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Distillation of Liquids: Separation of 2-Propanol from Water by Fractional Distillation

Introduction:

Distillation is the process of vaporizing a liquid, condensing the vapor, and collecting the condensate in
another container.  This technique is very useful for separating a liquid mixture when the components have
different boiling points, or when one of the components will not distill (such as a salt).  Distillation is one of the
principle methods of purifying a liquid.  Four basic distillation methods are available to the chemist:  simple
distillation, fractional distillation, vacuum distillation (distillation at reduced pressure), and steam distillation.
Simple distillation transfers the volitile contents of one flask into another by distillation.  This technique is used to
separate liquids from solids or to repurify an already relatively pure substance.  When a mixture contains two or
more liquids whose boiling points are relatively close (<100oC), fractional distillation must be used to get an
acceptable separation.  This experiment will use fractional distillation to separate 2-propanol from water.

Background:

Theory of Simple Distillations

Simple distillations are used to purify one component solutions away from non-volitile impurities or
separate the higher boiling of two liquids which dissolve in each other and have boiling points at least 25°C apart.
What actually happens at the molecular level during a distillation?  It is easy to observe that during a distillation,
the liquid mixture in the pot boils to produce vapors which travel through the glassware until they reach the
condensor (see Figure 1).  The condensor is cooled with running water (water enters the bottom or lowest part of
the condensor and exits from the top or highest part of the condensor) and when the hot vapors come into contact
with the cool condensor, they condense back to a liquid.  This liquid can now been separated or purified from the
original mixture.  To start out, lets think about using distillation to separate isopropyl alcohol from non-volitile
impurities.  First, we need to understand what causes a liquid to boil.  A liquid boils when its vapor pressure
equals the atmospheric pressure.  All volitile compounds (both solids and liquids) have a vapor pressure.  The
more volitile the compound is, the higher its vapor pressure.  Vapor pressure is defined as the pressure exerted
by the vapor over a liquid when the liquid and vapor are at equilibrium.  Vapor pressure and boiling points are
related.  A liquid which has a high vapor pressure will have a low boiling point.  This should follow from our
definition of a boiling liquid.  If the vapor pressure of a liquid at room temperature is high, it does not have to be
raised very far before it reaches atmospheric pressure and boils.  On the other hand, a liquid with a low vapor
pressure must have its vapor pressure raised a significant amount before the liquid can boil.  Increasing the
temperature of a compound also increases its vapor pressure.  Therefore, another way of stating the above is that
liquids with a high vapor pressure will require less of a temperature increase before they boil than liquids with a
low vapor pressure.  Remember, non-volitile compounds do not have a vapor pressure.  Without a vapor
pressure, there can be no vapor and this means that they can not be distilled.  Many ionic salts are non-volitile as
well as extremely large molecules (polymers).

If you plot the temperature versus the vapor pressure of a compound (at constant external or atmospheric
pressure), you construct the liquid-vapor equilibrium line in that compounds phase diagram.  This liquid-vapor
equilibrium line is constructed from the Clausius-Clapeyron equation:

p = p° exp{-∆H/R * (1/T-1/T°)}
Where

p° is a known vapor pressure.
T° is the known temperature (in K not °C).
These can be obtained from the normal boiling point of the liquid
∆H is the molar heat of vaporization of the liquid.
R is the universal gas constant (1.987 cal/mole °K).
T is the temperature you want the vapor pressure for.
p is the vapor pressure you calculate for the temperature (T) you want.

The heat of vaporization is the heat (energy) required to convert a mole of liquid to a mole of vapor at the boiling
point.  Notice from the Clausius-Clapeyron equation, that liquids with a high heat of vaporization (H) will have a
low vapor pressure.  This means it takes more energy to vaporize them.
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Fractional Distillation

Fractional distillation is used to separate liquid mixtures, soluble in each other with boiling point differences of
25°C or less at a pressure of 1 atmosphere (atm).  Recognize the difference between simple and fractional
distillation.  Know when it is appropriate to use each type.  Back to thinking at the molecular level.  What happens
when a solution boils?  Now the vapor pressure of the solution (not just one component) must be equal to the
atmospheric pressure.  It should seem logical that the vapor pressure of a solution would result from the vapor
pressures of the individual components.  This idea was first elaborated by John Dalton (1766-1844) and is refered
to as Dalton’s law of partial pressures.  This law states that the total pressure of a system is equal to the sum
of the partial pressures of each component.  In other words, the total vapor pressure of a solution will equal the
sum of the individual vapor (or partial) pressures of each component present.

Ptotal = PA + PB (for a two component system)

In a distillation, the total vapor pressure will equal atmospheric pressure when the solution boils (Ptotal = Patm) so:

Patm = PA + PB (for a two component distillation)

The above equation is the version of Dalton’s law of partial pressures applied to fractional distillations.

It follows from the above discussion that the partial pressure associated with an individual component of a mixture
will be dependant upon the amount of that component present.  Therefore, individual vapor pressures of
components (PA, PB) depend not only on the temperature but also on their mole fraction.  This makes sense.  If
the components of a mixture dissolve in each other perfectly, then the more molecules (or moles) of one
component you have, the more the solution behaves like that one component.  Mixing two liquids to form an ideal
solution causes a decrease in the individual vapor pressures from that of the pure liquids.  This is because fewer
molecules of the original solution are at the surface where they can vaporize.  Ideal solutions occur when all the
components of a mixture dissolve in each other perfectly.  Such solutions obey Raoult’s law which states: the
vapor pressure of a liquid in solution is directly proportional to the mole fraction of that liquid in the solution.

PA = XAP°A

Where:
PA is the vapor pressure of A from the mixture.
XA is the mole fraction of liquid A (XA = moles A/moles A + moles B, for a 2 component mixture).
P°A is the vapor pressure of the pure liquid A.

The same case holds for the other components of the mixture so our boiling solution can be described by
combining Dalton’s law with Raoult’s law to get the following.

Patm = XAP°A + XBP°B

It is important to realize that this whole discussion of Dalton’s and Raoult’s laws talks about partial pressures P° at
fixed temperatures.  The Clausius-Clapeyron equation relates how vapor pressures vary with changing
temperature.  Using algebra, the combined laws of Dalton and Raoult will give you a formula which relates mole
fraction to pressure.  Therefore, you can use algebra again to combine everything (Clausius-Clapeyron, Dalton
and Raoult) to give an equation which relates mole fraction of components in a mixture to temperature.

XA =                                           Patm-P°B exp{(-DHB/R) (1/T-1/T°B)}                         

P°A exp{(- DHA/R) (1/T-1/T°A)}- P°B exp{(-DHB/R) (1/T-1/T°B)}

The only variables in the above equation are the mole fraction (X) and the temperature (T).  Every other symbol is
a constant.  Plotting out the above equation will give you the bottom line of a typical mole fraction-temperature
diagram for ideal solutions.  All of this so far only describes the composition of the liquid solution while it boils.  To
complete the description of a distillation we must also describe what happens in the vapor phase.  This is done by
using the ideal gas law along with Dalton;s and Raoult’s laws to provide an equation which gives the upper line of
the mole fraction-temperature diagram.  Now you can see that it is a slight simplification when general chemistry
textbooks say that mole fraction-temperature diagrams are a consequence of Raoult’s law and leave it at that.
Realize that in an ideal solution, the composition of the vapor being formed from the boiling liquid is different from
the composition of the liquid solution.  In fact, the composition of the vapor phase will be continuously changing
until the separation is complete.  It is because of this that fractional distillation works to separate the individual
components of a mixture.
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Azeotropes and deviations from the ideal

There are some liquid mixtures that cannot be separated by fractional distillation.  That is because the
composition of the vapor being formed remains constant for the entire distillation.  In other words, the vapor being
formed during the distillation can never reach 100% of either liquid present.  Solutions which behave in this
manner are termed azeotropes.  Azeotropes are mixtures which boil at a constant temperature.  There are two
types of azeoptropes, minimum-boiling azeotropes and maximum-boiling azeotropes.  The ethanol-water
azeotrope is an example of a minimum-boiling azeotrope.  Water has a boiling point of 100°C and pure ethanol
boils at 78.6°C.  Whenever you have a mixture of ethanol and water, as long as both components are present the
solution will have a constant boiling point of 76.5°C and produce a vapor with the composition 95% ethanol-5%
water.  Only when one of the components has been completely removed will the temperature raise to the boiling
point of the pure component remaining.  Maximum boiling azeotropes are more rare.  The chloroform (CHCl3)
acetone (CH3COCH3) azeotrope has a constant vapor composition of 52% chloroform-48% acetone.  Its boiling
point is higher than that of either component individually.  With a maximum-boiling azeotrope, one of the
components will initially be distilled from the mixture in a pure form until the solution mixture reaches the
composition of the azeotrope.  At that point, only the azeotrope will be formed for the remainder of the distillation.
Azeotropic behavior is said to result from deviation from ideality, specifically, deviations from Raoult’s law.  It is
sometimes possible to explain non-ideal behavior of liquid mixtures but this is always done after the fact.  There is
no way to predict the formation of an azeotrope a priori.

Purifying a Mixture Through Fractional Distillation

In the traditional distillation of a pure substance, vapor rises from the distillation flask and comes into
contact with the thermometer that records its temperature.  The vapor then passes through a condenser, which
reliquifies the vapor and passes it into the receiving flask.  The temperature observed during the distillation of a
pure substance remains constant throughout the distillation so long as both vapor and liquid are present in the
system.  When a liquid mixture is distilled, often the temperature does not remain constant but increases
throughout the distillation.  The reason for this is that the composition of the vapor that is distilling varies
continuously during the distillation.

When an ideal solution of two liquids, such as benzene (bp 80oC) and toluene (bp 110oC), is distilled by
simple distillation, the first vapor produced will be enriched in the lower boiling component (benzene).  When the
vapor is condensed and analyzed, however, it is unlikely that the distillate is pure benzene.  The boiling point
difference of benzene and toluene (30oC) is too small to achieve complete separation by simple distillation.
Likewise, the remaining liquid in the distillation flask, after collecting this first fraction, will contain a larger amount
of the higher boiling component than at the start of the distillation but it will still be far from pure.

In principle, you could distill a 50-50 mixture of benzene and toluene by simple distillation and collect the
distillate in fractions (portions removed or collected separately).  The first fraction would contain the largest
amount of benzene and the least amount of toluene.  The second fraction would contain less benzene and more
toluene than the first one and would have a higher boiling point range.  The trend of decreasing benzene and
increasing amounts of toluene in the fractions would continue until the last fraction was collected.  This last
fraction would contain the smallest amount of benzene and the largest amount of toluene.  The results of of a
typical distillation of a mixture are given in the following table.

Percentage Composition
Fraction Boiling Range (°C) Benzene Toluene

1 80-85 90 10
2 85-90 72 28
3 90-95 55 45
4 95-100 45 55
5 100-105 27 73
6 105-110 10 90

You could then redistill each of the fractions shown above to further enrich then in either benzene or toluene.
Eventually you would obtain distillate that would be essentially pure benzene and toluene.

Obviously, the procedure just described would be very tedious.  Fortunately, it need not be performed in
usual laboratory practice.  Fractional distillation accomplishes the same result.  The difference is the presence
of a fractionating column between the distillation flask and the condenser.  This fractionating column is filled or
packed with a suitable material such as stainless steel sponge or glass beads.  This packing allows a mixture of
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benzene and toluene (or whatever mixture is being distilled) to be subjected continuously to many vaporization-
condensation cycles as the material moves up the column.  With each cycle within the column, the composition of
the vapot is progressively enriched in the lower boiling component.  Nearly pure benzene will finally emerge from
the top of the column and get condensed into the receiving flask.  the efficiency of the separation depends on the
length of the column and the surface area present on the packing material.  These distillations must be carried out
slowly to ensure that numerous vaporization-condensation cycles occur.  When nearly all of the lower boiling
component has been removed, the temperature begins to rise and a small fraction which contains a mixture of
components can be collected.  The temperature will finally stabilize at the boiling point of the higher boiling
component which can then be collected in a third fraction.  Separations using this technique achieve a much
better separation of components than if simple distillation were used.

Using the Refractive Index of a Liquid to Measure Purity

The next question is how do we measure the composition of each of the fractions collected during a
distillation?  We will measure the refractive index of each fraction collected and compare this value to the
refractive index of pure 2-propanol and pure water.  When light passes from the air into a liquid medium, the
velocity changes and the light rays are bent.  You may have noticed that when you observe a spoon in a glass of
water, it looks as though the spoon handle which is out of the water does not line up with the spoon handle in the
water.  The refraction of light caused by the water causes this optical illusion.  The index of refraction or refractive
index is characteristic for liquids.  Numerically, the refractive index is the ratio the sine of the angles formed when
a light ray travels from air into a liquid.  Because it is possible to measure the index of refraction of a compound to
a few parts in 10,000, this is a very accurate physical constant for the identification of a compound.

Procedure:

The glassware kit contains two condensors.  Use the larger diameter condensor to make the fractionating
column (see Figure 1 below to determine which pieces in the kit are condensors).  Place a small plug of coarse
steel wool into the bottom of the condensor being used as a fractionating column.  Push the steel wool up into
the condensor until it is positioned even with the water inlet.  Fill the condensor at least three-fourths full of
glass beads.  These beads will provide the surface area neccessary for the continual condensation-
vaporization cycles which occur in the column.
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Fractional Distillation of a Water and 2-Propanol Mixture:

Assemble the apparatus.  Set up the apparatus for a fractional distillation using a 100-mL distilling flask
and an ice cooled receiver.  The ground glass joints require a thin film of grease to prevent them from seizing up.
Do not lubricate the adapter-receiver joint.  Have a graduated cylinder ready along with a second receiver flask.
Make sure the bulb of the thermometer is placed in the distilling head adapter so that it will be bathed in vapor
before any vapor reaches the vapor-condensing surface.  The top of the bulb should be positioned at the bottom
of the distilling head opening.  There should be at least two clamps securing your distillation set-up.  A third clamp
will hold the receiver flask in place.

Introduce the reagents.  Place 25 mL of 2-propanol, 25 mL of water (or 50 mL of another mixture or
unknown) and a boiling stone or two into the 100-mL flask.  Reassemble the apparatus.

Connect the cooling water.  Use two rubber hoses to connect the water from the faucet to the botom of
the condensor.  The water exits at the top of the condensor and the second hose should drain into the sink.

Connect the heating mantle.  Use a heating mantle that allows the bottom of the distilling flask to touch
the bottom of the heating well.  If you must use a heating mantle larger than the distilling flask, fill the remaining
space around the flask with dry sand.  Plug the heating mantle into a temperature controler and then plug the
controler into the electrical outlet.  DO NOT PLUG THE HEATING MANTLE DIRECTLY INTO THE ELECTRICAL
OUTLET.  This will cause the heater to burn-out.

Initiate the distillation. .  Once the hoses have been connected, the water can be turned on very slowly.
Make sure that you have cold water flowing gently through the condenser (bottom to top) before heating is begun
Heat the flask gently.  As the heating progresses, hot vapors will condense on the colder parts of the glass and
stream back to their starting point.  In a tube-shaped area, such as the neck of a flask or the bottom of the
distillation head/ adapter, the leading edge of these condensing vapors will form a ring.  Carefully control the
heating rate so that this condensate moves gradually up to and around the thermometer bulb.  The bulb of the
thermometer and the vapor should be at the same temperature (thermal equilibrium) before the vapor reaches the
condenser.

Record the temperature when the first drop condenses, and, from then on, record it for every 0.5 mL or
10 drops collected.  Record the temperature more often when it is rising rapidly.  With care, the temperature
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should remain steady near the boiling point of the more volatile compound for the collection of 20-25 mL.
Increase the heating rate very gradually as the amount of 2-propanol in the pot becomes low.  This will supply
enough energy to keep the vapors up to and in thermal equilibrium with the thermometer.  When the temperature

starts rising rapidly (above 83-87oC), change receivers.  To do this, release the flexible clamp while holding both
receivers; switch them so not a drop is lost, and replace the clamp.  Collect this fraction and record volumes and
temperatures until the temperature remains essentially steady just below or near the boiling point of the second
component (water).  Change receivers and collect a milliliter or two.  Stop at this point;  Remove the heat, and
allow the the apparatus to cool and drain completely.  Record the volume in the first receiver as fraction 1 that in
the second as the intermediate fraction 2 and that in the third receiver as fraction 3.  The liquid remaining in the
distillation flask (pot), after draining and excluding boiling stones, will be labeled fraction 4.  Report the difference
between the sum of the four fractions and the original volume as the loss for the distillation.

Interpret the results.  Determine the density, and refractive index of all 4 fractions.  Make sure each
fraction is close to room temperature.  Measure the refractive index of pure water and 2-propanol as a reference
at the room temperature of the lab.  (The density of water is 1g/mL and that of 2-propanol is 0.785 g/mL.  The

refractive indexes of 2-propanol and water are 1.3776 and 1.3330, respectively, at 20oC).

Plot the temperature recorded against the total volume collected to analyze the effectiveness of this
operation.  To convert from drops to volume, find the conversion factors by measuring the volume in each fraction
and dividing by the total drops in that fraction.  Water is about 1mL for 20 drops but other liquids may vary.  You
should use Excel to make the plots of your data

Questions (You must answer these questions after your discussion, but they are also here to help you
determine what you should include in your discussion.  Remember to answer the questions at the
molecular level):

1. Since both pure water and pure 2-propanol have hydrogen bonds holding the molecules in the liquid state,
why does water have a higher boiling point?

2. Why is it more effective to complete the 2-propanol:water distillation without interruption?

3. Suggest the compositions of fractions 1, 2, 3 and 4 based on the distillation temperatures.

4. From your plot, where should  the receiver change be made just to collect the first fraction?  Where should a
second receiver change have been made to collect the pure, distilled second component?

5. Account for the loss of material as a result of distillation.  How would redistillation affect the final yield?

6. If the original mixture was of unknown composition, determine its composition in two ways, based on all the
material recovered and on the initial volume.  Make explicit assumptions about the nature of all the volumes
involved in this calculation.

7. What factors  affect the efficiency of separation in a distillation?  What improvements could be made here?

8. Are the first and third fractions pure compounds?  Explain.  Could they ever be?

9. Why is the distillation temperature of a liquid often different from the reported boiling point?  What causes
this?
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