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Properties
of

Solutions

Solutions

. . . the components of a mixture 
are uniformly intermingled (the 
mixture is homogeneous).

Solution Composition

1. Molarity (M) =

2. Mass (weight) percent =

3. Mole fraction (χA) =

4. Molality (m) =

moles of solute
liters of solution

mass of solute
mass of solution

100%×

moles
total moles in solution

A

moles of solute
kilograms of solvent

Molarity

• The molarity of a solution is the moles of 
solute in a liter of solution.

• For example, 0.20 mol of ethylene glycol 
dissolved in enough water to give 2.0 L of 
solution has a molarity of

solution of 
  )(

liters
soluteofmolesMMolarity =

glycol ethylene M 10.0solution L 0.2
 glycol ethylene mol 20.0 =

Mass Percentage of Solute
• The mass percentage of solute is defined as:

• For example, a 3.5% sodium chloride solution 
contains 3.5 grams NaCl in 100.0 grams of 
solution.

100% 
solution of mass
solute of mass  solute of percentage Mass ×=
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Mole Fraction
• The mole fraction of a component “A”  (χA) in 

a solution is defined as the moles of the 
component substance divided by the total 
moles of solution (that is, moles of solute and 
solvent).

• For example, 1 mol ethylene glycol in 9 mol 
water gives a mole fraction for the ethylene 
glycol of 1/10 = 0.10.

solution of moles total
 Asubstance of moles  A =χ

A Problem to Consider

• An aqueous solution is 0.120 m glucose. 
What are the mole fractions of each of the 
components?
• A 0.120 m solution contains 0.120 mol of 

glucose in 1.00 kg of water. After converting 
the 1.00 kg H2O into moles, we can calculate 
the mole fractions.

OH mol 6.55
g 0.18

OH mol 1OH g10 00.1 2
2

2
3 =××

A Problem to Consider

• An aqueous solution is 0.120 m glucose. 
What are the mole fractions of each of the 
components?

00215.0
mol 55.6)  (0.120

mol 120.0
ecosglu =

+
=χ

998.0
mol 55.6)  (0.120

mol 6.55
water =

+
=χ

Molality

• The molality of a solution is the moles of 
solute per kilogram of solvent.

• For example, 0.20 mol of ethylene glycol 
dissolved in 2.0 x 103 g (= 2.0 kg) of water has 
a molality of

solvent of kilograms
solute of moles)(molality =m

glycol ethylene  10.0solvent  kg  0.2
 glycol  ethylene mol 20.0 m=

A Problem to Consider

• What is the molality of a solution 
containing 5.67 g of glucose, C6H12O6, 
dissolved in 25.2 g of water?
• First, convert the mass of glucose to moles.

• Then, divide it by the kilograms of solvent (water).

=×
6126

6126
6126 OHC g 180.2

OHC mol 1  OHC g 67.5 6126 OHC mol 0.0315

=
×

=
solvent kg 10  25.2

OHC mol 0.0315  Molality
3-

6126 6126 OHC  1.25 m

Steps in Solution Formation

Step 1 - Expanding the solute (endothermic)
Step 2 - Expanding the solvent (endothermic)
Step 3 - Allowing the solute and solvent to 

interact to form a solution (exothermic)

∆Hsoln =  ∆Hstep 1 + ∆Hstep 2 + ∆Hstep 3
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Figure 11.1:  The formation of a liquid solution can 
be divided into three steps: (1) expanding the solute, 

(2) expanding the solvent, and (3) combining the 
expanded solute and solvent to form the solution.

Figure 11.2:  The heat of solution (a) ? Hsoln has a negative sign (the 
process is exothermic) if step 3 releases more energy than that required by 
steps 1 and 2. (b) ? Hsoln has a positive sign (the process is endothermic) if 
steps 1 and 2 require more energy than is released in step 3. (I f the energy 

changes for steps 1 and 2 equal that for step 3, then ? Hsoln is zero.)

(+ or -)

(+ or -)

Figure 11.3:  (a) Orange and yellow spheres 
separated by a partition in a closed container. (b) The 

spheres after the partition is removed and the 
container has been shaken for some time.

Factors Explaining Solubility

! Substances also tend to mix - that is,
they tend to become disordered -
because of their natural random
motions.

! For two substances to form a solution
(any type), the intermolecular forces
between the molecules in each substance
must be similar (or weaker) than those
between the molecules of the newly
formed solution.  

Factors Affecting Solubility

1.  Structural Effects – solute and solvent have similar polarities 

2. Pressure Effects – In a closed system, the amount of a gas
dissolved a gas-liquid solution is directly related to the pressure
of the gas above the solution (Henry’s Law)

3. Temperature Effects – difficult to predict.  Some correlation
between )Hsoln and the variation of solubility with temperature –
but best determined experimentally!
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Molecular Solutions

The molecules of solute do not dissociate
when dissolved in solvent:

        C6H12O6 (s)   W  C6H12O6 (aq)
                             H2

O

Figure 11.4:  The molecular structures of (a) vitamin A (nonpolar, 
fat-soluble) and (b) vitamin C (polar, water-soluble). The circles 
in the structural formulas indicate polar bonds. Note that vitamin 

C contains far more polar bonds than vitamin A.

Ionic Solutions

The solute dissociates into ions in solution:

        CaCl2 (s)   W   Ca2+ (aq) + 2 Cl- (aq)
                         H2

O

Ionic Solutions

Whether an ionic solid dissolves in water
depends on the relative magnitudes of the
lattice energy of the solid solute and the
hydration energy of the solute when
dissolved in water.  Ionic solutes with high
lattice energies tend to be insoluble in
water.

Ionic Solutions

The attractive intermolecular forces most
important in ionic solutions are between the
charged solute ions and the polar ends of
the water solvent molecules, called ion-
dipole forces.   When the solvent is water,
we call the energy released by this
attraction “hydration energy”.  

Figure 12.7: 
Attraction of water molecules to ions 
because of the ion-dipole force. 

Return to Slide 12



5

Figure 12.8: 
The dissolving of 
lithium fluoride in 
water. 

Return to 
Slide 12

Figure 11.6:  
The solubilities
of several solids 
as a function of 
temperature.

Figure 11.8:  A pipe with accumulated 
mineral deposits. The cross section 

clearly indicates the reduction in pipe 
capacity.

Henry’s Law

P = kC
P = partial pressure of gaseous solute above 

the solution
C = concentration of dissolved gas
k = a constant

The amount of a gas dissolved in a solution is The amount of a gas dissolved in a solution is 
directly proportional to the pressure of the gas directly proportional to the pressure of the gas 
above the solution.above the solution.

Figure 11.5:  (a) A gaseous solute in equilibrium with a 
solution. (b) The piston is pushed in, increasing the pressure 

of the gas and number of gas molecules per unit volume. This 
causes an increase in the rate at which the gas enters the 

solution, so the concentration of dissolved gas increases. (c) 
The greater gas concentration in the solution causes an 

increase in the rate of escape. A new equilibrium is reached.

Figure 11.7:  
The solubilities
of several gases 
in water as a 
function of 
temperature at a 
constant 
pressure of 1 
atmof gas 
above the 
solution.
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Solubility and the Solution 
Process

• The amount of a substance that will dissolve 
in a solvent is referred to as its solubility.
• Many factors affect solubility, such as 

temperature and, in some cases, pressure .
• There is a limit as to how much of a given 

solute will dissolve at a given temperature.
• A saturated solution is one holding as much 

solute as is allowed at a stated temperature. (see 
Figure 12.3)

Figure 12.3: Comparison of unsaturated and saturated solutions. 

Return to Slide 7

Figure 12.2: 
Solubility of 

equilibrium.

Saturated Solutions

A system in equilibrium:

        CaCl2 (s)   W   Ca2+ (aq) + 2 Cl- (aq)
                         H2

O

The maximum amount of calcium chloride
has dissolved and the system is saturated
with calcium and chloride ions.  

For each mole of calcium chloride that
dissolves, 1 mole of Ca2+ ions and two moles
of Cl- ions go into solution.

Saturated Solutions

        CaCl2 (s)   W   Ca2+ (aq) + 2 Cl- (aq)
                         H2

O

The system is in dynamic equilibrium - that
is, the overall concentrations of Ca2+ and
Cl- ions do not change, but solid calcium
chloride is continuously dissolving into and
re-forming from the ions in solution.

Solubility: Saturated Solutions

• Sometimes it is possible to obtain a 
supersaturated solution, that is, one that 
contains more solute than is allowed at a 
given temperature.
• Supersaturated solutions are unstable - they 

are NOT in equilibrium.
• If a small crystal of the solute is added to a 

supersaturated solution, the excess 
immediately crystallizes out. 
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Figure 12.4: Crystallization begins.

Photo courtesy of James Scherer.

Figure 12.4: Crystal growth spreads.

Photo courtesy of James Scherer.

Figure 12.4: Crystal growth spreads through the solution.

Photo courtesy of James Scherer.

Vapor Pressure of Solutions

Nonvolatile solutes lower the vapor 
pressure of the solvent – fewer solvent
molecules at the surface (escaping tendency
is low) and attractive forces between solute 
and solvent also decrease escaping tendency
of solvent molecules.

Figure 11.9:  An aqueous solution and pure water in 
a closed environment. (a) Initial stage. (b) After a 

period of time, the water is transferred to the 
solution.

Figure 11.10:  The presence of a nonvolatile solute 
inhibits the escape of solvent molecules from the liquid 

and so lowers the vapor pressure of the solvent.
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Raoult’s Law

Psoln = χsolventP°solvent

Psoln = vapor pressure of the solution
χsolvent = mole fraction of the solvent
P°solvent = vapor pressure of the pure solvent

The presence of a nonvolatile solute lowers The presence of a nonvolatile solute lowers 
the vapor pressure of a solvent.the vapor pressure of a solvent.

Figure 11.11:  
For a solution 
that obeys 
Raoult's law, a 
plot of Psoln
versus xsolvent
gives a straight 
line.

Figure 12.16: Plot of vapor pressure solutions showing 

Raoult’s law.

Vapor Pressure of a Solution

We can relate the change in pressure (?P)
of the solvent, A,  to the concentration
(mole fraction) of the nonvolatile solute, B:

                 ?P = PA
o - PA = PA

o
  -  PA

oXA

                                     = PA
o(1 - XA)   = PA

oXB 

                                        Since XA + X B= 1
 where PA

o = pressure of the pure solvent &
PA = pressure of the mixture, X A is the mole
fraction of the solvent and XB is the mole
fractionof the solute. 

PA
o

    =     ?P/XB

Vapor Pressure of a Solution

• If a solution contains a volatile solute , then 
each component contributes to the vapor 
pressure of the solution.

• In other words, the vapor pressure of the 
solution is the sum of the partial vapor 
pressures of the solvent and the solute. 
Dalton’s Law of Partial Pressures.

• Volatile compounds can be separated using 
fractional distillation. (see Figure 12.17)

))(P())(P(P solute
o
solutesolvent

o
solventsolution χ+χ=

Figure 11.12:  
When a solution 
contains two 
volatile 
components, 
both contribute 
to the total 
vapor pressure.
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Figure 11.13:  Vapor pressure for a solution of two volatile liquids. (a) The 
behavior predicted for an ideal liquid-liquid solution by Raoult's law. (b) A 

solution for which P TOTAL is larger than the value calculated from Raoult's law. 
This solution shows a positive deviation from Raoult's law. (c) A solution for 

which P TOTAL is smaller than the value calculated from Raoult's law. This 
solution shows a negative deviation from Raoult's law.

Colligative Properties

Depend only on the number, not on the 
identity, of the solute particles in an ideal 
solution.

4 Boiling point elevation
4 Freezing point depression
4 Osmotic pressure

Boiling Point Elevation

A nonvolatile solute elevates the boiling 
point of the solvent.

∆T = Kbmsolute

Kb = molal boiling point elevation constant
m = molality of the solute

Freezing Point Depression

A nonvolatile solute depresses the freezing 
point of the solvent.

∆T = Kfmsolute

Kf = molal freezing point depression constant
m = molality of the solute

Figure 11.15:  (a) Ice in equilibrium with liquid 
water. (b) Ice in equilibrium with liquid water 

containing a dissolved solute 
(shown in pink).
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The addition 
of antifreeze 
lowers the 
freezing point 
of water in a 
car’s radiator.

Figure 11.14:  Phase diagrams for pure 
water (red lines) and for an aqueous 

solution containing a nonvolatile solute 
(blue lines).

Osmotic Pressure

Osmosis :  The flow of solvent into the 
solution through the semipermeable 
membrane.

Osmotic Pressure:  The excess hydrostatic 
pressure on the solution compared to the 
pure solvent.

A = MRT

Figure 11.16:  A tube 
with a bulb on the 
end that is covered by 
a semipermeable

membrane.

Figure 11.17:  
The normal flow of 
solvent into the 
solution (osmosis) can 
be prevented 
by applying an 
external pressure 
to the solution. The 
minimum pressure 
required to stop the 
osmosis is equal 
to the osmotic pressure 
of the solution.

A = MRT
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Figure 11.18:  (a) A pure solvent and its solution (containing 
a nonvolatile solute) are separated by a semipermeable

membrane through which solvent molecules (blue) can pass 
but solute molecules (green) cannot. The rate of solvent 

transfer is greater from solvent to solution than from solution 
to solvent. (b) The system at equilibrium, where the rate of 

solvent transfer is the same in both directions.

Figure 11.19:  Representation of 
the functioning of an artificial 

kidney.

If the external pressure is larger 
than the osmotic pressure, reverse 
osmosis occurs.

One application is desalination of 
seawater.

Figure 11.20:  Reverse osmosis. 

Figure 11.21:  (a) Residents of Catalina Island off the coast of
southern California are benefiting from a new desalination 
plant that can supply 132,000 gallons a day, or one-third of 
the island's daily needs. (b) Machinery in the desalination 

plant for Catalina Island.

Colligative Properties of 
Electrolyte Solutions

∆T = imK
π = iMRT

i =  
moles of particles in solution

moles of solute dissolved

van’t Hoff factor, “van’t Hoff factor, “ii”, relates to the number of ”, relates to the number of 
ions per formula unit.ions per formula unit.

NaCl = 2, KNaCl = 2, K22SOSO44 = 3= 3
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Figure 11.22:  In an aqueous solution 
a few ions aggregate, forming ion 

pairs that behave as a unit.

Colloids

Colloidal Dispersion (colloid):  A suspension 
of tiny particles in some medium.

aerosols, foams, emulsions, sols

Coagulation:  The addition of an electrolyte, 
causing destruction of a colloid.

Figure 11.23:  The Tyndall effect.

Figure 11.24:  A representation 
of two colloidal particles. 
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Figure 11.25:  The 
Cottrell precipitator 
installed in a 
smokestack. The 
charged plates attract 
the colloidal particles 
because of their ion 
layers and thus 
remove them from 
the smoke.


