
General Chemistry II 
Chem 102



Think Why ? 
We add antifreeze to water in a car’s cooling
system

⇒ to prevent freezing in winter and boiling in
summer.
We also melt ice on sidewalks and streets by
spreading salt.

Think about: Solute’s effect on the solvent’s properties



Consider two aqueous solutions of the same
concentration; one containing glucose and the
other containing urea.

The impact of solute on the solvent’s
properties is the same for both solutions.

Colligative Properties

Properties that depend only on the number
(concentration) of solute particles in a
solution and do not depend on the identity
of the solute.



Vapor-pressure lowering

Boiling-point elevation

Freezing-point depression

Osmotic pressure generation

Colligative Properties



The dissolution of a nonvolatile solute in a
solvent decreases the number of solvent
molecules per unit volume.
It should lower the escaping tendency of the
solvent molecules.

Pure Solvent Solution

VP Lowering



𝐏𝐏𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬 = 𝐗𝐗𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬 × 𝐏𝐏𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐨𝐨

𝐏𝐏𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬: the vapor pressure of the solution
𝐗𝐗𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬: the mole fraction of the solvent
𝐏𝐏𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐨𝐨 : is the vapor pressure of pure solvent.

Raoult’s Law

The change in vapor pressure is proportional

to the quantity of the dissolved solute.



Calculate the expected vapor pressure at 25°C for a
solution prepared by dissolving 158.0 g common
table sugar (sucrose, molar mass 342.3 g/mol) in
643.5 cm3 of water. At 25°C, the density of water is
0.9971 g/cm3 and its vapor pressure is 23.76 torr.

Exercise

Solution

Number of moles of sucrose =
158.0 g

342.3 g / mol
= 0.4616 mol



𝐍𝐍𝐍𝐍𝐍𝐍𝐍𝐍𝐍𝐍𝐍𝐍 𝐨𝐨𝐨𝐨 𝐦𝐦𝐦𝐦𝐦𝐦𝐦𝐦𝐦𝐦 𝐨𝐨𝐨𝐨 𝐇𝐇𝟐𝟐𝐎𝐎

=
643.5 cm3 0.9971 g/cm3

18 g / mol
= 35.60 mol

𝐏𝐏𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬 = 𝐗𝐗𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬 × 𝐏𝐏𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐨𝐨 =

35.60
36.06

× 23.76 torr = 23.46 torr



Ideal (liquid-liquid) solutions
Both liquids are volatile- Obey Raoult’s Law

𝐏𝐏𝐓𝐓 = 𝐏𝐏𝐀𝐀 + 𝐏𝐏𝐁𝐁 = 𝐗𝐗𝐀𝐀 𝐏𝐏𝐀𝐀𝐨𝐨 + 𝐗𝐗𝐁𝐁 𝐏𝐏𝐁𝐁𝐨𝐨



Ideal (liquid-liquid) solutions



Ideal (liquid-liquid) solutions



Ideal (liquid-liquid) solutions



Ideal (liquid-liquid) solutions



Ideal (liquid-liquid) solutions



Ideal (liquid-liquid) solutions



Both liquids are volatile but disobey (deviate from)
Raoult’s Law

Non-ideal solutions

−Ve +Ve

Solvent has a special 
affinity to solute
e.g., H-bonding

Solvent has no affinity
to solute
Solute-solvent
interaction is weaker
than in pure liquids



−Ve +Ve

Observed VP <
Predicted VP by
Raoult’s Law

∆Hsol is −Ve

Exothermic

Observed VP >
Predicted VP by
Raoult’s Law

∆Hsol is +Ve

Endothermic



Non-ideal solutions







−ve deviation
Strong solute-

solvent 
Interactions

+ve deviation
Weak solute-

solvent 
Interactions

no deviation
Ideal solution



A solution is prepared by mixing 5.81 g acetone
(M.wt. = 58.1 g/mol) and 11.9 g chloroform
(M.wt. = 119.4 g/mol). At 35oC this solution has a
total v.p. of 260 torr. Is this an ideal solution? The
v.p. of pure acetone and pure chloroform at 35oC
are 345 and 293 torr, respectively.

Exercise

Solution

Note H-bonding expect



PT = PA + PB = XA PAo + XB PBo
= 0.5 × 345 + 0.5 × 293
= 319 torr > 260 torr

𝐗𝐗𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚 =
nacetone

nacetone + nchloroform
=

0.1
0.1 + 0.1

= 0.5

𝐧𝐧𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚 =
5.81 g

58.1 g/mol
= 0.1 mol

𝐧𝐧𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜 =
11.9 g

111.9 g/mol
= 0.1 mol

𝐗𝐗𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜 = 1 − 0.5 = 0.5



P/
at

m

T/oC

Liquid

1.0

Solid

Gas

Lowering 
in VP

1000.0

ΔTbΔTf



A non-volatile solute lowers the vapor pressure
of solution at every T

The solid-liquid interface moves to left

Solid-gas interface is not affected



Normal boiling point of a liquid: the temperature
at which its vapor pressure equals 1 atm.

When a nonvolatile solute is added to a pure
solvent, the vapor pressure of the solvent
decreases.

Such a solution must be heated to a higher
temperature than the boiling point of the pure
solvent to reach a vapor pressure of 1 atm, i.e.,
the boiling point increases.

BP elevation



Expresses the relation between the moles of solute dissolved
and the moles of particles in solution

𝑖𝑖 =
moles of particles in solution

moles of solute dissolved

van't Hoff factor i



The boiling point elevation is proportional to the
number of moles of the solute added to the solvent.

Here, ∆Tb is the boiling-point elevation, i is the
ionization factor, Kb is the boiling-point elevation
constant, and msolute is the molal concentration
(molality) of the solution.

ΔTb = i Kb msolute



Calculate the boiling point of 0.2 m aqueous
solution of glucose. (Kb of water is 0.5 12oC/m)

Exercise

Solution

Δ𝑇𝑇𝑏𝑏 = 𝑖𝑖 𝐾𝐾𝑏𝑏 𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
= 1 × 0.512 𝑜𝑜𝐶𝐶/𝑚𝑚 × 𝑜𝑜. 2 𝑚𝑚 = 0.1 𝑜𝑜𝐶𝐶

= 100 + 0.1 = 100.1 °𝐶𝐶

BP of 0.2 m glucose



FP: the temperature at which the vapor pressures of
solid and liquid states of a given material become
equal.

The presence of the solute lowers the rate at which
molecules in the liquid return to the solid state

FP depression

Liquid ↔ Solid

water ↔ Ice 
Solution ↔ Ice



The freezing-point depression is proportional to the
number of moles of the solute added to the solvent.

Here, ∆Tf is the freezing-point depression, i is the
ionization factor, Kf is the freezing-point depression
constant, and msolute is the molal concentration
(molality) of the solution.

Δ𝑇𝑇𝑓𝑓 = 𝑖𝑖 𝐾𝐾𝑓𝑓 𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠



Calculate the freezing point of 2 m aqueous
solution of glucose? (Kf of water is 1.86 oC/m)

Exercise

Solution

FP of 2 m glucose

Δ𝑇𝑇𝑓𝑓 = 𝑖𝑖 𝐾𝐾𝑓𝑓 𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
= 1 × 1.86 𝑜𝑜𝐶𝐶/𝑚𝑚 × 2 𝑚𝑚 = 3.7 𝑜𝑜𝐶𝐶

= 0 − 3.7 = − 3.7°𝐶𝐶



Consider a solution and pure solvent are separated
by a semipermeable membrane, which allows
solvent but not solute molecules to pass through.

As time passes, the volume of the solution increases
and that of the solvent decreases.

Pure Solvent
Solution

membrane
Solvent 
flows 
inside

Osmotic 
Pressure

Equilibrium

Osmosis



Osmosis: a phenomenon of flowing a solvent into
a solution through a semipermeable membrane.

Eventually the liquid levels stop changing,
indicating that the system has reached
equilibrium.

Because the liquid levels are different at this
point, there is a greater hydrostatic pressure on
the solution than on the pure solvent.

This excess pressure is called the osmotic
pressure.



The pressure required or applied
to the solution to stop the flow of
the solvent or to stop osmosis.

The osmotic pressure and
concentration are related by the
following equation:

M is the molar concentration of the
solute, R is the gas constant, and T
is the absolute temperature.

π = iMRT πV = inRT

Pure solvent solution

Semipermeable membrane

Osmotic Pressure, π

Osmotic
Pressure

Semipermeable membrane



To determine the molar mass of a certain protein,
1.00 × 10−3 g of it was dissolved in enough water
to make 1.00 mL of solution. The osmotic
pressure of this solution was found to be 1.12 torr
at 25.0°C. Calculate the molar mass of the
protein?

Exercise
So

lu
tio

n π = 1.12 torr ×
1 atm

760 torr
= 1.47 × 10−3atm

M =
π

RT
=

1.47 × 10−3atm
(0.08206 L atm K−1 mol−1) (298 K)

= 6.01 × 10−5mol L−1



M = 6.01 × 10−5mol L−1 =
n
V

=
m

Mwt × V

=
1.0 × 10−3g

Mwt × 1.0 × 10−3L

Mwt (protein molar mass) = 1.66 × 104 g



The observed osmotic pressure for a 0.1 M solution of
Fe(NH4)2(SO4)2 at 25oC is 10 atm. Compare the expected
and experimental values for i ?

Exercise

Solution

Theoretically, 𝐢𝐢𝒆𝒆𝒆𝒆𝒆𝒆 = 5

π = iMRT

Fe 𝑁𝑁𝐻𝐻4 2 𝑆𝑆𝑂𝑂4 2 → Fe2+ + 2𝑁𝑁𝐻𝐻4+ + 2𝑆𝑆𝑂𝑂42−

i =
π

MRT
=

10 atm
0.1 mol 𝐿𝐿−1 0.082 𝐿𝐿 𝑎𝑎𝑎𝑎𝑎𝑎 𝐾𝐾−1𝑚𝑚𝑚𝑚𝑚𝑚−1 298 𝐾𝐾

𝐢𝐢𝒐𝒐𝒐𝒐𝒐𝒐 = 4.42

𝐢𝐢𝒐𝒐𝒐𝒐𝒐𝒐 < 𝐢𝐢𝒆𝒆𝒆𝒆𝒆𝒆 Possibly because of ion pairing



a similar process to osmosis but the membrane allows
transfer of both solvent molecules and small solute
molecules and ions.
occurs at the walls of most plant and animal cells
Applications: artificial kidney machines to purify blood

Dialysis

impure blood in pure blood out

Essential ions 
and molecules 

remain in 
blood

Dialyzing 
soln.

Waste products dialyze 
into washing soln.



The process of removing 
dissolved salts from seawater

If a solution in contact with pure solvent across a
semipermeable membrane is subjected to an external
pressure larger than its osmotic pressure, reverse
osmosis occurs.

The pressure will cause a net
flow of solvent from the
solution to the solvent.
The semipermeable membrane
acts as a “molecular filter” to
remove solute particles.

Reverse osmosis/Desalination



Solar Desalination





FD (Water + Ethanol)
Ethanol boils at 78.4 °C while water boils at 100 °C.
By heating the mixture, the most volatile component
(ethanol) will concentrate (Hint: remember that
vaporization is different from boiling, i.e., water may
vaporize even at RT but with a lower extent than at 50 oC)
to a greater degree in the vapor leaving the liquid.
Some mixtures form azeotropes, where the mixture boils
at a lower temperature than either component.
A mixture of 96% ethanol and 4% water boils at 78.2 °C;
the mixture is more volatile than pure ethanol.
For this reason, ethanol cannot be completely purified by
direct fractional distillation of ethanol-water mixtures
!!!!!!!!.

Both are volatile



VP/composition diagram
BP/composition diagram
Displaying Pure liquids BP 

only B has higher 
VP and lower 

BP

Mixtures of A and B
To make this diagram
useful, another line
representing the
composition of the vapor
over the top of any
particular boiling liquid is
added.

Boiling Point

Pure B

Pure A

Mole fraction0 A
1.0 B

1.0 A
0 B

Boiling Point

Boiling Point Boiling Point

A

Pure 
B

Mole fraction

Mole fraction0 A
1.0 B

1.0 A
0 B

0 A
1.0 B

1.0 A
0 B

Vapor Pressure Vapor Pressure



BP-composition diagram
For a mixture of two volatile liquids (A and B) where B is
more volatile having a higher VP, weaker intermolecular
forces and lower BP), Liquid B will vaporize more easily at
a particular T.

If you boil this mixture, you would expect that Liquid B
escapes to form a vapor more easily than Liquid A.

If a fractional distillation for this mixture with XA and XB
(mole fraction) is done, the vapor will be rich in B (> XB)
while the remaining liquid will be rich in A (> XA).
Condensing the vapor and analyzing it would inform
about this vapor composition (a point on the diagram).



Mole fraction

Pure B

Pure AGiving a vapor with 
this composition

Liquid starts 
boiling

Boiling Point Boiling Point

Composition of Vapor over 
boiling liquid

Composition 
of liquid

1.0 A
0 B

0 A
1.0 B



Boiling Point

Vapor composition

Pure B

Pure A

Mole fraction0 A
1.0 B

1.0 A
0 B

Boiling Point

Liquid composition

Liquids of different compositions



If you boil a liquid mixture, you can find out
the temperature it boils at, and the
composition of the vapor over the boiling
liquid.

For example, in the next diagram, if you
boil a liquid mixture C1, it will boil at a
temperature T1 and the vapor over the top
of the boiling liquid will have the
composition C2.





Suppose that you collected and condensed the vapor
over the top of the boiling liquid and re-boiled it.

You would now be boiling a new liquid which had a
composition C2.

That would boil at a new temperature T2, and the vapor
over the top of it would have a composition C3.

You can see that we now have a vapor which is getting
quite close to being pure B. If you keep on doing this
(condensing the vapor, and then re-boiling the liquid
produced - FD) you will eventually get pure B.

FD



Pure 
B

Pure 
A

0 A
1.0 B

1.0 A
0 B

Liquid composition
T2

C2C3 Mole fraction

Boiling Point Boiling Point

C1



If 1.0 mol of A is mixed with 2.0 mol of B, the
resulting mixture boils (at 1.0 atm) at a
temperature at which the VP of pure A is 1140
torr and that of pure B is 570 torr. Calculate the
composition of the vapor?

Exercise

Solution
Mixture boiled at 1 atm ⇒ PT (at boiling)=1 atm.
Ideally at any given temperature, PT = PA+ PB

Raoult’s law, PA = XAPA0 and PB = XBPB0, where
XA & XB are the mole fractions of A & B in solution.



PA = XAPA0 =
1.0

1.0 + 2.0
× 1140 = 380 torr

PB = XBPB0 =
2.0

1.0 + 2.0
× 570 = 380 torr

PTotal = PA + PB = 760 torr = 1 atm

PA = XA(vapor)PT(vapor)

PB = XB(vapor)PT(vapor)

Note the importance of giving the vapor pressures
of pure A (PA0) & B (PB0) at the same temperature
of boiling their mixture. It is not necessary that
they individually boil at this temperature.

Dalton’s Law



Compare before distillation in the liquid

These partial pressures of gases inform about the
composition of gases in the vapor

XA(vapor) =
PA

PT(vapor)
=

380
760

= 0.5

XB(vapor) =
PB

PT(vapor)
=

380
760

= 0.5

XA = 0.33 XB = 0.67



!!!!!!!!  A is more volatile

Ideal solutions
BP decreases until finishing separation



Ideal solutions



An azeotrope, constant boiling mixture or
an azeotropic mixture: is a mixture of two
volatile liquids with a specific composition
which on boiling the vapor composition is
exactly the same as the liquid. It has a constant
boiling point.

Non-ideal solutions



0 A
1.0 B Mole fraction 1.0 A

0 B

Vapor P

VP
Pure 

A

VP 
pure 

B

Vapor P



Boiling 
Point

78.5oC

0 % ethanol
100 % water

Boiling 
Point

% by mass 100 % ethanol
0 % water

95.6 % 
ethanol

78.2oC

100oC



+ve deviation



+ve deviation



−ve deviation



−ve deviation



The distribution of a solute between two non-
miscible solvents.

Distribution Law



CA
CB

= k

Nernst’s “Partition” Distribution law
“When a solute is taken up with two immiscible
liquids, in both of which the solute is soluble, the
solute distributes itself between the two liquids in
such a way that the ratio of its concentration in
the two liquid phases is constant at a given
temperature provided the molecular state of the
distributed solute is same in both the phases”.
i.e.,



Distribution law
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