SOLUTIONS & COLLIGATIVE PROPERTIES
Solution:

A solution is a homogenous mixture of two or more chemically non-reacting substances
existing in one or more states in which each of them loses their individual identity.

In solutions the component present in relatively small amount is called the solute and that
present in relatively large amount is called the solvent. Thus, we have —

Solution = Solvent + Solute

In solution, solvent or solute may be solids, liquids or gases and depending upon the nature
of solvent, three main types of solutions are possible —

0,, C0,, etc. (solute) and N, (Solvent).

The following 9- types of solutions are possible with above three types of solvent —

Type Solute in Solvent | Examples
Solid Solutions Solid in solid Brass (1 Zn + 4 Cu) alloy
Liquid in solid Hg in Na (Sodium amalgam); H,0 in CuS0,.5 H,0
Gas in solid crystals
Hydrogen gas in spongy Palladium metal
Liquid Solutions Solid in liquid Sugar in water
Liquid in liquid Ethanol in water
Gas in liquid CO0, gas in water (soda water: cold drinks)
Gaseous Solutions | Solid in gas Smoke (C- particles in air)
Liquid in gas Moisture (water vapour in air)
Gas in gas Air (0,5, CO,, etc. (solute) and N,); not perfect solution

The concentration of a solution represents the quantity of solute in a given quantity of solvent
or solution. The concentrations of solutions are expressed in different units. Generally following units
are used —

(n,) to the total number of moles (n) in the solution. Thus —

n n
Mole fraction of Solvent, y; = 1 1 Mole,n =
n,+n, n

w (mass of the substance)

M (Molar mass of the substance)

. Ny Ny
Mole fraction of Solute, y, = =—
n, +n, n




Such that —

Some other units used to express concentrations are —

For example: 1F NacCl solution = 1 g formula mass of NaCl/ L = 58.5 g of NaCl/ L

Generally, if ‘a’ gram of a solute of formula mass ‘F’ dissolved in ‘b’ mL of solution, then
the solution so formed has the strength —

) a 1000
Formallty=Fx p (F)

Mass of the Substance o 1000
Formula Mass of the Substance Vol of Solin cc (mlL)

or Formality =

(F)

Mass of the Solute

— 6
Mass of the Solution

ppm

Percentage (%) concentration may be —

M Mass of the Solute
a) Mass to Mass Percentage( /m) = Vass of the Solution x 100

For example, 5% (M/m) solutionof NaCl = 5g NaCl in 100 mL solution

M Mass of the Solutein g
b) Mass to Volume Percentage( /V) = Yass of the Solution in mL x 100

For example, 5% (M/V) solution of NaCl = 5g NaCl in 95 g water (solvent)

v Volume of Solute in mL
¢) Volume to Volume Percentage( /V) = Volume of the Solution inmL x 100

v Volume of Solute in mL
d) Volume to Mass Percentage( /M) = Yass of the Solution in g x 100

Calculate —

a) Mole-fraction,
b) Molality and
c¢) Molarity of EtOH in the solution. Note :

— Solvent
2 — Solute

= 20 g Ethanol (EtOH) presentin 100 g solution

Therefore, mass of water = 80 g



= Moles of water, n; = 80/18 = 4.44 mol,

And, moles of ethanol, n, = 20/46 = 0.4348 mol,

Now, (a) Mole-fraction of ethanol —

. a 1000
xo = —2 Molality (m) = 2 x — 1990 _
ny + 1y M b(in gram)
B 0.4348 — 0.0897
444 +04348
[Therefore, mole-fraction of water, y, = 1 — 0.0897 = 0.9103]
(b) Molality of the 20 % EtOH solution is — ‘D _m
—20x1000—5435 i.e.5.435 mol kg™t
=76% 80 = > m (i.e.5. molkg™)

(©) Vol the soluti (b)_m_100x10_3kg_100
c olume Of e solution = D = 0966 kg dm=3 = 966

L[+ L=dm3]

. a 1000 a D, W
~ Molarity = i X m =¥ X Vol of solutionin L
—20>< 00¢ =42M (i.e.4.2mol L™1)
=26 X100/966 ~ i.e.4.2mo

1 atm pressure. Find the mole-fraction, the molar concentration and molality (m) of the solute.
(Given relative atomic mass of Ag = 108 )

= 12 g Silver nitrate (AgN03) present in 100 g solution

Therefore, mass of water present = 88 g

» Moles of water, ny,o = 88/18 = 4.889 mol,

And, moles of AgN O3, Nagno, = 12/170 = 0.0706 mol,

Now, mole-fraction of AgNO3; —
py _ Nagno,g
AgNOs Ny,0 T Nagno,

B 0.0706
~4.889 + 0.0706

= 0.0142

[Therefore, mole-fraction of water, y; = 1 — 0.0142 = 0.9858]

Hence —
Molar concentration, ¢ = mol L1

0.0706 mol

_ _ -4 -3
= 100g =7.822 X 107" mol cm
1.1080 g cm™3




=7.822 x 10°molm~3[1 cm = 10™%m; 1m3 = 1000 L

=7.822%x 10" 'moldm™3

Finally —
olariey = &5 1000
= — X —
0N = U * b(inmL)

- x1000—08021M(' 0.8021 mol L™1)
=170 8g — * i.e.0. mo

Expressed by the term Solubility Coefficient —

Solubility coefficient is defined as the volume of the gas dissolved by the unit volume of the
liquid solvent. It is important to note that the volume of the dissolved is determined at the temperature
and pressure at which the measurement of solubility is made.

Following are the factors that affect the Solubility of a gas in a Liquid —

1) Nature of the gas and solvent: Gases which can be liquefied (e. g. CO,, NHs, HCL,
etc.) more easily are more soluble in common solvents, Again, chemical similarity
between the gas and the solvent results greater solubility (like dissolves like).

2) Effect of Temperature: At constant pressure, the solubility of a decrease with the
rise in temperature (as exothermic process).

3) Effect of Pressure: Pressure has a remarkable effect on the solubility of gases. The

effect of pressure on the solubility of gases is well explained by Henry’s law.

Effect of Pressure on Solubility: Henrys law

With the increase in pressure, solubility of a gas in liquid also increases and the quantitative
effect of pressure of a gas is found by Henrys law, which states that —

“The mass of a gas dissolved per unit volume of a liquid solvent is proportional to the
pressure of the gas in equilibrium with the solution at constant temperature.”

Thus, if ‘w’ gram of a gas dissolved in ‘M’ gram of a liquid at pressure ‘p’, at constant
temperature, then according to Henrys law —

Woc
M p

or X2 X p

EQ™ Pressure

> x2=kyp

lubili
Yo =kyp - (1) Solubility

Where: ky = 1/k' is called the Henrys law constant, whose magnitude depends on —
H



1. The nature of the gas,
2. Solvent and
3. The unit of pressure.

Equation (1) is an equation of straight line passing through origin. Thus, a plot of the
solubility of the gas versus the equilibriumpressure at a given temperature gives a straight line
passing through origin as shown in the figure. This shows the validity of Henrys law.

Henrys law is valid only for dilute solution and especially for ideal gases. For real gases, the
law holds if—

1. The pressure is low, at high pressure the law becomes less probable, and the
proportionality constant shows a considerable variation,

2. The temperature is not too low,

3. The dissolved gas neither reacts with the solvent nor dissociates or associates in the
solvent, and

4. The solubility of the gas is low.

Dilute Solution:

Definition: A solution is said to a dilute solution if the number of solute present in the
solution is relatively lower than the solvent present in the solution by volume. (n; > n,)

Binary Solution: A solution having only two components viz. solvent and solute is called a
binary solution.

volatile solvent

Ideal Solution: An ideal solution is defined as the solution in which there is complete
uniformity in cohesive forces i.e. the solute-solute; solvent-solvent and solute-solvent interactions are
identical in an ideal solution. Thus, if there are two components A & B, forming an ideal solution, then
the intermolecular forces between A — A,A — B & B — B are essentially equal.

Characteristics of an Ideal Solution —
An ideal solution possesses the following characteristics —

1) There should not be any evolution or absorption of heat during mixing of two pure
components, i.e.AHy,;, = 0,

2) There should not be any change in volume during mixing of two pure components,
i.e.AVpyi = 0, and

3) An ideal solution must obey Raoults&Henrys law over the whole range of
concentration.

Examples of Ideal Solution —

1) C,H,Br &C,H,Cl
2) C6H14&C7H16
3) CoHe&CqHsCHs



4) CCl&Sicly,, etc.
Ideally Dilute Solution: An ideally dilute solution is solution for which —

1) Solvent obeys Raoults law and
2) Solute obeys Henrys law over the whole range of concentration of the solution

Raoults Law:
[Ideal solution of non-volatile solute in volatile solvent and Raoults law]

We know that the vapour pressure of a pure
solvent is always greater than that the vapour pressure of
the solution (p), formed by mixing a non-volatile solute. Py

Ideal Solution

&
~
~
N
N
~
~
N
~
~
~
N
~

Real Solution ™~ _

Thus, if p? = VP of the pure solvent and

p = VP of the solution of non-volatile solute in
volatile solvent, then —
p? >p

. X2=0 X2 =1
Thus, the plot of p? vs x,, the mole fraction of the 2 Ve 2
. . . . . . x=1 x1=0
solute in the solution will be a straight line for an ideal
solution, as shown in the figure. And, the equation for the ideal solution will be —

p=pi —pixly =mx+c]
= (1= x2)p? = 1Pl xa +x2 = 11
Thus, P X )
Here, “y,’ is the mole-fraction of the solvent.

Thus, the vapour pressure of a solution of a non-volatile solute in a volatile solvent is equal to
the product of the vapour pressure of the pure solvent and the mole fraction of the solvent in the

solution. This is known as the Raoults law.

Actually, an ideal solution is the one, which obey Raoults law over the whole range of conc.
A real solutionbehaves ideally when it obeys Raoults law at low concentration of the solution with
x2 — 0.

Relation between Raoults law and Henrys law:
Raoults law may be regarded as a special case of Henrys law. From Henrys law —
P2 = kux: - (1)
p2 —Pressure of the gas, the solute dissolved

In the case when Henrys law is applicable over the whole range of concentration i.e. for an
infinitely dilute solution (y, — 0, pure solvent) to the liquid solute (y, — 1, pure solvent) then p,
would become the vapour pressure of the pure solvent, hence —

p? = ky - (2)

From equation (1) and (2) —
P2 = Pax2



This expression is identical with the Raoults law, for a volatile solute. All systems, which
obey Raoults law, must satisfy Henrys law, but the reverse will only true if Henrys law applies over
the whole range of concentration.

p=kux,

Again —

X2 = nq + n,

2x107%/ I
= . iglg_io =1.29 X 1075
/18 x 103+ /28 x 10-3
Here,p = 1 atm
1atm
s ky =2 = 7.7 x 10* atm

Ya 129x10°5

_P
X2 Ky
20atm _ _ 437 x 1076
= = = 4,
X2 = 458 % 10* atm
Now —
R~ n, +ny
n
=437 x 1076 = 2

"~ 1/(18 x 1073) + n,
>n, =243 x 1074
~ Amount of 0, dissolved = 2.43 X 10™* x 32 x 1073 kg

=7.78 X 10~ kg

_P
X2 ks

190 mm

=337x107 > 7P X 107°

= X2

Again —
)

Xz_nl +n,



n;
=2575x1070 = ——
1000/18 + n,

= n, = 3.194 X 107* mol/1000 g of water
~» Amount of 0, dissolved = 3.194 X 10™* x 32 kg
=1.03 x 1072 g/1000 g of water

. 1.03 x 1072
~ Solubility of 0, = 1000 x 100

3 9
=1. 1073 ——
03 x10 1000gofwater

<~ EXPRESSION FOR CHEMICAL POTENTIAL OF THE
SOLVENT IN AN IDEAL BINARY SOLUTION :

As the solution of a non-volatile solute is in equilibrium with vapour, the chemical potential
of the solvent have the same value as in the solution and in the vapour. Therefore, —

Wig = Hyap - (1)

Here, tuiq = Chemical potential of the solvent in the solution and
Ivap = Chemical potential in the vapour state

Assuming that the vapour behaves ideally, we have —
Hyap = #Sap +RT Inp

= liq = Upap + RT Inp, using eq™(1)

Here, p = The vapour pressure of the solvent in the solution, and
lpap = The chemical potential of the vapour of the solution under standard
condition

From Raoults law, we have —

p = x1p}

Here, p? is the vapour pressure of the pure solvent and y; is the mole-fraction of the solvent
in the solution. Therefore —

Hiig = ﬂgap +RT Iny; +RT In pf - (2)

For the pure solvent in equilibrium with its vapour, having vapour pressure p?, the
equilibrium condition is —

Hiiq = Hoap + RT Inp]
= Upap = Hiiq — RT Inp? - (3)
From equation (2) and (3), we have —
Hiiqg = H?iq + RT Iny,

The above equation does not contain any term pertaining the vapour pressure. By omitting the
subscript “liquid”, it can be written as —



=y + RT In

-4

Here, u; is the chemical potential of the solvent in the solution and u{ is that for the pure
solvent in liquid phase. The equation (4) is an expression for the chemical potential of the solvent in

the solution.

> Chemical Potential of the Solute (non-volatile in volatile solvent) in an

Ideal Binary Solution:

The expression for the chemical potential of a non-ideal solute in an ideal binary solution can

be derived by applying Gibbs-Duhem equation in the system —

nydyy + nydp, =0 Gibbs - Duhem equation is
nq :
ﬁd‘llZ:—_d[ll and/ll :O
e i=1
ny n
=——du - (1) Solvent, y, =
X2 n, +n,
Again the chemical potential for a pure solvent in the | Sojyte, Yy = N,
solution is given by — N +Ny
X
= pi +RT In y, - (2) Lo ==
X2 Ny

Here, 12 is the chemical potential of the pore solvent in
liquid phase, which is a constant quantity for a given solvent.

Now differentiating equation (2) with respect to y; at constant T & P, we get —

d
du1=0+RT£
X1

d
i.endy, = R 222 53
X1
Substituting equation (3) in equation (1), we have —
d
du, = —RT 22 - (4)
X1
Since, for a binary solution —
X1tx2=1
>xn=1-x
=dy; = —dx;
dx:

~ Equation (4) = du, = RT X—
2

Integrating U = RT Iny, +1 (Integrating constant)

When y, = 1i.e. for pure solvent, I = u9 the chemical potential of pure solvent and hence,

fz = p3 + RT Inx, - (5)



Equation (5) is the required expression for the chemical potential of a solute in an ideal
binary solution. I

R/

< COLLIGATIVE PROPERTIES OF DILUTE SOLUTION :

: Since the chemicalpotential of the solvent in the solution is given by the expression —
=y + RT Iny,

Where,  u? = Chemical potential of the pure solvent, and
x1 = Mole-fraction of the solvent in the solution

Since, n<t

Solid
= RT Iny; = —ve quantity and hence, y; )
<y Pure Liquid
Thus, the chemical potential of the T
solvent in solution is always less than the
chemical potential of the pure solvent by an #

amount RT Iny,. Several related properties (Ch-Pot)

of the solution have their origin in this lower (L)
value of chemical potential. These properties Vapour!
are — AT, VAT,
1. Lowering of vapour pressure, T, T Ty T,
2. Elevation of boiling point,
. . . Temperature, T ——
3. Depression of freezing point,

and
4. Osmotic pressure.

Since, all these properties are bound together through their common origin, hence, are called
colligative properties (Latin: co — together & ligore — to bind). All these properties have a common
characteristic; they do not depend on the nature of the solute present but only depends on the

number of solute molecules. Thus, colligative properties are those properties which depend on the
number of solute particles present in the solution.

The plot of u vs T as shown in the figure given above, gives an idea about the colligative
properties. In the figure dark-line represents the pure solvent and the thick-line refers to the solvent
in the ideal solution. Since, the solute is non-volatile, it does not appear in the vapour phase, and so
the curve for the vapour is that of the pure solvent. The solid also containing solvent and so the curve
is for pure solid (S). The intersection points of solid and liquid curves are freezing point. From the
figure, it is clear that T, < Tfo; where T is the freezing point of solution and Tj9 that for pure solvent.

Similarly, T? > T, i.e. elevation of boiling point. From the figure it is also evident that the
magnitude of ATy < AT},.

The freezing point and boiling point of a solution depends on the equilibrium of the solvent in
solution with pure solid solvent or pure solvent vapour. Another equilibrium is also possible to be
established between solvent in solution and pure liquid solvent. This is done by increasing the
pressure on the solution to rise the u, ' of the solvent in solution to the value of 2 of the pure solvent.
The additional pressure on the solution that is required to establish the equality of the p; of the
solvent both in the solution and in pure solvent is called the osmotic pressure of the solution.

Lowering of vapour pressure of solvent :

10



[Raoults law of relative lowering of vapour pressure]

Whenever a non-volatile substance is dissolved in a volatile solvent, the vapour pressure of
the solvent is lowered. This lowering of vapour pressure can be explained from Raoults law of ideal
solution.

Considering a solution obtained by dissolving a non-volatile solute in a volatile solvent. If
x1&y are the mole fractions of the solvent and solute and p{& p be the vapour pressure of the pure
solvent and solvent in solution respectively, than according to Raoults law —

p =0
Since,  x; < 1,hence p < p?

Thus, the vapour pressure of the solution is less than the vapour pressure of the pure solvent.
On the other hand, the addition of a non-volatile solute (electrolyte) to the solvent lead to lower the
vapour pressure of the pure solvent. If Ap is the lowering of vapour pressure, then —

Ap =p{—p
or pi—p=pi—pPin
=p?(1—){1)
=pixz

0 _
:P1 p

21

=X2 - (1)

The quantity (p9 —p)/p? is known as the relative lowering of the vapour pressure and is
independent of the nature of solute. The equation (1) is called the Raoults law of relative lowering
of vapour pressure, and may be stated that in dilute solutions, the relative lowering of vapour
pressure of the solute is equal to the mole-fraction of the solute ().

Again, equation (1) can also be written as —

p?—p_x_ n,
=y, =
py ng +ny

Here, n, &n, are the number of moles of solvent and solute respectively. For dilute solution,
ny > n,, hence —

Pi1—p M2
121 n
p1—DpP n 2

0
For a given amount of solvent, at a given temperature P1 /n1 = Constant
« (p?—p) x n,

Which means that the lowering of vapour pressure of a solvent is directly proportional to the
number of moles of the solute, i.e. the relative lowering of vapour pressure depends only on the

11



number of moles (g-mole) of the solute in the solution. This indeed is a direct consequence from the
Raoults law. The lowering of vapour pressure is thus a colligative property.

Application of Lowering of Vapour Pressure:

Determination of Molar Mass of the Solute from the Lowering of Vapour
Pressure:

From the Raoults law of Lowering of Vapour Pressure, we have —

p?—p_X _oom
=y, =
pf n1+n2

- (1)

Where,  p? = vapour pressure of the pure solvent,
p = Vapour pressure of the solvent in the solution,
And n,&n, are the number of moles of solvent & solute respectively.

If w; &w, be the masses of the solvent and solute having molar masses M, &M, respectively,

then —
n=— and n,= w2
1 M1 2 ]\/I2
Hence, from equation (1), we have —
W
pl—p /m,

=w w - (2)
Py Yu, 7 u,

From equation (2), we can determine the molar mass of the solute (M) accurately.

The simplified form of equation (2) can be obtained as —

o— =— = fordilute Sol"n; »n, = n, +n, = ny

W3
p /Mz _w My
Pf Wl/M1 wy M,

=
=
I

W
>M;, =\ —M; - (3)
Using equation (3), we can determine molar mass of the solute easily.

Problem (1): The vapour pressure of water at 293 K is 17.540 mm Hg and the vapour pressure of

a solution containing 0.10824 kg of a non-volatile solute in 1 kg of water at the same temperature is
17.354 mm Hg. Calculate the molar mass of the solute.

1— Solvent

Solution: Given — 2 — Solute

Vapour pressure of pure solvent, water p? = 17.540 mm Hg

Vapour pressure of solution, p = 17354 mm Hg
Mass of the solute, w, = 0.10824 kg
Molar mass of the solute, M, =?

12



Mass of the solvent, w; =1kg
Molar mass of the solvent, ~ M; = 18 X 107 3kg
From the Raoults law of relative lowering of vapour pressure, we have —

Wz/
P1—p_X N M,
0o ~— Az Y w
n,+n 1 2
P1 vtne Ty 7

= M, = 0.1819 kg mol™! = 181.9 g mol™?
This the accurate value of the molar mass of the solute.

But, if we use the simplified equation —

0 W2 /
p1—p Ny M, ,
ST =W , assuming nqy »>n, >n +n, Ny
nq 2/
p1 M,

Then, M, = 0.1838 kg mol™! = 183.8 g mol™?!

Thus, by using the simplified alternative equation, we have a difference in molar mass by
1.9 g mol™1. I

compound ‘A’ is dissolved in 500 g of ethanol the vapour pressure is 43.52 mm . Calculate the
molecular weight of compound ‘A’.

Solution: Here —

Vapour pressure of pure solvent, water p? = 44.5 mm

Vapour pressure of solution, p = 43.52 mm
Mass of the solute, w,=15¢g
Molar mass of the solute, M, =?

Mass of the solvent, w; =500g

Molar mass of the solvent, ~ M; = 46 g mol™?!
From the Raoults law of relative lowering of vapour pressure, we have —

W
pi—p n, /m,

p: nomy Ty Ve

= M, = 61.34 g mol™!

20°C is 17.537mm, calculate —

a) Lowering in vapour pressure, and
b) Relative lowering of vapour pressure at the same temperature.

pL—p n,
ny +n,

13



Lowering of vapour pressure is, Ap = p{ — p

- Lowering of vapour pressure is, Ap = p? —p = p¥x,

Here —
W 209 5689 mol
™=y, T 18 gmol=1 77 mo
_ Wy _ 15 g _
n, = M, ~ 180 gmol % 0.083 mol
n;
= =594 x 1073
Xz nq + n,

0_
Thus, the relative lowering of vapour pressure, P1 p/po =594 %1073
1
And, lowering of vapour pressure, Ap = p? —p = p¥x,
=17.537 mm x 5.94 x 1073

= 0.104 mm

Problem (4): The vapour pressure of water at 25°C is 23.76 mm. Calculate — the vapour pressure
of 20 % glucose in water. Repeat the same calculation when 38 g of sucrose is dissolved in 100 g
of water. Is the results in this case is different? If not, why? Finally, calculate the vapour pressure of
water at the same temperature when 20 g of glucose is dissolved in 100 g of water.

Solution: 15¢ part = 23.19 mm; 2™ part = Same; 3™ part = 23.29 mm

Problem (5): The vapour pressure of water at 20°Cis 17.54 mm and that for 10 % urea is
16.93 mm. Calculate its molecular weight.

Solution: 33.56 gmol™?!

Problem (6): 126.28 g of compound ‘A’ was added in 1000 g of water. Calculate the relative
lowering in vapour pressure of water at 20°C.

Solution: 17.38 mm

Elevation of Boiling Point by a Non-Volatile Solute:
[Raoults law of Elevation of Boiling Point]

The boiling point of a liquid is the temperature at which its vapour pressure becomes equal to
the atmospheric pressure (760 mm of Hg). Since, the vapour pressure of a solution is always lower
than that of the pure solvent; it follows that the boiling point of a solution will always be higher than
that of the pure solvent. This fact can be readily understood from the vapour pressure curves against
temperature as shown in the figure given below —

14



1 atm Pressuree

Vapour Pressure

Temperature, T — 5

The upper curve (AB), represents the vapour pressure — temperature of the pure solvent and
the lower curve (CD) represents the vapour pressure — temperature relationship of a dilute solution. It
is evident that the vapour pressure of the solution (p) is lower than that of the pure solvent (p?) at
every temperature. The temperature Ty gives the boiling point of the pure solvent and T that for
solution, because at these temperatures the vapour pressure becomes equal to the external atmospheric

pressure, as shown in the figure. From the figure it is clear that —

T>T
and, AT, =T —T;{
The term AT, is known as the elevation of boiling point of a dilute solution of non-
volatile solute in volatile solvent.
s Expression for Elevation of Boiling Point:
[From TD considerations i.e. Chemical Potential point of view]
Let us consider a dilute solution of non-volatile solute (2) is in equilibrium with the pure

solvent (1). Hence, we have —
W= pt - (1)

Where,  u3 = Chemical potential of 1, the pure solvent in solution, and

u? = The chemical potential of 1, in the vapour state i.e. at its boiling point

If the solution behaves ideally, then —
w5 = p(S) +RT In y, - (2)
Here, u2(S) is the chemical potential of the pure solvent in the liquid state and y,is the mole
fraction of 1 in the solution.
From equation (1) & (2), we have —
uy = pd(S) + RT In y,

v 0
—u0(s
Sng, = I Rl;l( )

AG
or Iny;= R?p - (3)
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Where,  AG,q, = pf — uf(S) = Change in free energy in the vapour state

Differentiating equation (3), with respect to y, at constant pressure p , we have —

1 1d [AG,,ap

X1 B Ed}h T 1,
A T
p X1/
Again, from Gibbs-Helmholtz equation —
d(AGyay/T) AHyqp
[l 2 -®

Where,  AH,,, = Enthalpy of vaporization per mole of the solvent

From equation (4) & (5), we have —

X1 "R T? X1
Integrating equation (6), between the proper limits as shown, we have —

AH
L1 Oy (T e
p

X1d 1 TAH
X1 vap

—_—= —— aT 7
f P2 Rf T2 ~
1 Ty

Where the lower limit y; = 1, corresponds to the pure solvent having boiling point T,; the
upper limit y; corresponds to a solution whose boiling point is T. Assuming that AH,,,, is constant

within the temperature range (Kirchoff’s equation), we have from equation (7) —

AH 177
il
0

AH,,ap[l 1

R Ilr, T

or Iny, =- — - (8)

Where, T — T, = AT, = elevation of boiling point and since for dilute solution Ty & T are not
much different, so TT, = T¢

Now, Iny; =In(1 - x,) vt x=1
2 3
X2 X2
=1 = — +—=———+4 .-
nxy, X2 B 3

Since, y, is the mole-fraction of the solute, which is very small in dilute solution (tends to
zero). Therefore, —

Iny; = —y, (neglecting higher powers of x,)

16



Hence, from equation (8), we have —

AHUap AT,
| = — — 8
nx; R T02 - ( )
AH,,ap
==Y, =— AT,
X2 RT02 b
AT, RT02 9
= -
b= 3 Hvap X2 9)
Therefore, we have —
ATb X XZ

Thus, the elevation of boiling point of a solution (AT}) is directly proportional to the mole
fraction of the solute (), hence, the elevation of boiling point is a colligative property.

Generally in the study of colligative properties, molality (m) is used rather than mole —
fraction of the solute. Molality of the solute is defined as the number of moles of the solute per kg
(1000 g) of the solvent. If n;&n, are the number of moles of 1 & 2 (i.e. solvent and solute) in the
solution, then —

n, n,

Xy = ~ —= v for dilute solution n; > n,
n+n, mny

Molality of the solute in the solution is given by —

n;
m, = =>n, =nMm
2 n1M1[ 2 1Mym,]

Where,  M; = Molar mass of the solvent in kg mol™!

n, nMym,
oo X2=—=—=M1m2
ny ny

Therefore, from equation (9), we have —

ATy, = RTOZ M
b= AHvap 1Mm;

_ (RT§M,
or |AT, = m, - (10)

For a given solvent, the term within the bracket in equation (10) is a constant; known as the
elevation of boiling point or ebullioscopic constant, which is equal to the elevation of boiling
point for 1 molalsolution. It is represented by K, and always expressed in the unit of Kkgmol™1.

= AT, < m,

Thus, the elevation of boiling point is directly proportional to the molality of the solute. This
is known as the Raoults law of elevation of boiling point.
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To find the unit of K, the ebullioscopic constant:

Since, —
ATb = Kbm2

AT, K

K = — =
= m, molkg™!

= Kkgmol™!

APPLICATION OF ELEVATION OF BOILING POINT:

Determination of Molecular Mass of the solute from Elevation of
Boiling Point Measurement:

By measuring the elevation of boiling point of a solution of known concentration it is possible
to calculate the molar mass of a non-volatile, non-electrolyte solute in the solution. Since, we have —
ATb = Kbmz

Where, AT, = Elevation of boiling point, and AT, =T — T
Ty = The boiling point of the pure solvent, and
T = The boiling point of the solution
m, = The molality of the solute
K, = Molal elevation of boiling point, and

_ RT§M,
* 7 AHygp

Kkgmol™t

If w, kg of the solute of molar mass M, kg mol™'is
dissolved in wy kg of solvent, then —

m—ix 1000
My :&xi M b (in gram)
M, w; a 1
= X —————
Therefore — M b (in kg)
AT, = K, x 225 L
b — b 1\/12 wy
Ky w
=M =57,

In the above expression all the quantities are known, hence the molar mass of the solute (M,),
can be easily calculated, and its unit will be kg mol™1.

higher than that of the pure benzene (bp = 80.1°C). What is the amount of impurity present in the
sample? (AH,q, = 30.76 kJmol™")

Solution: We have —

AT, = Kymsy, and

_ RTgM,
® " AH,qp

Here, AT, =T — Ty = Elevationof bp = 3.1°C=3.1K
R =8.314 JK 'mol™t

18



T, = 80.1°C = 80.1 + 273 = 353.1K
M; = molar mass of benzene = 78 g mol™! = 0.078 kg mol™?
AH,q, = 30.76 kjmol ™

On substituting the various values, we will have —

K, = 2.63 Kkg mol™?!
Now, from —
ATb = Kbmz

AT, 31K
K,  2.63 Kkg mol-1

>m, = = 1.18 mol kg1

Thus, the amount of impurity present = 1.18 mol kg~ of benzene

100.413°C. Calculate the molar mass of the solute. (K, for water = 0.52)

Solution: We have —

Ky w,

M, = X
2 ATb W1

Here, AT, =T —Ty = 373413 — 372 = 0.413 K(= 0.413°C)
w, = 2.44 g = 0.00244 kg, w; =75 g =0.075 kg
K, = 0.52 Kkg mol™*

Hence, the molar mass of the solute, M, = 0.04096 kgmol™!

= 40.96 gmol™!

temperature will a solution containing 5.60 g glucose per 1000 g of water boil?

Solution: We have —

AT, =T —T, = Kpm,, and

_ RT§M,
® 7 AHyg,

_ (8314 JK"*mol™)(373 K)?(0.018 kg mol™")
B 40585 Jmol~1

~ K, = 0.513 Kkg mol™?
Now, molality of solute (glucose, M, = 180 g) is given by —

w, 1
m, =—X—
2 M, wy

5.60 x 10~3kg

- — 0.0311 mol kg™
180 x 103kg mol-1  1kg moLkg

o ATb == Kbmz == 0016 K

~ Boiling point of the solution, T =T, + AT,
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=373K+0.016 K

= 373.016 K = 100.016°C

Problem (4): A solution containing 2.5 g of a non-volatile solute in 100 g of benzene (K, = 2.67)
boiled at a temperature 0.42° higher than did the pure solvent. What is the molar mass of the solute?

Solution: 158.93 g mol™?

Problem (5): 5g of a non-volatile solute compound is dissolved in 250g of water. If the molar
mass of the compound is 140gmol~", calculate the elevation of boiling point. (AH,q, =
40.66 kJmol™1)

Solution: We have —

ATb = Kbmz

RT§ M, L

where, K, = = 0.5121 Kkgmol™
AH,qp

And, molality of solute (m;) is —

W o b 01429 mol kgt
mz—MZ Wl— . mo g

AT, = Kymy = 0.0732 K = 0.0432°C

(CyoH10) Was dissolved in 35 x 1073kg CCl,. Calculate the molar mass of the solute (M;). Given
that for CCl,, K, = 3.9 Kkgmol™?!

334.3K. Boiling point of chloroform is 334.0K. Calculate the molar heat of vaporization and
elevation of boiling point constant for chloroform.

Solution: Since —

ATb = Kbmz
ATy ATy
>K,=— = = 3.8456 Kkgmol™?!
Wy 1
m, —£ X —
MZ wq
Again —
_ RTgM,
® " AH,qp
RTEM, .
=4 AHvap = K—b = 28.82 k]mol
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RTZM,

ATy, = Kym, = m
b b2 AHvap 2
Again, the mole-fraction of the solute is given by —
n; n; . .
~—, for dilute solution ny > n,

X2 = ~
nq + n, nq

Ky
= AT, :n—X‘l’lz
1

= Constant X n,

= ATy, « n,

Thus, for a given amount of a particular solvent (i.e. n, is known) AT}, the elevation of

boiling point is proportional to the number of moles of the solute present in the solution (n,), and

hence it is a colligative property. I

< Depression of Freezing Point (AT s) of a Solution:
% [By a non-volatile solute/ substance]

Depression of Freezing Point: Freezing point is the temperature at which solid and liquid
states of a substance have the same VP (vapour pressure). The VP curves of the pure solvent and that
of a dilute solution in the freezing point range are shown in the figure. The VP curves of the solvent in
the liquid and solid state are shown to meet at point B, corresponding to the temperature T, at which
solid and liquid states have the same VP. Hence, T, corresponds to the freezing point of the pure
solvent. As the VP of the solution is less than that of the pure solvent, the VP curves of the solution
always lies between that of the pure solvent, as shown in the figure given below.

Vapour Pressyre
® 3

=
N

Temperature, T — 5

The VP curve of the solution is seen to intersect that of the solid at D, i.e. at a lower
temperature T. Therefore, T gives the freezing point of the solution. Evidently, depression in freezing

point AT is given by To — T. Thus —
ATy =Ty —T
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Expression for Depression of Freezing Point from TD Considerations:

Let us consider a solution of a non-volatile solute (2) is in equilibrium with the vapour of the
pure solvent (1). The equilibrium condition requires that —

(ﬂl)Solution = (ﬂl)Solid
Where,  (41)sotion = Chemical potential of 1, the pure solvent in solution, and

(u1)so1ia = The chemical potential of the pure solvent in the solid state i.e. at its freezing
point

If the solution behaves ideally, then —

(ﬂl)Solution = ﬂ? + RT In

Here, 10 is the chemical potential of the pure solvent in the liquid state and y; is the mole
fraction of the solvent in the solution. Therefore —

(1) so1ia = U7 + RT In xq

M(l) < (#1)Solid _ 4 (AG)Fusion

=1 = —
X1 RT RT

- 1)
Where —

(AG)Fusion = .ug - (/11)Solid
= Molar free energy of fusion of the solvent at equilibrium temperature T

Differentiating equation (1), with respect to y, at constant pressure p, we have —

(AG)Fus]

@y = L@
dy. XY T TRy, | T

l A _l[w] x (G_T) - (2)
Xi R aT » dx1 »
Again, from Gibbs-Helmholtz equation —
0(AGrys/T)]  AHpys
[T =72 7O

Where:  AHgp,s = The molar enthalpy of fusion of the solvent at temperature T

From equation (2) & (3), we have —

1 1 AHpy (6T)
P

x1 R T2 \oy
d 1AH

or £=——Fus dT
x1 R T?

Integrating the above equation between the proper limits as shown, we have —
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T

X1

f dy, fAHFuS dT
X1 R T2

1

To

Where the lower limit y; = 1, implies a pure solvent having freezing point T, and the upper
limit y; corresponds to a solution whose freezing point T. Assuming that AHg,; is a constant over the
temperature range To& T, we have —

o AHp HT
ny; = R Tl
AHp,s 11 1
-l
0
AHpys [To =T
o TX= T eTrT
0
AH
or —x» Fus AT

Where, T, — T = AT; = Depression of freezing point of the solution

Since for dilute solution T,& T are not much different, so TT, = T¢

Further, Iny; =In(1— y,) v xtx=1
2 3
X2 X2
Sy = —p, +2-22 4.
nXl XZ 2 3

Since, y- is the mole-fraction of the solute, which is very small in dilute solution i.e. y, «< 1.
Therefore, we can neglect the higher powers of y,, and hence, In y; = —y,. Thus —

RT?

. 4
AHpps X2 - (4)

ATf =

Therefore, we have —

Thus, the depression of freezing point of a solution is directly proportional to the mole
fraction of the solute () in the solution i.e. it is a colligative property.

Generally in the study of colligative properties, molality (m) is used rather than mole-
fraction of the solute. Molality of the solute is defined as the number of moles of the solute per kg
(1000 g) of the solvent. If n,&n, are the number of moles of 1 & 2 (i.e. solvent & solute) in the

solution, then —
n;

n;
= ~ — [ for dilute solution n; > n
X2 ng+n, ny [ f ! 2]

Molality of the solute in the solution is given by —

n;
mz ==
M’

= nz = nlMlmZ

Where, M; = Molar mass of the solvent in kg mol™!
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n, nMym,
== =Mm,
ny ny

Therefore, from equation (4), we have —

RT?
AHpys

RTZM,
or ATf = AHFuS m, s (5)

ATf = .M1m2

For a given solvent, the term within the bracket in equation (5) is a constant; known as the
molal depression of freezing point or Cryoscopic constant represented by the symbol K. It is
defined as the depression of freezing point of 1- molal solution. It is a constant for a given
solvent and always expressed in the unit of Kkgmol™!. Thus —

_ RT§M,
T AHpys

i.e. ATf < m,

Thus, the depression of freezing point is directly proportional to the molality of the
solute. This is known as the Raoults law of depression of freezing point.

APPLICATION OF ELEVATION OF BOILING POINT:
Determination of Molecular Mass of the solute from Freezing Point Measurement:

By measuring the freezing point depression of a solution of known concentration, it is
possible to calculate the molar mass of a non-volatile, non-electrolyte solute in the solution. Since, we
have —

Where, ATy = Depression of freezing point, and ATy =T, — T

T, = The freezing point of the pure solvent, and
T = The freezing point of the solution

m, = The molality of the solute

Ky = Molal depression of freezing point, and

RT?M
Kf — 0 1
AHpys

Kkgmol™?!

If w, kg of the solute of molar mass M, kg mol™'is
dissolved in wy kg of solvent, then —

—ix 1000
m, = 22 1 M ~ b (in gram)
M, w; a 1
=—X—
Therefore — M Db (in kg)
AT, = K x 22y L
= Bf MZ Wy
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Kf x&

> |M; = —+
2 ATf Wq

In the above expression all the quantities are known, hence the molar mass of the solute (M),
can be easily calculated, and its unit will be kg mol™1.

_ RT§M,
S AHpy

_ (8314 JK'mol™")(278.6 K)*(78 x 10~*kg mol™")
a (9.83 x 103 Jmol™1)

= 5.1205 Kkgmol™1!

Problem (2): A solution containing 2.423 g of sulphur in 100 g of naphthalene
(fp = 80.1°C) gave a freezing point depression of 0.64°C. The latent heat of fusion
of naphthalene is 35.7 cal g*. What is the molecular formula of sulphur in

solution? Naphthalene,
CioHg =128
Solution: Here —
w; =100g =0.1kg
w, = 2423 g = 2.423 x 1073 kg
M; =128 gmol™ = 128 x 1073 kg mol™?
AT; = 0.64°C = 0.64 K
MZ =7
-1
We have — AH ¢ on =35.7cal g
o K we =35.7x128 cal mol
, =L x 2
ATy wa =35.7x128x 4.187 Jmol
Here —
_RTGM, _ 6.9348 Kkgmol™!
I AHp gmo
. M =ﬁx&= 0.2626 kg mol™ = 262.6 g mol™!
2TAT T wy '

Therefore, the atomicity of S- in solution will be —

_ 2626 gmol™!

= =82~=8
= 32.0 g mol™1

~ Molecular formula of S- in solution = Sg

334.7jg™ 1.
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Solution: Here —

AHpy(of ice) = 334.7] g1

= 334.7 x 18 Jmol™! = 6024.6 Jmol~!
Ty = 0°C

We have —
_ RTgM,

= =185K -1
r A 85 Kkgmol

froze at —0.42°C . Calculate the molar mass of the solute. The molar heat of fusion of ice at 0°C is
334.7Jg7'& R = 8.314 JK " 'mol™ .

Solution: Here —

wy = 20 g = 0.020 kg
w, = 0.25 g = 0.025 kg
M; =18 gmol™ = 18 X 1072 kg mol™?

ATy = 0.42°C = 042K, Ty =0°C =273 K

Since —
_ RT§M,
" My
- K = 1.85 Kkgmol™*
Now —
ATy = Krm, = Kfﬁxi
M, w,

K,
= M, = L x Y2 = 0055059 kg mol~! = 55.059 g mol~?
ATf 41

Problem (5): 4 g of a non-volatile solute is dissolved in 250 g of water. The depression in the
freezing point of water observed is 0.087. Calculate the molecular weight of the solute. Given that K¢

for water is 1.856 Kkgmol™1.

Solution: We have —

w, 1

ATf =Kfm2 =KfM—2XW—1
K w:
ATf w1y

_ 1856 Kkgmol™' « 4x 107 3kg
B 0.087 K 250 X 10~3kg

= 0.3413 kg mol™! = 341.3 g mol™!
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Problem (6): The lowering of freezing point of benzene was 2.33 when 4.12 g of a solute of
unknown molar mass dissolved in 9.31 x 1073kg of benzene. Calculate the molar mass of the
solute. Molal depression constant for benzene is 5.1 Kkgmol™t.

Solution: 96.864 kg mol™1!

Problem (7): A brass sample composed of 20 % Zn & 80 % Cu by mass melts at 1268 K. Pure
copper melts at 1357K. What is the molal freezing constant for copper? (Cu = 65 gmol™1)

Solution: We have —

AT, AT
= Kf - —L = w. fl
m, 2 —
M, w1

, w1
lL.e. KszTfXW_XMZ
2

80
= (89K) x >0 X (65 X 1073kgmol™1) = 23.14 Kkgmol™?!

Problem (8): 1g of urea when dissolved in 100g of a certain solvent decreases its freezing point by
0.2°C. But, if 1.6g of unknown compound when dissolved in 80g of the same solvent depresses its
freezing point by 0.36°C. Calculate the molecular weight of the unknown compound.

Solution: 66.7 gmol™1

Problem (9): 0.4g of glucose was dissolved in 100g of water and the depression in freezing point
is —0.41°C . Calculate the heat of fusion of water.

Solution: 6045.2 Jmol™?!
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