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We will be going through the properties 
of solutions 

• The types of mixtures 
•  Ways of expressing concentrations 
•  Intermolecular forces and the solution process 
•  Understanding the solution process via simple 
thermodynamics 

•  The colligative properties of solutions (time 
permitting) 

Note: there is some deviation from the sequence in 
Silberberg 
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“True” solutions are homogeneous 
mixtures 

• Solution have the same composition throughout 
• Contain particles 0.1 – 2 nm: ions or small molecules 
• Transparent, maybe colored  
• Do not separate on standing 

• Colloids, e.g. milk and fog 
• Contain particles 2 – 500 nm 
• Often murky, do not separate on standing 

• Suspensions: heterogeneous mixtures 
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Solutions can be solid, liquid, or gaseous 
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The relative amounts of solute and solvent are 
often referred to a “concentration”. There are 
qualitative ways of expressing concentration 

•  Dilute: Contains a little amount of solute relative to the amount of 
solvent 

•  Concentrated: Contains a large amount of solute relative to the amount 
of solven 

•  Saturated: Contains the maximum amount of solute that will dissolve in 
a given solvent. 

•  Unsaturated: Contains less solute than a solvent has the capacity to 
dissolve. 

•  Supersaturated: Contains more solute than would be present in a 
saturated solution. Supersaturation is a metastable state. 
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There are also quantitative ways of expressing 
concentrations 

Concentration Term Ratio 

Molarity (M or CM) 
amount (mol) of solute 
volume (L) of solution 

Molality (m  or Cm) amount (mol) of solute 
mass (kg) of solvent 

Parts by mass 
mass of solute 

mass of solution 

Parts by volume volume of solute 
volume of solution 

Mole fraction (χ) amount (mol) of solute 

amount (mol) of solute + amount (mol) of solvent 
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Expressing Concentration in Parts by Mass,  
Parts by Volume, Mole Fraction and Molality 

(a)  Find the concentration of calcium (in ppm) in a 3.50-g pill that 
contains 40.5 mg of Ca. 

(b)  The label on a 0.750-L bottle of Italian chianti indicates 
“11.5% alcohol by volume”.  How many liters of alcohol does the 
wine contain? 
(c)  A sample of rubbing alcohol contains 142 g of isopropyl 
alcohol (C3H7OH) and 58.0 g of water.  What are the mole 
fractions of alcohol and water? What is the molality of the 
solution? 

Strategy: (a)  Convert mg to g of Ca, find the ratio of g Ca to g pill and multiply 
by 106. 
(b)  Knowing the % alcohol and total volume, we can find volume of 
alcohol. 
(c)  Convert g of solute and solvent to moles;  find the ratios of parts 
to the total. 



Slide 9 

SAMPLE PROBLEM 13.4 Expressing Concentrations in Parts by Mass,  
Parts by Volume, and Mole Fraction 

SOLUTION: 

continued 

(a) 

3.5 g  

103 mg 

g 
40.5 mg Ca x 

106 x = 1.16x104 ppm Ca 

(b) 11.5 L alcohol 

100 L chianti 0.750 L chianti x = 0.0862 L alcohol 

(c) moles IPA = 142 g 
mole 

60.09 g 
= 2.36 mol IPA 

moles water = 38.0g 
mole 

18.02 g 
= 3.22 mol H2O 

2.39 mol IPA 

2.39 mol IPA + 3.22 mol H2O 

3.22 mol H2O 

2.39 mol IPA + 3.22 mol H2O 

= 0.423 χ  IPA	
 = 0.577 χ  H2O	
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I’m expecting you to be able to interconvert 
concentration terms 

 To convert a term based on amount (mol) to one based on 
mass, you need the molar mass.  These conversions are 
similar to mass-mole conversions. 

 To convert a term based on mass to one based on volume, 
you need the solution density.  Working with the mass of a 
solution and the density (mass/volume), you can obtain 
volume from mass and mass from volume. 

 Molality involves quantity of solvent, whereas the other 
concentration terms involve quantity of solution. 
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Converting Concentration Units 

STRATEGY: 

SOLUTION: 

PROBLEM: Hydrogen peroxide is a powerful oxidizing agent used in 
concentrated solution in rocket fuels and in dilute solution a a 
hair bleach.  An aqueous solution H2O2 is 30.0% by mass and 
has a density of 1.11 g/mL.  Calculate its 

(a)  Molality (b)  Mole fraction of H2O2 (c)  Molarity 
(a)  To find the mass of solvent we assume the % is per 100 g of 
solution.  The 100 - g is our basis. Take the difference in the mass of 
the solute and solution for the mass of peroxide. 
(b)  Convert g of solute and solvent to moles before finding χ. 
(c)  Use the density to find the volume of the solution. 

(a) g of H2O = 100. g solution - 30.0 g H2O2 = 70.0 g H2O 

molality =  

30.0 g H2O2 

34.02 g H2O2 

mol H2O2 

70.0 g H2O kg H2O 
103 g 

= 12.6 m H2O2 

0.882 mol H2O2 



Slide 12 

continued 

(b) 

0.882 mol H2O2 

70.0 g H2O 
mol H2O 

18.02 g H2O 
= 3.88 mol H2O 

0.882 mol H2O2 + 3.88 mol H2O 
= 0.185 χ of H2O2 

(c) 
100.0 g solution 

mL 

1.11 g 
= 90.1 mL solution 

0.882 mol H2O2 

90.1 mL solution L 

103 mL 

= 9.79 M H2O2 

Converting Concentration Units 
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Try these problems at home. You’ll 
never know what I’ll do next meeting. 

• The density of a 25.0 mass % solution of sulfuric acid 
(H2SO4) in water is 1.1783 g/mL at 25.0ºC. What is the 
molarity of the solution? 

• A 0.750 M solution of H2SO4 in water has a density of 1.046 
g/mL at 20ºC. What is the concentration sulfuric acid in (a) 
mole fraction, (b) percent (w/w), (c) molality? (d) percent (w/
v) 
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Solubility is a measure of how much 
solute dissolve in a solvent at a 
specified temperature  

• Solubility can be expressed qualitatively and quantitatively 

• Two (or more) liquids that are completely soluble in each 
other in all proportions are miscible. 

• Solvation is the process in which an ion or a molecule is 
surrounded by solvent molecules arranged in a specific 
manner. 
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A requirement for solution formation can be 
expressed as: “like dissolves like” 

•  NaCl is an ionic solid that dissolves in water, a polar solvent. 
•  Sucrose or table sugar is a molecular but polar solid that dissolves in 

water, a polar solvent.  
•  Organic cholesterol (C27H46O) is non-polar, and dissolves in non-polar 

organic solvents like benzene C6H6 but not in water 

•  Oil and the higher alcohols do not dissolve in water because they have 
different intermolecular forces 
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When a solute dissolves in a solvent, solute-solute 
interactions and solvent-solvent interactions are being 
replaced with solute-solvent interactions.  Solute-solvent 
interactions must overcome the solute-solute interactions 
and solvent-solvent interactions 

ΔHsolvent	
 ΔHsolute	


ΔHmix	

ΔHsolution = ΔHsolute+ ΔHsolventt+ ΔHmix	
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• Pentane is nonpolar 
• 1-butanol has an –OH group just like  
 water, which can form H-bonds 
 with water 
• Therefore, 1-butanol is more soluble  
 in water 

Pentane, C5H12 and 1-butanol, C4H9OH have 
similar molar masses. Which of the two would 
be more soluble in water? 
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Let’s predict relative solubilities of substances 

PROBLEM: Predict which solvent will dissolve more of the given solute: 

(a)  Sodium chloride in methanol (CH3OH) or in propanol (CH3CH2CH2OH) 

(b)  Ethylene glycol (HOCH2CH2OH) in hexane (CH3CH2CH2CH2CH2CH3)  
 or in water. 
(c)  Diethyl ether (CH3CH2OCH2CH3) in water or in ethanol (CH3CH2OH) 

STRATEGY Consider the intermolecular forces which can exist between solute 
molecules and consider whether the solvent can provide such 
interactions and thereby substitute. 
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(c)  Ethanol - Diethyl ether can interact through a dipole and dispersion forces.  
Ethanol can provide both while water would like to H bond. 

(b)  Water - Hexane has no dipoles to interact with the -OH groups in ethylene 
glycol.  Water can H bond to the ethylene glycol. 

Let’s predict relative solubilities of substances 

SOLUTION: 

PROBLEM: Predict which solvent will dissolve more of the given solute: 

(a)  Sodium chloride in methanol (CH3OH) or in propanol (CH3CH2CH2OH) 

(b)  Ethylene glycol (HOCH2CH2OH) in hexane (CH3CH2CH2CH2CH2CH3)  
 or in water. 
(c)  Diethyl ether (CH3CH2OCH2CH3) in water or in ethanol (CH3CH2OH) 

STRATEGY Consider the intermolecular forces which can exist between solute 
molecules and consider whether the solvent can provide such 
interactions and thereby substitute. 

(a)  Methanol - NaCl is ionic and will form ion-dipoles with the -OH groups of 
both methanol and propanol.  However, propanol is subject to the dispersion 
forces to a greater extent. 
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A second look at solutions: A saturated solution is in a state of 
equilibrium. In such, excess undissolved solute is in equilibrium 
with dissolved solute. BTW, the solution above undissolved 
solute is always saturated. 

solute (undissolved)                  solute (dissolved) 
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Sodium acetate crystallizing from a supersaturated solution. 

If we are very careful, we can prepare a supersaturated solution, 
a solution that contains more than the equilibrium amount of 
dissolved solute.	


supersaturated 
solution	


saturated solution 
with undissolved 
solute	
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The solubility of many solid solutes generally increase with a 
rise in temperature. However, there may be some exceptions 
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Gases (e.g. carbon dioxide) are also soluble in liquids (e.g. water) 
to some extent. Unlike many solid solutes however, the solubility 
of gases in liquids decreases with an increase in temperature. 

The solubility of gases in a solvent at a fixed temperature is 
embodied in Henry’s Law: Sgas = kH x Pgas 
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Sgas = kH X Pgas 

The solubility of a gas (Sgas) is 
directly proportional to the 
partial pressure of the gas 
(Pgas) above the solution. 

Divers know it’s foolish/dangerous to ascend rapidly from 
the depths	
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Let’s use Henry’s Law to calculate gas solubility 

PLAN: 

SOLUTION: 

PROBLEM: The partial pressure of carbon dioxide gas inside a bottle of 
cola is 4 atm at 250C.  What is the solubility of CO2?  The 
Henry’s law constant for CO2 dissolved in water is 3.3 x10-2 
mol/L*atm at 250C. 

Knowing kH and Pgas, we can substitute into the Henry’s law 
equation. 

0.1 mol/L S     = (3.3 x10-2 mol/L*atm)(4 atm) = 
CO2 

Another question: What is the solubility of carbon dioxide inside a bottle of 
cola that has already been opened? 

Think about it: What is the molality and mole fraction of carbon dioxide in the 
aqueous solution above? Assume the density of the solution to be 1.00 g/mL. 
FYI, the presence of dissolved gases does NOT change densities of liquids 
substantially. 
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Solutes and solvents revisited: When both solute and 
solvent are volatile (e.g. ethanol and water), both 
would contribute to the total vapor pressure above 
the solution. 

Ptotal= Pethanol+ Pwater (Dalton’s Law of Partial pressures) 

       = Xethanol Po ethanol + Xwater Po water (Raoult’s law applied 
twice) 
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The vapor pressure of a solution containing a non-volatile 
solute is always lower than the vapor pressure of pure 
solvent. 

Raoult’s Law: Psolvent= Xsolventx P0
solvent	
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Changing the vapor pressure changes the boiling 
temperature and freezing temperature of a solution. 
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Solutions have physical properties that depend mostly on the 
populations of solute particles in mixtures and not on the chemical 
identities of the solutes. These properties are called colligative 
properties.  

Raoult’s Law (vapor pressure of a solvent above a solution, Psolvent) 

Psolvent = χsolvent X P0
solvent     

where P0
solvent is the vapor pressure of the pure solvent 

P0
solvent - Psolvent = ΔP = χsolute x P0

solvent 

Boiling Point Elevation and Freezing Point Depression 

ΔTb = Kbm	
 ΔTf = Kfm	


Osmotic Pressure 

π = M R T    where M is the molarity, R is the ideal gas law  
constant and T is the Kelvin temperature	
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Raoult’s Law can be used to calculate  vapor pressure 
lowering in solutions that contain a non-volatile solute 
dissolved in a volatile solvent 

SOLUTION: 

PROBLEM: Calculate the vapor pressure lowering, ΔP, when 10.0 mL of 
glycerol (C3H8O3) is added to 500. mL of water at 50.0C.  At this 
temperature, the vapor pressure of pure water is 92.5 torr and 
its density is 0.988 g/mL.  The density of glycerol is 1.26 g/mL. 

STRATEGY Find the mol fraction, χ, of glycerol in solution and multiply by the 
vapor pressure of water. 

10.0 mL C3H8O3 
1.26 g C3H8O3 

mL C3H8O3 
mol  C3H8O3 

92.09 g  C3H8O3 
= 0.137 mol C3H8O3 

500.0 mL H2O 
0.988 g H2O 

mL H2O 

mol  H2O 
18.02 g  H2O = 27.4 mol H2O 

ΔP =  0.137 mol C3H8O3 

0.137 mol C3H8O3 + 27.4 mol H2O 
92.5 torr x 

x 

x 

=  0.461 torr 

χ = 0.00498 
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Molal Boiling Point Elevation and Freezing Point  
Depresssion Constants are dependent on the  solvents 

Solvent 
Boiling 
Point (0C)* Kb (0C/m) Kb (0C/m) 

Melting 
Point (0C) 

Acetic acid 

Benzene 

Carbon disulfide 

Carbon tetrachloride 

Chloroform 

Diethyl ether 

Ethanol 

Water 

117.9 

80.1 

46.2 

76.5 

61.7 

34.5 

78.5 

100.0 

3.07 16.6 3.90 

2.53 5.5 4.90 

2.34 -111.5 3.83 

5.03 -23 30.  

3.63 -63.5 4.70 

2.02 -116.2 1.79 

1.22 -117.3 1.99 

0.512 0.0 1.86 

*at 1 atm. 
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Determining the Boiling Point Elevation and Freezing 
Point Depression of a Solution 

SOLUTION: 

PROBLEM: You add 1.00 kg of ethylene glycol (C2H6O2) antifreeze(!!!)  to 
your car radiator, which contains 4450 g of water.  What are the 
boiling and freezing points of the solution? 

PLAN: Find the # mols of ethylene glycol; m of the solution; multiply by the boiling 
or freezing point constant;  add or subtract, respectively, the changes from 
the boiling point and freezing point of water. Remember, the point elevation 
is added to the normal boiling temperature while the freezing point 
depression is subtracted from the normal freezing point. 

1.00x103 g C2H6O2 
mol C2H6O2 

62.07 g C2H6O2 
= 16.1 mol C2H6O2 

ΔTbp =  0.512 0C/m 

16.1 mol C2H6O2 

4.450 kg H2O 
= 3.62 m C2H6O2 

3.62m	
x = 1.850C 

BP = 101.85 0C 

ΔTfp =  1.86 0C/m 3.62m	
x

FP = -6.73 0C 
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Osmotic pressure is the pressure that must be applied 
to prevent osmosis 

pure 
solvent 

solution 

net movement of solvent 

semipermeable 
membrane 

solvent 
molecules	


solute 
molecules	


Applied pressure 
needed to prevent 
volume increase 
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Reverse osmosis is used for desalination of salt water to 
produce fresh water 
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Osmotic pressure measurements are helpful in 
determining molar masses of biomolecules 

SOLUTION: 

PROBLEM: Biochemists have discovered more than 400 mutant varieties of 
hemoglobin, the blood protein that carries oxygen throughout 
the body.  A physician studying a variety associated with a fatal 
disease first finds its molar mass (M).  She dissolves 21.5 mg 
of the protein in water at 5.00C to make 1.50 mL of solution and 
measures an osmotic pressure of 3.61 torr.  What is the molar 
mass of this variety of hemoglobin? 

PLAN: We know π as well as R and T.  Convert π to atm and T to degrees K.  
Use the π equation to find M and then the amount and volume of the 
sample to get to M. 

M =  
π	


RT 
=  

3.61 torr atm 

760 torr 

(0.0821 L*atm/mol*K)(278.1 K) 

= 2.08 x10-4 M 

2.08 x10-4 mol 
L 

(1.50 mL) 
103 mL 

L 
= 3.12x10-8 mol 

21.5 mg g 
103 mg 

1 
3.12 x10-8  mol 

= 6.89 x104 g/mol 
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Aqueous electrolyte solutions are prepared by dissolving 
ionizable solutes in water.  

STRONG 

0.5 M 
NaCl weak 

0.5 M 
HAc 

nonelectrolyte 

0.5 M ethylene 
glycol 
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The colligative properties of electrolyte solutions are amplified 
because of solutes dissociate resulting in more particles in 
solution 

For electrolyte solutions, the compound formula 
tells us how many particles are in the solution. 

van’t Hoff factor  (i) 

i  = 
measured value for electrolyte solution 

expected value for nonelectrolyte solution 

For vapor pressure lowering:          ΔP = i(χsolutex P0
solvent) 

For boiling point elevation:             ΔTb = i(Κbm) 

For freezing point depression:         ΔTf = i(Κfm) 

For osmotic pressure :                    π = i(MRT) 

The van’t Hoft factor, i, tells us what the “effective” 
number of ions are in the solution. 
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Electrolyte solutions do 
not always behave ideally 
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Electrolyte solutions do not always behave ideally 

Hydrated anions cluster 
near cations, and vice 
versa. Ionic atmospheres 
of net opposite charges 
are formed. Because the 
ions do not act 
independently, their 
effective concentrations 
are less than expected.	
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Depicting a strong electrolyte solution to find Its 
colligative properties (a visualization exercise) 

PROBLEM: A 0.952-g sample of magnesium chloride is dissolved in 100. g 
of water in a flask. 

(a)  Which scene depicts the solution best? 

(b)  What is the amount (mol) represented 
       by each green sphere? 

(c)  Assuming the solution is ideal, what is its freezing point (at 1 atm)? 

PLAN: (a)  Consider the formula for magnesium chloride, an ionic compound.   
(b)  Use the answer to part (a), the mass given, and the mol mass. 
(c)  The total number of mols of cations and anions, mass of solvent, 

and equation for freezing point depression can be used to find the 
new freezing point of the solution.  
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continued 

(a)  The formula for magnesium chloride 
is MgCl2;  therefore the correct depiction 
must be A with a ratio of 2 Cl-/ 1 Mg2+. 

(b) 
mols MgCl2 =  = 0.0100 mol MgCl2 

0.952 g MgCl2 

95.21 g MgCl2 
mol MgCl2 

mols Cl-  =  0.0100 mol MgCl2 x 
2 mols Cl- 

1 mol MgCl2 
= 0.0200 mols Cl- 

mols/sphere =  
0.0200 mols Cl- 

8 spheres 
= 2.50 x 10-3 mols/sphere 

Depicting a strong electrolyte solution to find Its 
colligative properties 
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continued 

(c) molality (m) =  
0.0100 mol MgCl2 

100. g x 
103 g 

1 kg 
= 0.100 m MgCl2 

 Assuming this is an IDEAL solution, the van’t Hoff factor, i, should be 3. 

ΔTf = i (Kfm) = 3(1.86 0C/m x 0.100 m) = 0.558 0C 

Tf = 0.000 0C - 0.558 0C = - 0.558 0C 

Depicting a strong electrolyte solution to find Its 
colligative properties 



Extra slides 
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Gases (e.g. carbon dioxide) are also soluble in liquids (e.g. water) 
to some extent. 

The solubility of gases in a solvent at a fixed temperature is 
embodied in Henry’s Law: Sgas = kH x Pgas 
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Sgas = kH X Pgas 

The solubility of a gas (Sgas) is 
directly proportional to the 
partial pressure of the gas 
(Pgas) above the solution. 

Divers know it’s foolish/dangerous to ascend rapidly from 
the depths	
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Solutes and solvents revisited: When both solute and 
solvent are volatile (e.g. ethanol and water), both 
would contribute to the total vapor pressure above 
the solution. 

Ptotal= Pethanol+ Pwater (Dalton’s Law of Partial pressures) 

       = Xethanol Po ethanol + Xwater Po water (Raoult’s law applied 
twice) 
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Let’s use Henry’s Law to calculate gas solubility 

PLAN: 

SOLUTION: 

PROBLEM: The partial pressure of carbon dioxide gas inside a bottle of 
cola is 4 atm at 250C.  What is the solubility of CO2?  The 
Henry’s law constant for CO2 dissolved in water is 3.3 x10-2 
mol/L*atm at 250C. 

Knowing kH and Pgas, we can substitute into the Henry’s law 
equation. 

0.1 mol/L S     = (3.3 x10-2 mol/L*atm)(4 atm) = 
CO2 

Another question: What is the solubility of carbon dioxide inside a bottle of 
cola that has already been opened? 

Think about it: What is the molality and mole fraction of carbon dioxide in the 
aqueous solution above? Assume the density of the solution to be 1.00 g/mL. 
FYI, the presence of dissolved gases does NOT change densities of liquids 
substantially. 
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A colloid (or colloidal dispersion) is a mixture in which the dispersed 
particles have dimensions in the 1-1000 nm range. The particles are 
generally too small to be trapped by ordinary filter paper. 

Colloid Type 
Dispersed 
Substance 

Dispersing 
Medium Example 

Aerosol 

Aerosol 

Foam 

Solid foam 

Emulsion 

Solid emulsion 

Sol 

Solid sol 

Liquid Gas Fog 

Solid Gas Smoke 

Gas Liquid Whipped cream 

Gas Solid Marshmallow 

Liquid Liquid Milk 

Liquid Solid Butter 

Solid Liquid Paint; cell fluid 

Solid Solid Opal 
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Photo by C.A.Bailey, CalPoly SLO 
 (Inlay Lake, Myanmar) 

Seemingly transparent colloidal dispersions scatter light 
(Tyndall effect)	
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Some words of wisdom 

• Read pages 527 to 531 
• Check website for skill building exercises 
• Start reading Chapter 16: Sections 1 and 2 
• Probability of a pop quiz during recitation today- ca. 
100 % 
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Converting Concentration Units - another twist 
PROBLEM: Hydrogen peroxide is a powerful oxidizing agent used in 

concentrated solution in rocket fuels and in dilute solution a a 
hair bleach.  An aqueous solution H2O2 is 30.0% by mass and 
has a density of 1.11 g/mL.  Calculate 

(d)  % hydrogen peroxide (w/v) 
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Figure 13.29	


The process of 
fractional distillation. 

Gas 

Gasoline 380C 
Kerosene 1500C 

Heating oil  2600C 

Lubricating oil  3150C-3700C 

Crude oil vapors 
from heater 

Steam 

Residue (asphalt, tar) 

Condenser 

Gasoline vapors 
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Figure 13.33	
 A Cottrell precipitator for removing particulates from  
industrial smokestack gases. 
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Figure B13.1	
 The steps in a typical municipal water treatment plant. 
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Figure B13.2	


Ion exchange for 
removal of hard-water 
cations. 
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Figure 13.22	


Fighting thermal pollution. 
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Recall the phase diagram for H2O. It can explain why skaters glide 
smoothly over ice, and why pressure cookers cook food faster. 

H2O 

Temperature not drawn to scale	



