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PROPERTIES OFPROPERTIES OF
SOLUTIONSSOLUTIONS

Colligative Colligative PropertiesProperties

Properties that depend on theProperties that depend on the
number of dissolved particles -- notnumber of dissolved particles -- not
on the identity of the particle.on the identity of the particle.

 vapor pressure lowering vapor pressure lowering
boiling point elevationboiling point elevation

freezing point depressionfreezing point depression
osmotic pressureosmotic pressure

These Properties IncludeThese Properties Include
Vapor PressureVapor Pressure

of a solution containing a nonvolatile,of a solution containing a nonvolatile,
nonelectrolyte nonelectrolyte solute in water @ 25solute in water @ 25˚̊CC

2.362.360.10.114.1614.160.60.6

4.724.720.20.216.5216.520.70.7

7.087.080.30.318.8818.880.80.8

9.449.440.40.421.2421.240.90.9

11.811.80.50.523.623.61.01.0

Vapor PressureVapor Pressure
(mmHg)(mmHg)

Mol FractionMol Fraction
(solvent)(solvent)

Vapor PressureVapor Pressure
(mmHg)(mmHg)

Mol FractionMol Fraction
(solvent)(solvent)
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Vapor Pressure LoweringVapor Pressure Lowering

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

PPsolutionsolution  = (= (ΧΧsolventsolvent) () (PPoo
solventsolvent))

PPsolutionsolution  = observed vapor pressure= observed vapor pressure
              of the solvent in the              of the solvent in the
              solution              solution
ΧΧsolventsolvent = mole fraction of solvent = mole fraction of solvent

PPoo
solventsolvent  = vapor pressure of the= vapor pressure of the

              pure solvent              pure solvent
FOR AN IDEAL SOLUTION!FOR AN IDEAL SOLUTION!
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The vapor pressure of a solution isThe vapor pressure of a solution is
directly proportional to the moledirectly proportional to the mole
fraction of solvent present.fraction of solvent present.

Calculate the expected vapor pressure at 25 °C for
a solution prepared by dissolving 97.4 g of
common table sugar (sucrose, MM = 342 ) in 453
mL of water.

We will use Raoult's law in the form
Psoln = χH2OP°H2O

We need to determine the mol fraction of water
97.4 g (1 mol/342 g mol-1) = 0.285 mol sucrose
453 mL (1 g/1 mL) (1 mol/18 g mol-1) = 25.2 mol H2O

χH2O = 25.2 mol/(25.2 mol + .285 mol) = .989
The vapor pressure of water at 25 ˚C is 23.76 mm Hg

(Appendix C in Brown & LeMay).
Psoln = .989 (23.76 mm) = 23.5 mm of Hg

Calculate the expected vapor pressure at 25 °C for
a solution prepared by dissolving 97.4 g of
common table sugar (sucrose, MM = 342 g mol-1) in
453 mL of water.

If the solute ionizes, the number ofIf the solute ionizes, the number of
ions affects vapor pressure.ions affects vapor pressure.

The moles of solute must beThe moles of solute must be
multiplied by the number of ions themultiplied by the number of ions the
given solute breaks into.given solute breaks into.
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An An ideal solutionideal solution is a solution that is a solution that
obeys obeys RaoultRaoult’’s s Law.Law.

There is no such thing.There is no such thing.

In very dilute solutions, In very dilute solutions, RaoultRaoult’’ss
Law works fairly well.  Solutions areLaw works fairly well.  Solutions are
most ideal when the solute and themost ideal when the solute and the
solvent are very similar.solvent are very similar.

Exercise 5Exercise 5      Calculating the     Calculating the
Vapor Pressure of a SolutionVapor Pressure of a Solution

Calculate the expected vapor pressureCalculate the expected vapor pressure
at 25°C for a solution prepared byat 25°C for a solution prepared by
dissolving 158.0 g of common tabledissolving 158.0 g of common table
sugar (sucrose, molar mass = 342.3sugar (sucrose, molar mass = 342.3
g/mol) in 643.5 cmg/mol) in 643.5 cm33 of water. of water.

At 25°C, the density of water isAt 25°C, the density of water is
0.9971 g/cm0.9971 g/cm33 and the vapor and the vapor
pressure is 23.76 pressure is 23.76 torrtorr..

SolutionSolution

= 23.46 = 23.46 torrtorr
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Exercise 6Exercise 6   Calculating the  Calculating the
Vapor Pressure of a SolutionVapor Pressure of a Solution
Containing Ionic SoluteContaining Ionic Solute

Predict the vapor pressure of aPredict the vapor pressure of a
solution prepared by mixing 35.0 gsolution prepared by mixing 35.0 g
solid Nasolid Na22SOSO44 (molar mass = 142 (molar mass = 142
g/mol) with 175 g water at 25°C.g/mol) with 175 g water at 25°C.
The vapor pressure of pure water atThe vapor pressure of pure water at
25°C is 23.76 25°C is 23.76 torrtorr..

SolutionSolution

= 22.1 = 22.1 torrtorr

We can find the We can find the molecularmolecular
weightweight of a solute by using the of a solute by using the
vapor pressure of a solution.vapor pressure of a solution.

χsolvent = mol solvent/(mol solute + mol solvent)
mol solute + mol solvent = mol solvent / χsolvent

mol solute  = (mol solvent / χsolvent ) - mol solvent

MM solute = g solute/mol solute

Boiling Point ElevationBoiling Point Elevation

Because vapor pressure is loweredBecause vapor pressure is lowered
by the addition of a nonvolatileby the addition of a nonvolatile
solute, boiling point is increased.solute, boiling point is increased.
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ΔΔT = KT = Kbb x  x mmsolutesolute  x ix i

KKbb  =   = molal molal boiling point elevationboiling point elevation
       constant (for water = 0.51        constant (for water = 0.51 ˚̊C/mC/m))
i    = i    = vanvan’’t t Hoff factorHoff factor
m  = concentration in m  = concentration in molalitymolality
ΔΔT = change in temperatureT = change in temperature

Freezing Point DepressionFreezing Point Depression

Freezing is the temperature atFreezing is the temperature at
which the vapor pressure of the solidwhich the vapor pressure of the solid
and the liquid are equal.  If the vaporand the liquid are equal.  If the vapor
pressure of the liquid is lowered, thepressure of the liquid is lowered, the
freezing point decreases.  This is whyfreezing point decreases.  This is why
NaCl NaCl and CaCland CaCl22 are used on icy roads are used on icy roads
and sidewalks.and sidewalks.

A solution does not have a sharplyA solution does not have a sharply
defined freezing point.defined freezing point.

Useful for separation purposes inUseful for separation purposes in
fractional crystallization.fractional crystallization.
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ΔΔT = T = KKff  x x mmsolutesolute  x ix i

KKff  = = molal molal freezing point depressionfreezing point depression
     constant (for water = 1.86      constant (for water = 1.86 ˚̊C/mC/m))
Add 6 Add 6 qtsqts. of antifreeze to 12 . of antifreeze to 12 qtsqts..
cooling system in order to lower thecooling system in order to lower the
FP to -34°F and raise the BP toFP to -34°F and raise the BP to
+226° F.+226° F.

Solute concentration must be lowSolute concentration must be low
(0.10(0.10mm).).

Disadvantage--compound must beDisadvantage--compound must be
nonvolatile and stable at the boinonvolatile and stable at the boilingling
point.point.

Still used widely.Still used widely.

Remember that you are looking forRemember that you are looking for
grams/mole!grams/mole!

ExampleExample

Calculate the freezing point andCalculate the freezing point and
boiling point of a solution of 100. gboiling point of a solution of 100. g
ethylene glycol (Cethylene glycol (C22HH66OO22) in 900. g) in 900. g
of water.of water.
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Exercise 8Exercise 8 Calculating theCalculating the
Molar Mass by Boiling-PointMolar Mass by Boiling-Point
ElevationElevation

A solution was prepared by dissolvingA solution was prepared by dissolving
18.00 g glucose in 150.0 g water.18.00 g glucose in 150.0 g water.
The resulting solution was found toThe resulting solution was found to
have a boiling point of 100.34°C.have a boiling point of 100.34°C.

Calculate the molar mass ofCalculate the molar mass of
glucose.glucose.

Glucose is a molecular solid that isGlucose is a molecular solid that is
present as individual molecules inpresent as individual molecules in
solution.solution.

SolutionSolution

= 180 g/mol= 180 g/mol

Exercise 9Exercise 9 Freezing-Freezing-
         Point Depression         Point Depression

What mass of ethylene glycol (CWhat mass of ethylene glycol (C22HH66OO22,,
molar mass = 62.1 g/mol), the mainmolar mass = 62.1 g/mol), the main
component of antifreeze, must be addedcomponent of antifreeze, must be added
to 10.0 L water to produce a solution forto 10.0 L water to produce a solution for
use in a caruse in a car’’s radiator that freezes ats radiator that freezes at
-10.0°F (-23.3°C)?  Assume the density-10.0°F (-23.3°C)?  Assume the density
of water is exactly 1 of water is exactly 1 g/mLg/mL..



9

SolutionSolution

= 7.76 X 10= 7.76 X 1033 g (or 7.76 kg) g (or 7.76 kg)

Exercise 10   DeterminingExercise 10   Determining
Molar Mass by Freezing-Molar Mass by Freezing-
Point DepressionPoint Depression

A chemist is trying to identify aA chemist is trying to identify a
human hormone, which controlshuman hormone, which controls
metabolism, by determining itsmetabolism, by determining its
molar mass.molar mass.

A sample weighing 0.546 g wasA sample weighing 0.546 g was
dissolved in 15.0 g benzene, anddissolved in 15.0 g benzene, and
the freezing-point depression wasthe freezing-point depression was
determined to be 0.240° C.determined to be 0.240° C.

Calculate the molar mass of theCalculate the molar mass of the
hormone.hormone.

SolutionSolution

= 776 g/mol= 776 g/mol
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OSMOTIC PRESSUREOSMOTIC PRESSURE

SemipermeableSemipermeable
MembraneMembrane

Membrane whichMembrane which
allows solvent butallows solvent but
not solute moleculesnot solute molecules
to pass throughto pass through
(small molecules can(small molecules can
pass but large onespass but large ones
cannot).cannot).

OsmosisOsmosis

The passage of solvent into solutionThe passage of solvent into solution
through a semipermeable membrane.through a semipermeable membrane.

Osmosis occurs when solventOsmosis occurs when solvent
molecules move through amolecules move through a
semipermeable membrane from asemipermeable membrane from a
region of lower solute concentrationregion of lower solute concentration
to a region of higher soluteto a region of higher solute
concentration.  It is driven by theconcentration.  It is driven by the
need nature has to establish anneed nature has to establish an
equilibrium.equilibrium.
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Osmotic Pressure-(Osmotic Pressure-(ππ))

The pressure that must be appliedThe pressure that must be applied
to a solution to prevent the netto a solution to prevent the net
movement of water from solvent tomovement of water from solvent to
solution (osmosis).solution (osmosis).

The osmotic pressure of a solution isThe osmotic pressure of a solution is
proportional to the number of soluteproportional to the number of solute
particles in a given volume ofparticles in a given volume of
solution, that is, to the molarity.solution, that is, to the molarity.

The equation is similar to the idealThe equation is similar to the ideal
gas law since both relate thegas law since both relate the
pressure of a system to itspressure of a system to its
concentration and temperature.concentration and temperature.

ππ =  = MRTi MRTi or  or  ππ =  = nRTnRT  x ix i
                      V                      V

ππ  = osmotic pressure in   = osmotic pressure in atmatm
M = molarity of the solutionM = molarity of the solution
R  = 0.08206 R  = 0.08206 L-atm/K-molL-atm/K-mol
T  = temperature in KelvinT  = temperature in Kelvin
i   = i   = vanvan’’t t Hoff factorHoff factor
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The use of osmotic pressureThe use of osmotic pressure
calculations for determining thecalculations for determining the
molecular mass of an unknownmolecular mass of an unknown
substance is more accurate than thesubstance is more accurate than the
use of freezing point depression oruse of freezing point depression or
boiling point elevation data because aboiling point elevation data because a
small concentration of solutesmall concentration of solute
produces a relatively large osmoticproduces a relatively large osmotic
pressure.pressure.

Ideal for measuring molar massesIdeal for measuring molar masses
of large molecules of biologicalof large molecules of biological
importance.importance.

ExampleExample

The concentration of hemoglobin inThe concentration of hemoglobin in
blood is roughly 15g/100mL ofblood is roughly 15g/100mL of
solution.solution.

Assume that a solution contains 15gAssume that a solution contains 15g
of hemoglobin dissolved in water toof hemoglobin dissolved in water to
make 100 make 100 mL mL of solution and thatof solution and that
the osmotic pressure of this solutionthe osmotic pressure of this solution
is found to be 0.050 is found to be 0.050 atm atm at 25at 25°°C.C.
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What is the molecular mass ofWhat is the molecular mass of
hemoglobin?hemoglobin?

(The osmotic pressure of a 1 m(The osmotic pressure of a 1 m
solution at 25solution at 25°°C is 24.45 C is 24.45 atmatm.).)

Exercise 11   DeterminingExercise 11   Determining
Molar Mass from OsmoticMolar Mass from Osmotic
PressurePressure

To determine the molar mass of aTo determine the molar mass of a
certain protein, 1.00 X 10certain protein, 1.00 X 10-3-3 g of it g of it
was dissolved in enough water towas dissolved in enough water to
make 1.00 make 1.00 mL mL of solution.of solution.

The osmotic pressure of thisThe osmotic pressure of this
solution was found to be 1.12 solution was found to be 1.12 torrtorr
at 25.0°C.at 25.0°C.

Calculate the molar mass of theCalculate the molar mass of the
protein.protein.
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SolutionSolution

= 1.66 X 10= 1.66 X 1044 g/mol g/mol

Exercise 12Exercise 12    Isotonic   Isotonic
           Solutions           Solutions

What concentration of sodiumWhat concentration of sodium
chloride in water is needed tochloride in water is needed to
produce an aqueous solutionproduce an aqueous solution
isotonic with blood (isotonic with blood (ΒΒ = 7.70  = 7.70 atm atm atat

25°C)?25°C)?

SolutionSolution

= 0.158 = 0.158 MM

Exercise 13Exercise 13
         Osmotic Pressure         Osmotic Pressure

The observed osmotic pressure forThe observed osmotic pressure for
a 0.10 a 0.10 MM solution of Fe(NH solution of Fe(NH44))22(SO(SO44))22

at 25°C is 10.8 at 25°C is 10.8 atmatm..

Compare the expected andCompare the expected and
experimental values forexperimental values for i. i.
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SolutionSolution

Expected = 5Expected = 5

Experimental = 4.4Experimental = 4.4

APPLICATIONS OFAPPLICATIONS OF
OSMOSISOSMOSIS

DialysisDialysis

A phenomenon in which aA phenomenon in which a
semipermeable membrane allowssemipermeable membrane allows
transfer of both solvent moleculestransfer of both solvent molecules
and small solute molecules andand small solute molecules and
ions.  Occurs in walls of mostions.  Occurs in walls of most
plant and animal cells.plant and animal cells.

Kidney dialysisKidney dialysis
is one of mostis one of most
importantimportant
applications.applications.
WasteWaste
molecules move into the molecules move into the ““washwash””
solution and filter the blood.solution and filter the blood.
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Isotonic SolutionIsotonic Solution

Solutions that have the sameSolutions that have the same
osmotic pressure.  (Ex. IV fluids)osmotic pressure.  (Ex. IV fluids)

HypertonicHypertonic

Solution hasSolution has
higher osmotichigher osmotic
pressure (cellspressure (cells
bathed in a hypertonic solutionbathed in a hypertonic solution
would shrivel would shrivel ––crenationcrenation).   Treating).   Treating
the surface of food with salt causesthe surface of food with salt causes
this to happen to bacteria.this to happen to bacteria.

HypotonicHypotonic

Solution hasSolution has
lower osmoticlower osmotic
pressure (cellspressure (cells
bathed in abathed in a
hypotonichypotonic
solution wouldsolution would
burstburst——hemolysishemolysis).).

Reverse OsmosisReverse Osmosis

The process occurring when theThe process occurring when the
high external pressure on a solutionhigh external pressure on a solution
causes a net flow of solvent throughcauses a net flow of solvent through
a semipermeable membrane froma semipermeable membrane from
the solution to the solvent.the solution to the solvent.
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Used in desalinationUsed in desalination
(the membrane here(the membrane here
acts as a acts as a ““molecularmolecular
filterfilter”” to remove to remove
solute particles).  The need for thissolute particles).  The need for this
process will probably increase as theprocess will probably increase as the
need for drinkable water increases.need for drinkable water increases.

Colloids (also calledColloids (also called
Colloidal Dispersions)Colloidal Dispersions)

Thomas Graham, 1860--albumin,Thomas Graham, 1860--albumin,
starch, gelatin and glue diffuse onlystarch, gelatin and glue diffuse only
very slowly and could not bevery slowly and could not be
crystallized.  He called thesecrystallized.  He called these
substances colloids.substances colloids.

““A suspension of tiny particlesA suspension of tiny particles
in some medium.in some medium.””

The dispersed colloidal particles areThe dispersed colloidal particles are
larger than a simple molecule butlarger than a simple molecule but
small enough to remain distributedsmall enough to remain distributed
and not settle out.and not settle out.

A colloidal particle has a diameterA colloidal particle has a diameter
between 1 and 1000 nm and maybetween 1 and 1000 nm and may
contain many atoms, ions, orcontain many atoms, ions, or
molecules.molecules.
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Because of their small particle size,Because of their small particle size,
colloids have an enormous totalcolloids have an enormous total
surface area.surface area.

The particles stay suspendedThe particles stay suspended
because of electrostatic repulsion.because of electrostatic repulsion.

Hydrophobic/Hydrophilic endsHydrophobic/Hydrophilic ends

Coagulation, destruction of a colloid,Coagulation, destruction of a colloid,
occurs by heating (particles collide sooccurs by heating (particles collide so
hard that they stick together) or byhard that they stick together) or by
the addition of an electrolytethe addition of an electrolyte
(neutralizes ion layers).(neutralizes ion layers).

This process isThis process is
important inimportant in
removal of sootremoval of soot
from smoke sofrom smoke so
that air qualitythat air quality
has improvedhas improved
somewhat insomewhat in
industrialized cities.industrialized cities.
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Tyndall EffectTyndall Effect

The scattering of light by particles.The scattering of light by particles.

Used to distinguish between aUsed to distinguish between a
suspension and a true solution.suspension and a true solution.

A true solution has particles that areA true solution has particles that are
too small to scatter light.too small to scatter light.

Brownian MotionBrownian Motion

A characteristic movement in whichA characteristic movement in which
the particles change speed andthe particles change speed and
direction erratically (solventdirection erratically (solvent
molecules collide with the colloidalmolecules collide with the colloidal
particles).particles).

SuspensionsSuspensions are temporary are temporary
solutions.  They will settle eventually.solutions.  They will settle eventually.
Colloids will not do this.Colloids will not do this.

SolutionsSolutions  are permanent.  Particlesare permanent.  Particles
are really small.  Colloids lie inare really small.  Colloids lie in
between solutions and suspensions!between solutions and suspensions!

Examples of  SomeExamples of  Some
Common ColloidsCommon Colloids

Foam- colloidal dispersion of a gasFoam- colloidal dispersion of a gas
dispersed in a liquid or solid (ex.dispersed in a liquid or solid (ex.
Whipped cream and marshmallows)Whipped cream and marshmallows)

Aerosol- colloidal dispersion of aAerosol- colloidal dispersion of a
liquid or solid dispersed in a gas (ex.liquid or solid dispersed in a gas (ex.
Fog and smoke)Fog and smoke)
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Emulsion- colloidal dispersion of aEmulsion- colloidal dispersion of a
liquid dispersed in a solid or liquidliquid dispersed in a solid or liquid
(ex. Butter and milk)(ex. Butter and milk)

Solution- colloidal dispersion of aSolution- colloidal dispersion of a
solid dispersed in a liquid or solidsolid dispersed in a liquid or solid
(ex.  Paint or ruby)(ex.  Paint or ruby)

i  = i  = vanvan’’t t Hoff factor  (moles ofHoff factor  (moles of
electrolyte must be multiplied byelectrolyte must be multiplied by
this)this)
Number of moles particles inNumber of moles particles in
solution/number of moles particlessolution/number of moles particles
dissolved.dissolved.

There areThere are
fewer solventfewer solvent
molecules onmolecules on
the surface tothe surface to
escape.escape.

This can be mathematically expressedThis can be mathematically expressed
by by RaoultRaoult’’s s Law:Law:

For instance, if we had 1 mole ofFor instance, if we had 1 mole of
NaCl NaCl as the solute, we would use 2as the solute, we would use 2
moles of particles for our molemoles of particles for our mole
fraction calculations.fraction calculations.
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For For nonelectrolytesnonelectrolytes, , i= i= 1.1.

For electrolytes, i = the number ofFor electrolytes, i = the number of
particles formed when one formulaparticles formed when one formula
unit of the solute dissolves in theunit of the solute dissolves in the
solvent.solvent.

The experimentalThe experimental
value of i is oftenvalue of i is often
less than theless than the
expected valueexpected value
of i because ofof i because of
a phenomenona phenomenon
called called ““ion pairingion pairing””..

Especially in concentrated solutions,Especially in concentrated solutions,
oppositely charged ions can pair upoppositely charged ions can pair up
and thus, we have fewer particlesand thus, we have fewer particles
than expected.than expected.

If hydrogen bonding occurs betweenIf hydrogen bonding occurs between
solute and solvent, vapor pressure issolute and solvent, vapor pressure is
less than expected.  We call this aless than expected.  We call this a
negative deviation from negative deviation from RaoultRaoult’’s s lawlaw..
This can often be predicted when anThis can often be predicted when an
enthalpy of the solution formation isenthalpy of the solution formation is
large and negative (exothermic).large and negative (exothermic).
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A great example of this negativeA great example of this negative
deviation is acetone and water.deviation is acetone and water.

Both solute and solvent contributeBoth solute and solvent contribute
to the vapor pressure.to the vapor pressure.

If the solute is more volatile thanIf the solute is more volatile than
the solvent, the vapor pressure ofthe solvent, the vapor pressure of
the solution is higher than the vaporthe solution is higher than the vapor
pressure of the solvent.  In this case,pressure of the solvent.  In this case,
the molecules have a higherthe molecules have a higher
tendency to escape than expected.tendency to escape than expected.

We call this a We call this a positive deviationpositive deviation
from from RaoultRaoult’’s s law.law.

The enthalpy of solution for thisThe enthalpy of solution for this
type of deviation is positive.type of deviation is positive.

(endothermic)(endothermic)
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 (same as Dalton’s Law)

Exercise 7Exercise 7 Calculating theCalculating the
Vapor Pressure of a SolutionVapor Pressure of a Solution
Containing Two LiquidsContaining Two Liquids

A solution is prepared by mixingA solution is prepared by mixing
5.81 g acetone (C5.81 g acetone (C33HH66O, molar massO, molar mass
= 58.1 g/mol) and 11.9 g chloroform= 58.1 g/mol) and 11.9 g chloroform
(HCCl(HCCl33, molar mass = 119.4 g/mol)., molar mass = 119.4 g/mol).
At 35°C, this solution has a totalAt 35°C, this solution has a total
vapor pressure of 260. vapor pressure of 260. torrtorr..

The vapor pressures of pure acetoneThe vapor pressures of pure acetone
and pure chloroform at 35°C are 345and pure chloroform at 35°C are 345
and 293 and 293 torrtorr, respectively., respectively.

Is this an ideal solution?Is this an ideal solution? SolutionSolution

Not an ideal solution.Not an ideal solution.
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Solutions in which both solute andSolutions in which both solute and
solvent are liquid and the liquids aresolvent are liquid and the liquids are
volatile, do not behave ideally.volatile, do not behave ideally.


