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CU’1994

Q5(b) What are meant by (i) atriple point and (ii) an eutectic point? How many triple points do you expect in
the sulphur system? (m=4)

Ans. For definition, see the note, page, 2 and 28. Four triple points (“C3 ) are possiblein the S-system.

(c) Discuss how the phase diagram of a binary alloy system may be constructed by thermal analysis. (m=7)
Ans. Seethe note.
CU’1995

Q3(a) Assuming the general thermodynamic condition of equil™. between different phases to hold, deduce the
relation between the number of phases, components and degrees of freedom for the cases of
C components distributed over P phases. (m = 6). Ans. Seethe note.
(b) What are meant by the upper and lower consolute temperatures? Illustrate with diagram. (m=5)

Ans. Draw thediagramof T vs. X, for nicotine - water system and define the two consolute

temperatures. Seethe note.
(c) Deduce thermodynamically Duhem — Margules equation. (m=5). Seethe note.

CU’1996

Q4(a) For the dissociating equil™. system, X(s) = Y(g) + Z(g), find out the number of phases, number of
components and number of degrees of freedom.
Obtain and explain the number of degrees of freedom at the triple point and normal freezing point of
water. (m=06)
Ans.C=3-1-1=1P=2andF=C-P+2=1-2+2=1. Seethenote.
F = 0at thetriple point and F = 1 at the normal freezing point of water. Seethe note, page 10.
(b) Explain ‘lever rule’ and its importance. (m= 2). Ans. See note.
(c) A mixture of quinoline and water boils at 98.9°C under a pressure of 740 mm of Hg. The ditillate
contains 78 gm quinoline and 1000 gm of water. The vapor pressure of quinoline at 98.9°C is 8 mm of
Hg. Calculate the molar mass of quinoline. (m=4) Ans. Seethe note.

CU’1997

Q4(a) Starting from the appropriate form of the Duhem — Margules equation, obtain Konowaloff’s rule and use
this to construct BP — composition curve to explain the distillation of binary liquid pairs with minimum
BP. What argument would you put forward to ascertain that azeotrope is a mixture and not a compound?
(3+3+1)

Ans. Start with Duhem — Margules equation, dinp, = din p, and arrive at f=% 1—£.§ .
dinx, dlInx, dx, dx Y, X
When miscible liquid pair is non-ideal with large (+)ve deviation, like a mixture of ethanol and
water, pressure (P) attains max™. value at a certainx, = X,, of the

T is fixed

solution and then, d% =0. So, 1—£.§ or, ﬁzi.
% Y. % X, Y

It means that the liquid composition (X /X, ) and

vapor composition ( Y,/ Y, ) areidentical when the mixture at this

composition ( X,, ) is distilled. The distillation occurs at constant 0
BP, if pressureis kept fixed and F = 0. This forms azeotropic mixture. ~ pure 2

pu}e 1

If this type of liquid mixtureis distilled at constant pressure of say at 1 atm, the BP isincreased as
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x, of the solution is decreased. When the liquid mixture attains the composition X, , it boils at

minimum temperature and liquid and vapor phase have identical composition.
See the BP vs. composition phase diagram for liquid mixture with minimum BP in the note.

Though azeotropic boils at constant T at fixed pressure with unchanged composition, it is not a
compound. If pressureis fixed at some other value, the composition of the azeotropic is changed.
If it would be a true compound, then with changing pressure, its compaosition would not be changed.
Thus it is not a compound but a mixture only.
(b) Depict, stating the salient features, the approximate phase diagram of nicotine — water system. (m=5)
Ans. Seethe note.
CU’1998

Q4(c) What is meant by upper critical solution temperature (UCST)? Draw aT — comp". diagram for a system
showing UCST. Apply phase ruleto find the number of degrees of freedom in the different regions of the
plot and explain theresult. (m = 6). Ans. Seethe note.

CU’1999

Q6(a) Define degrees of freedom and components in connection with phase equil™. Show that greatest number
of phases that can co-exist in one-component system is three. (m=3)
Ans. Seethe note.

(b) Derive the Gibb’s phase rule. (m = 5). Ans. Seethe note.
(c) Draw the phase diagram of carbon dioxide system. How does it differ from the water system?
What is dry ice? (m=6).
Ans. For the diagram, see the note, page 10. The difference from water system is that the triple point
pressure of CO; is greater than that 1 atm so, COx(s) sublimes if heated at 1 atm pressure.
Another differenceis that the melting curve is having (+)ve slope indicating that melting point of
COxy(s) isincreased with increase of pressure unlike water in which MP is decreased with increase
of pressure. For last part, see again the note

CU’2000
Q6(a) Draw the phase diagram (T vs. mole % of B) of a system consisting of solids A and B forming a stable
compound A2B with congruent melting point. Show the different phases present in the different regions
of the diagram. State the degrees of freedom at the eutectic point.
(Given: M.pt. of A.B < M.pt of A <M.pt of B). (m=6). Ans. Not included inthe BU syllabus.
CU’2001
Q2(b) Explain Konowaloft’s rule. (m=2) Ans. Seethe note.
CU’ 2002
Q2(c) Explain the phase diagram of a two-component liquid-liquid system — phenol, water system. (m=4).
Ans. Seethe note.
CU’2003
Q2(c) Sketch the phase diagram of a two-component solid, liquid system with a simple eutectic. Briefly explain

what happens when the state point moves down an isopleth (a straight line refl ecting the same comp™.)
from one phase region to a two phaseregion. (m=4). Ans. Seethe note.
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CU’2004

Q2(b) Water and phenol are partially miscible at 323K. When these two liquids are mixed at 323K and 1 atm
then at equilibrium one phaseis 89 % water by weight and the other is 37.5 % water by weight.
If 6.00 g of phenol and 4.00 g of water are mixed at 323K and 1 atm, find the mass of water and
the mass of phenol in each phase at equil™. (m=2)
Ans. Let total amount of the two phases in the system = 200 g out of which water = 89 +37.5=126.5¢g
and phenol =11 + 62.5 = 73.5 g. Now when 6 g phenol and 4 g water are added,
amount of water inthe 1% phase= 89, _, g1 andinthe 2" phase = 4.00-2.81=1.19¢g
126.

And the amount of phenol in the 1% phase = 7215 x6=0.898¢g

and in the 2" phase = 6.00 — 0.898 = 5.102 g.

CU’2005

Q2(b) Draw the phase diagrams for H2O and CO. systems. Indicate the differences between the two
diagrams. (m = 4). Ans. See CU’99, Q 6(c¢).

CU’2006

Q1(d) Draw the phase diagram (T vs. mole % of B) of a system containing of solid A and B forming a stable
compound A2B with congruent melting point. Show the different phases present in the different regions

of the diagram. State the degrees of freedom at eutectic point.
(Given, M. pt. of A,B ( M. pt. of A { M. pt. of B).

Preasure = constant at 1 atin B |
Ans. O = 1st Eutectic point , O’ = 2™ Eutectic point Te
Tﬂ "'éi T.:F
AO = Freezing point curve of liquid A A G
- 4B\ JEE*L
CO = Freezing point curve of A2B compound + L
L ORSAN AL o
T +L

CO' = Freezing point curve of A,B compound

0
A(s)+E £5B05) | pop
Erhde) g +IE:£:I:|I Bisi+Eqls)

mole ¥ of B ————

BO = Freezing point curve of liquid B

Degree of freedom at the Eutectic point,
F=C-P+ 1, (sincepressureis constant)
F=2-2 +1-1=0, ashoth liquid phase and solid phase have same composition.

2(b)(i) A mixture of quinoline and water (immiscible pair) boils at 98.9°C under a pressure of 740 mm of Hg.
The distillate contains 78 g quinoline and 1000 g water. The vapor pressure of quinoline at 98.9°C is

8 mm of Hg. Calculate the molar mass of quinoline. (4)
Ans. Seethetext.

2(c)(i) Find the degree of freedom at thetriple point of water (2). Ans. F=C-P+2=1-3+2=0.

(i) Starting from the approximate form of the Duhem — Margules equation, deduce Konowaloff’s rule and
discussits significance.  (4)
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Ans. Seethetext for derivation from Duhem — Margules equation.
Significance: (i) For ideal solution of two completely miscible liquids, each component can be
separated by fractional distillation.
(i) For non-ideal solution, the two components can not be separated.
At a certain composition, the solution forms azeotropic mixture and it distills with
equal compasition of distillate and residue.

CU’2007

1(d) Derive Duhem — Margules equation stating clearly the assumptions. Show that if Raoult’s law is applicable
to one of the constituents of a binary liquid mixture, at all compositions, it must be equally applicable to
the other constituent. (4 + 2)
Ans. The equation is applicable for both ideal binary liquid mixture and non-ideal binary liquid mixture.
The only assumption taken in the derivation is that the vapor over the liquid mixtureisideal.

2(e) Solid ‘X’ has m. pt. = 630°C and ‘Y’ has m. pt. = 346°C. X and Y exhibit a simple eutectic at 246°C with
eutectic composition being 30 weight % of X. Draw and explain the cooling curves of

(i) liquid having the eutectic composition and (ii) liquid having composition where the weight % of X = 50.
Find the degrees of freedom at the eutectic point.  (5)

Ans. (i)
f AB — cooling of liquid having composition.
At B, solidification of eutectic composition starts.

T pEls: BC — solidification continues.

T At C, solidification ends.

B c CD — cooling of solid of eutectic composition.
D
time — =,
(i)

Last part: At the eutectic point,

solidification starts and & separates as solid. I?:egrge 70fpf_[620id0m,

solidification of eutectic solid at 244°C. But Pressureis constant.

entectlc sclJ_.ldJ.ticatn:ln &S, So the reduced phase

ooling of sold. rule, F= C— P+1.

E C=2 P=2andthereis

- one restriction that solid
fne ——s and liquid have the same

compasition.
So, the degree of freedom at the eutectic pointis, F=2-2+1-1=0, invariant.
Both temperature of solidification (246°C) and composition (30% wt. of X.) remain fixed.

L cooling ot hgmd.
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CU’2008

1(b)(i) Sketch the phase diagram of water and mark the following in the diagram: Normal boiling point and
normal freezing point, triple point, critical point. (1+2)

Ans.
. (i) Find the number of degrees of freedom at the
o A freezing point and the triple point of water. (2)
Ligad (Ty Ans. At the freezing point of water, the degree
of freedom, F=C-P+2=1-2+2=2
At thetrjiple point of water, the degree of
. freedom, F=1-3+2=0.

1 atim
solid (3)
/ VAot (iii) How does the phase diagram of water differ

() fromthat of carbon dioxide? (1)
Ans. For carbon dioxide, thesolid [  liquid

equilibrium curve has (+)ve slope so the
with increase of pressure, the m. pt. of
r,r, T, I solid CO i increased.
T = But for water system, the above curve
nas (—)ve siope ana so witn increase of pressure, the m. pt. of solid water (ice) is decreased.

B

L

2(a) Inasinglediagram, draw the # — T plots for solid and liquid phases of (i) pure solvent and (ii) solvent in
solution. Mention the thermodynamic basis for the depression of freezing point.

Elevation of freezing point is observed sometime for some solutions — justify. (4 + 2)
Ans. Seethe answer of CU’2008, 2(a) in the chapter “Thermodynamics of Two — phase Equilibrium.”

2(c) 100 gm of a 1:1 (by weight) mixture of water and phenol is taken at 40°C. It shows two layers:
(i) phenol (9.2 %) in water and (i) water (35 %)in phenol. Find the amount of the two layers. Also mark

the above three % values of phenol (w/w) in proper T — weight % of phenol diagram. (2% +2%)

Ans.

F=latm ' .
2 According to the liver rule,
T Wy _ L oor, w, _50-92 =272
T I II woo w,  65-50
40°C W W But, w; +w, =100 gm, solving the two equations
"_‘E.l _};:f”—} i
we have,

w, =26.88gm and w, =73.12gm.

0% 5 295 50%6 65% 100%
Yo of pheno — =

CU’2009

1(a) Derive Duhem — Margules equation. (4) Ans. See the text or CU2007, 1(d).

2(d) What do you understand by Eutectic mixture? lllustrate it with a simple labeled phase diagram.  (4)
Ans. If the solid eutectic mixtureis heated at constant pressure, it melts at a temperature less than the m. pt.
of either of the two solid constituents and the melted liquid have the same composition of the solid.
The degree of freedom at the point, F = C — P+ 1, since pressure is kept constant.
It is atwo-component and two-phase system with the two phase have the same composition. So,
F=2-2+1-1=0, invariant
For labded diagram, see the text.
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CU2010
2(d) The question is given in the chapter “ Thermodynamics of Two — phase Equilibrium.”
CU2011

1(c) Draw labeled phase diagram for atwo — component solid — liquid equilibrium system and hence explain
what is meant by an eutectic mixture. (4)
Ans. Seethetext for two-components A and B in solid — liquid equilibrium.

2(c) What do you understand by an azeotrope? Calculate the degree of freedom for an azeotropein

atwo — component liquid — vapor equilibrium.

Ans. When two completely miscible liquids form a solution and this solution is vaporized with same
composition of liquid solution, it is called azeotrope mixture. These two components could not be
separated by fractional distillation as both distillate and residue have the same composition.

At the azeotrope mixture, the degree of freedom, F = C — P + 1, as the pressureis kept constant.
It is two-component two-phase system with both liquid and vapor has same composition.
Thisis another restriction, soF=2-2+1-1 =0, invariant.

2(d) Find out the number of components in the following chemical equilibrium,
CaCOs(s) =— Ca0(s) + CO(0)

“ Four phases of sulphur can not exist simultaneously at equilibrium.” — Justify. (2 + 2)

Ans. For the above equilibrium, there are 3 chemical constituents and one equilibrium restriction.
The number of components(C) = number of chemical constituents — number of restrictions=3-1=2.

For sulphur system, if there exist four phases at equilibrium, then the degree of freedom,
F=C-P+2=1-4+2=-1
But the degree of freedom of a system can never be negative.

Calcutta University, 2012

Q. 2(a): Derive Duhem-Margules equation stating clearly the assumptions. Show that if Raoult’s
law is applicable to one of the constituents of abinary liquid mixture at all compositions,
it must be equally applicableto the other constituents. (4+2)

Ans.  SeeC.U. 2007, Q. 1(d).

Q. 2(c): Draw the phase diagram for H-O system and find the number of degrees of freedom at the
triple point of water . (3+1)
Ans.  SeetheText.
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Answer to Burdwan University Questions on General Phase Equilibrium
BU2000

Q1(0) What condition must be satisfied for a binary liquid mixture to show azeotropism? (m=1).
Ans: The binary liquid mixture must behave as non-ideal solution with large (+)ve or (—)ve deviation

from Raoult’s law so that (57 j =0.
0X, N

Q5(e) Explain the principle behind steam distillation. (5)
Ans. Seethenote.

Q6(d)(i) Derive Gibbs phaserule, explaining clearly the termsinvolved. )
Ans. Seethe note.
BU’ 2001
Q1(c) Iz usually sublimes, but it can be melted. How? (@)

Ans. The vapor pressure of solid I, reaches the atmospheric pressure before it reaches its triple point, so
it sublimes. But if the external pressureis kept greater than its triple point pressure, it can be melted.

(n) How many phases and components are there in a closed vessel where the following equilibrium exists?
NH.Cl (s =— NHs (g) + HCI (g).
1)
Ans. It is atwo-phase system and the number of components (C) =3-1-1=1.
Thereis one equil ™. restriction and other is the equal conc. of NH3; and HCI in the gas phase.
(o) It is not possibleto get pure ethanol from 50% aqueous ethanol by distillation only. Why? (D)
Ans. If fractional distillation is done with 50% aqueous ethanol solution at 1 atm pressure, it separates
into pure water as residue and azeotrope in the distillate which contains 95.6% w/w ethanol
inwater.

Q2(f) All the four phases of sulphur can not co-exist in equilibrium. — Why? 2
Ans. ThephaserulestatesasF=C—P+ 2, but it is one component systemso C=1. ThusF=3 - P.
If P=4,thenF=3-4=-1, whichisnot possible as F can never be (—)ve. So four phases of
sulphur can not co-exist at equilibrium. B =1 atm
Ta
Q5(a) Explain with necessary diagrams, what is meant by eutectic point. T o Liguid T

Ans. The necessary phase diagram for a pair of solid-liquid equil™. \ [ o Ed R B
. T [Solid AN olid
isgiven here. |+ tiuid +Hequidd

z

Two liquids A and B are taken which are completely miscible sofia s O S ohdE
inliquid state. O paint is the eutectic point in the diagram. Foe ! st b etic
It means that if we take aliquid solution of A and B at C and T
cooled down, then it solidifies with same composition and at 0% ofB % ofB—  100% of B
lowest temperature. This mixtureis called eutectic mixture.

Again if wetake a solid solution of A and B with eutectic
composition, then it melts down at the lowest temperature.
Thisiswhy it is called eutectic and it means easy melting.
Thedegree of freedom, F=2 -2+ 1-1=0. It states that both T and composition are fixed at this
eutectic point if pressure is kept constant.

Q5(c) Draw the necessary vapor pressure — composition diagram and explain the formation of azeotropic
mixture of two liquids. (5)
Ans. Let thetwo miscible liquids 1, 2 arein equil™. with its vapors and
let theliquid 1 is more volatile than liquid 2, then

Answer to Univ. Questions on Thermodynamics of General Phase Equilibrium 38



Konowal off equation is Ll = %{1—£ .ﬁ

} . When miscibleliquid pair is non-ideal with large

dx - dx Y X
(+)ve deviation, pressure (P) attains maximum value at a certair T iz fixed
then, d% =0. So, 1- 8% or, AN
s Y. % X Y, :

It means that the liquid composition ( X, /X, )

and vapor composition (1, /Y, ) isidentical.

This forms azeotropic mixture. When T is constant, F =0
at the azeotropic point.

m—
£
£
;
/

I
pure 2
BU’2002

Q1(d) Find the maximum number of degrees of freedom of one component system. @
Ans. Thephaseruleis, F=C—P+ 2, but for one component system, C=1,s0F=3-P.
But for Fmax = 3 — Prin . AS, Pmin =1, S0 Fnax = 2

(e) Find the degree of freedom of an aqueous solution of sucrose and ribose. (m = 1)
Ans. The number of component, C = 3, number of phase, P = 1, degrees of freedom, F=3-1+2=4

Q6(b)(ii) Draw the phase diagram of water system and explain the slopes of various lines. 5)
Ans. Seethe note.

BU’2003

Q1(j) Find the number of components in the reaction mixture, CaCOs(s) ~—— Ca0(s) + CO(g).
1)
Ans. There are 3 chemical constituents but it has one equilibrium restrictionso, C= C' - r=3-1=2,

In the system, CaO and CO; are not in one phase so, Xcao(s) # Xco,(g) -

(n) Explain whether a pure system with 4 phases can co-exist. Q)
Ans. F=C-P+2or,P=C-F+2 For puresystem, C=1, soP=3-F. But, if P=4,then F=-1.
It is absurd so four phases of a pure system can not co-exist.

Q6(b) What are azeotropic mixture? Draw the BP — compoasition diagram for such a system and explain the
results of distillation by taking solution with conc. (i) lower (ii) higher (iii) equal in relation to the
azeotropic conc. What should be degree of freedom of an azeotrope and why? (20)
Ans. Azeotrapic mixture is a complete miscible liquid pair which boils at constant temperature with

unchanged composition. (m=1)

The diagramis given here ] F=1am e er

1% liquid is considered more volatile B T fs_ﬂmxx

than the 2" liquid. NN b AN

In both the cases, M indicates azeotropic gy A T I T¢
point. The composition corresponding baud BEl pwd !

to M is the azeotropic composition. f— | i g —
1st figure is for non-ideal solution with (pare 2 © lpare LY {paire 2 © e |3

large (+)ve deviation and the azeotropic
solution boils at minimum temperature. 2™ figure is for non-ideal solution with large (—)ve
deviation and the azeotropic mixture boils at maximum temperature.(m = 2)
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(i) When the conc. is lower than the azeotropic composition, after distillation the distillate contains

the azeotropic mixture and residue contains pure 2™ liquid for the 1% type liquid mixture.
But for the 2™ type liquid mixture, distillate contains pure 2™ liquid while residue contains
azeotrope. (m=2)

(if) When conc. is higher than azeotropic composition, in 1% type liquid mixture contains distillate
azeotrope but residue contains pure 1% liquid. (m= 2)
For 2™ type liquid mixture, distillate contains pure 1% liquid and residue contains azeotrope.

(iii) In this case liquid mixture boils with unchanged composition and both distillate and residue
have same composition equal to azeotrope. Both types of liquid mixture behave same way. (D

If Pis kept constant, the reduced phaseruleisF=C-P+2-1=C—-P+1.

At the azeotrope, C = 2, P =2 and there is one restriction of being both phases have identical

compasition. SoF=2-2+1-1=0.
That is at constant P, both BP and composition are fixed. 2
BU 2004
Q1(g) Write the number of components at equil™. in PCls decomposition. Q)

Ans. The equilibrium is PCls(g) — PCl3(g) + Cl2(g). It has three chemical constituents and two
restrictions
— one for equil™. and other for equal conc. of PCl; and Cl; inthe gasphase. SoC=C'—r=3-2=1
Thus it is one-component system provided PCls or Cl- is not added from outside.

(u) How many phases can generally exist for one-component system at STP? @
Ans. F=C-P+2 ButatSTP, Tand ParefixedsoF=C-P+2-2=C-P.ButC=1s0F=1-P.
o,P=1-F.WhenFnuin =0s0P =1. One component system can exist in only one phase at STP.

(V) What is meant by “critical solution temperature’? (@)
Ans. When mixture of two partially miscible liquids is taken, we have P = const
two conjugate solutions of different composition. But at CST, two l-phasiu-:
conjugate solutions becomes identical in composition. Above CST, caTh - - -
the two partially miscible liquids are completely miscible at any 1 /\
composition. The degree of freedom at CST = 0 when P is kept T z-prlmsic

constant, both T and composition of the solution are fixed. ,
%% of solution —

BU’2005

Q1(w) What is the degree of freedom of an unsaturated agueous solution of sucrose kept in as open beaker.
Ans.C=2,P=1andpressureisconstant at 1 atm. SoF=C-P+2=2-1+2-1=2 (D)

(x) Cite an example of a binary liquid system have two critical solution temperatures. (m=1)
Ans. Nicotine-water system. It has one upper CST and other lower CST.

(y) How can water- ethanol azeotropism be avoided in purifying ethanol? (D)
Ans. The above azeotropism can be avoided by distillation with a third substance like benzene.
The pure ethanal is thus obtained by destroying the azeotropism.

BU’2006
QL(i) What is the number of degrees of freedom (in the context of phaserule) of a gas mixture containing

Nz, He O, and COy? (m = 1)
Ans. It is four-component one phase system, So, F=C-P+2=4-1+2=5,
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(0) Define ‘upper critical solution temperature’ of a binary liquid system. 1)
Ans. It is the temperature above which the two partially miscible liquids become completely miscible.

Q5(d) Discus the miscibility phase diagram of phenol — water system. What is the number of degrees of
freedom of the system at the critical solution temperature (the experiment is carried out in an open hard
glasstest tube)? (m=15)

Ans. For the diagram, seethe note.
At the CST, the system contains two components and two phases but one restriction is that both the
phases have equal composition. Since the experiment is done in open air so pressureis constant at
1atm. Thereduced phaseruleisF=C-P+2-1=C-P+land F=2-2+1-1=0.

Q6(d)(i) Define the terms: phase, number of components and degree of freedom. (©))
Ans. Seethe note.
(ii) Derive Gibbs phase rule relating these parameters. (m =5). Ans. Seethe note.
(iii) In two separate sealed vessels (1) NH4CI(s) and (1) a mixture of NH4CI(s) and HCI(g) are taken and
heated to attain equil™. Giving reasons find out the number of components in each case. 2
Ans. (1) C =1, NH4CI(s) dissociates as NH4CI(s) — NHs(g) + HCI(g). Though it has
3 chemical constituents but there are 2 restrictions due to one equil™. condition and the other
equimolar conc. of NH3(g) and HCI(g) inthegasphase. SoC=C' —r=3-2=1.
(I1) C =2 asthe product conc. are not equal so only onerestriction exisssandC=3-1=2.
BU’2007 (New regulation)

Q1(c) What is meant by triple point of water? Why it is different from the normal melting point of ice? 2
Ans. At thetriple point of water, three phases — solid liquid and vapor of water co-exist at equil ™.
and so F = 0. At this point both temperature and pressure are fixed.
But at the normal melting point ice, two phases- solid and liquid phases of water co-exist at equil™.
so F = 1 and the normal melting point remains constant so long pressureis at 1 atm.
(d) Definethe terms in context with phaserule: (i) number of components, (ii) degrees of freedom. 2
Ans. Seethe note
(h) Sketch the degrees of freedom in each of the following systems. In each case state briefly the basic of
your result. (i) An azeotropein abinary system. (ii) A eutectic mixture in a binary system . (2
() In an azeotrope, the system contains two components in two phases — liquid and vapor with same
composition. Thus the degree of freedom, F=C-P+2=2-2+2-1=1.
But usually pressureis kept constant then F=1-1=0. That is, the systemisinvariant.
(ii) At the eutectic mixture, the system contains two components in two phases — solid and liquid with same
composition. Thus the degree of freedom, F=C-P+2=2-2+2-1=1.
But if pressureis kept constant then F =1 - 1=0. That is, the system isinvariant.

Q2(e) Draw the temperature — composition (mole fraction) curve of a system of two partially miscible liquids,
for example phenol and water.

From the diagram show the points of composition of the two phases and hence draw an expression of the
ratio of the moles in the two phases.
Isthere any effect of addition of alittle NaCl to the system? (2+2+1+1=6)
Ans. 1% part: Draw the phase diagram of phenol — water system. — See the note.
2" part: Usethe Liver ruleto find the ratio of moles of the two phases in the horizontal line drawn.
3" part: CST isincreased as NaCl is soluble only in water and not in phenol.

BU’2008
Q1(d) lodine sublimes usually. Explain the situation under which it can be made to melt. ()]
Ans. Triple point of pressure of iodineis 1.06 atm so |(S) goes to vapor directly when heated at 1 atm.
But if the pressure over 15(s) is kept above its triple point pressure, it meltsinto I2(1).
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Q10(a)(i) Triple point of water system is invariant. — Justify . (2
Ans. At the triple point, water remains in three phases — solid, liquid and vapor at equil™.
Thatis,C=1,P=3s0, F=C-P+2=1-3+2=0,i.e thesystem isinvariant.
(i1) Calculate in each of the following examples, the number of phases, components and degrees of
freedom: (m) CaCOx(9) S Ca0(s) + CO2A(g) (n) NH4CI(s) S NHs(g) + HCI(g). (3+3)

Ans.(mC=2P=3andF=2-3+2=1 (n)C=1,P=2andF=1-2+2=1.—See note.

(b) Criticize or justify: A eutectic has a definite compasition and a sharp melting point, yet it isnot a

compound. (m = 2)

Ans. When pressureis kept constant, a eutectic isinvariant so it has definite composition and it melts a
definite temperature. As pressureis kept constant, the reduced phaseruleis, F=C-P + 1.
SoF=2-2+1-1=0ashoth solid and liquid at this eutectic point has same composition.
Instead, it is not a compound as, if pressure is changed; the composition of the eutectic is changed.
Thus, it is not a compound but a mixture only.

BU’2009

Q1(c) Definetriple point. 2
Ans. When three phases of one component system co-exist, it is called triple point of the system.

(g) What is meant by critical solution temperature? 2
Ans. When two partially miscible liquids are mixed up, two conjugate solutions are formed. But at the
CST, both the conjugate solutions are completely miscible forming one phase.
Thus CST is the temperature above which the conjugate solutions of two partially miscible liquids
are completely miscible.

Q9(i) Derivethe Gibbs phase rule, explaining all the termsinvolved. (5)
Ans. Seethe note.
(iii) Aniline-water mixture boils at 371.4K and latm. At thistemperature, vapor pressure of anilineis 42 mm
of Hg. If the mass ratio of anilineto water in the distillateis 0.13, calculate the molar mass of aniline.

Ans. The vapor pressure of water at this temperatureis 760 — 42 = 718 mm of Hg. (5)
The principle of steam digtillation is given as,
0 0
&O _WxM, o, M, = Mlxﬂox% = 18gmmol * x 718mm><0.13 =40 gm mol ™.
p, W,xM,; p, w 42mm
BU, 2010

Q1(e) Calculate the number of components for (i) a system containing calcium carbonate at a higher
temperature and (ii) a dilute solution of sugar. 2
Ans. (i) Calcium carbonate at high T remains in equil™. as CaCOsx(S) — Ca0(s) + CO(0).
The number of components, C = 2 asthereis one equil™. restriction.
(i) The number of components, C = 2.

Q9(d) Mention two azeotropic solutions having maximum and minimum boiling points. (2
Ans. 20.22% hydrochloric acid in water has maximum BP of 108.6° and 96.8% ethyl alcohol in water
has minimum BP of 78.5°C.
Q10(b) Provethat the chemical potential of a component in every phase must be equal at equilibrium. 4
Ans. Seethe note, page 4. Modify the last paragraph as. The above criterion of a substance present in
two phases in equil™. may be generalized for a system containing more than two phases.
If aclosed system at agiven T and P contains one-component in different phases such as

a, B,y -aequil™ then pf =pf =p =......
That is, if the system remains in equilibrium, the chemical potential of the substance must have
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the same valuein each phasein which it exists.
BU, 2011

1(f) Calculate the number of phases, the number of components and number of degrees of freedom for a
eutectic mixturein a binary system. 2
Ans. In the eutectic mixture of a binary system, there are two components, and two phases — solid and

liquid both having the same composition. Thus, C = 2, P = 2 and the degree of freedom,
F=C-P+1, sincethe pressureis constant.
Again, there is one restriction as the two phases have the same compasition. So, F=2-2+1-1=0.

2(e)(i) Draw the phase diagram of water system and explain the slopes of various curves. 4
Ans. Seethetext for the diagram and the slopes of various curves.

(ii) Criticize or justify: “A eutectic has a definite composition and a sharp melting point, yet it is not a
compound.” 2
Ans. The eutectic mixture has degree of freedom zero when pressure is kept constant. The solid eutectic

mixture thus has a sharp fixed melting point like a compound.
But the eutectic solid is not a compound as, if pressure is changed, the solid has different
composition. Further, spectroscopic data shows that it is not a compound but a mixture.

3(d)(ii) What is steam distillation? Aniline — water mixture boils at 371.4K and 1 atm. At this temperature,
vapor pressure of anilineis 42 mm of Hg. If the mass ratio of anilineto water in the distillate is 0.13,
calculate the molar mass of aniline. (5)
Ans. When a completely immiscible liquid of high BP istaken in water and is distilled, it boils at a
temperature near the BP of water. The distillate contains immiscible liquid and water. Thisis
called steam distillation.
This method is widely used to purify the aliquid which is not miscible with water. It is specially
used for theliquid when it is distilled alone and decomposed at this high BP.

Solution: Steam distillation relation is, Weight of aniline _ vapor pressureof anilinex molar massof aniline |

weight of water vapor pressureof water x molar mass of water
42 mmof Hgx mol.wt.of aniline
(760—42) mmof Hgx18gmol ™

Solving the equation we get, mol. wt. of aniline= 40 g mol™.
[Thewt. ratio is probably given wrong, it should be 0.3 and the mol. wt. of aniline then is 93]

Putting the data given, 0.13=

BU, 2012
2(b)(i) Thefollowing is the miscibility (phase) diagram of phenol water system. F = constant
What happens when two vigorously stirred solutions | and |1, containing T
X% and y % of phenol respectively at 323 K are allowed to settle T /\
at that temperature? 4 e
Ans. The mixed up solution will form two conjugate solutions of ‘a’ %
phenol and ‘b’% phenol respectively. 2 T ¥ b
¥ of pheno]l —=

The solution | contains X gm phenol and (100 — X) gm water, and solution Il contains y gm
phenol and (100 — y ) gm water.

When the two solutions are mixed, the total phenol content = (X +y ) gm

(x+Y) ><100=(X+y).

and water = 200— (X + Yy )gm. Total % of phenol in the system
{200—(x+y)}+(x+y) 2
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Theamount of the two conjugate solutions can be obtained from the Liver rule.
Ratio of the amount of the two conjugate solutions are given by

_Xty
wt.of first phase 2
wt. of second phase (x+y_aj
2

2(b)(ii) When heated under an inverted funnel, iodine sublimes; but it melts when heated under a covered
container. — Why? 2
Ans. When iodineis heated under an inverted funnel meansthat it is heated under atmospheric pressure
and the triple point pressure of iodineis greater than 1 atm so it sublimes and fails to melt..
But wheniit is heated under a covered container, the vapor pressure of iodine exceeds thetriple
point pressure and it melts.

3(b)(i) “A pair of completely miscible liquids A and B can not show azeotropism if they obey Raoult’s law
throughout the entire range of mole fraction.” — Justify or criticize. How can you prepare a primary
standard solution of HCI by utilizing the phenomenon of azeotropism? Draw schematically the
necessary experimental set up for this purpose and explain. 9)
Ans. When the liquids A and B in the solution obeys Raoult’s law, p, = px X, and

Ps = P2 Xs = P2(1—X,) = pg — po x, and thetotal vapor pressure, P= p, + p; = P3 X, + Ps — P2 X,
or, P=p5+(PR—P5)Xs-
If theliquid A is more volatile than A, then pg ( P( p. B
Thus at any composition of the solution, the vapor is always rich VF /
with more volatile component, A and the liquid is rich with less EN

volatile component, B.

Both liquid and vapor will never have same composition and
so azeotropism will not arise for the liquids that obey Raoult’s law. 0 N 5 1
A

T T = constant

2nd part: Solution of HCI and water forms non-ideal solution with negative deviation and so
it behaves as azeotropism at a certain composition of the solution. This azeotropic
mixture of HCl and water will keep same compasition both in the liquid phase and vapor
phase. Therefore, dueto vaporization of the solution there will be no change in the conc.
and the solution can be used to prepare standard solution of HCI in water.

3" part: Any solution of HCI in water is boiled, the residue ends with azeotropic mixture and its
experimental set up isvery easy.

BU, 2013

1(c) Four phases of any one component system cannot coexist in equilibrium. — Criticize or justify. 2
Ans. Thephaserule states, F=C — P + 2, for one component system, C = 1, so the rule becomes
F=1-P+2o0r,P=3-F, for Pmaximum, Fis minimum and it is zero.
Putting, we get maximum number of phases that can coexist is, P=3.

(g) Evaporation of solvent from the surface of a saturated KCl solution at room temperature does not change
the concentration of the solution. Explain why? 2
Ans. Saturated solution of KCI is two-component two-phase system, so C = 2 and P = 2 and the phaseruleis
F=2-2+2=2, butif pressure and temperature are kept constant, then F = 0.
The system becomes invariant. and concentration remains unchanged.
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2(e)(i)

ANS.

(

An

Q3(d)

Ans

(ii
At

Define fractional distillation. Discuss the principle of fractional distillation from boiling point
composition curve for a completely miscible binary liquid mixture.

When a completely miscible binary liquid

mixtureis partially distilled, the distillate is richer with more volatile component and theresidue is rich
in less volatile component. Repeated distillation with the distillate and residue may be used to separate
the two components from the mixture. This processiis called fractional distillation.

This repeated distillation is done in fractionating column The components in the mixture are
separated according to their different boiling points. Vapors from the boiling mixture are
passed along a column. The temperature of the column gradually decreases along its length.
Components with a higher BP condense on the column and return to the solution; components
with alower BP pass through the column and are collected.

(1+3=4)

Threetypes of BP vs. composition curves can be drawn for the mixture forming (i) ideal solution

(i) non-ideal solution with large positive deviation and (iii) non-ideal solution with large negative
deviation. For case (i) both components can be completely separated, for (ii) distillate contains
azeotropic mixture which is constant boiling liquid mixture and the distillate contains any one pure
liquid depending the initial composition of the liquid mixture. For (iii), distillate contains azeotropic
mixture and the distillate contains any one pure liquid depending theinitial composition of the liquid
mixture.
The BP vs. composition curves are shown below:

Seethetext for showing fractional distillation in the curves, (i), (ii) and (iii).

_ P=1atm
P=1atm T P=1am vapor
vapor Vapor T i
Ty . 2 |
| 1 1 .
T oy TT EP . T ! Ty
BP| tfiquid Lo ! BP liquid !
0 S 1 0 X]— 1 0 — 1
(pure2) (pure 1) (pure 2) (pure 1) (pure 2) = (pure 1)
(1) (i1} (ii1)
Phaserule, F= C - P+ 2, isvalid even if some of the components may not be present in all the
phases. — Comment. 2
S. The statement is true.
(i) Draw the phase diagram for the water system and explain the various lines. Calculate degree of
freedom at the triple point. (6)

5. Seethetext. The degree of freedom at thetriple point is 0.

) What are azeotropes ? Can they be regarded as true chemical compounds ? Justify your answer. (1+2)

ns. Seethe BU, 2003, Q 6 (b)
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