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Distillation 
 
The most important technique for separating and purifying organic liquids is 
distillation21. A gross oversimplification of the technique is this: the impure liquid 
in one vessel is vaporized, and then the vapors are condensed into another vessel, 
with the resulting liquid being more pure now than before. Understanding this 
technique begins with a consideration of boiling. 
 
 
Boiling 
 
Laboratory glassware, as well as home cookware, has microscopic pores and cracks 
in their walls. In these imperfections are pockets of air. When a liquid enters the 
vessel, these pockets are filled with vapor of the liquid at its equilibrium vapor 
pressure. As the temperature of the liquid rises, this vapor remains compressed 
until its pressure exceeds the applied pressure, which is normally atmospheric 
pressure plus that of the liquid. At this point, the trapped vapor rapidly expands, 
forming bubbles that rise to the surface of the liquid and expel their vapor. This is 
the phenomenon of boiling22. Thus, the boiling point of a liquid is the 
temperature at which the liquid's vapor pressure equals the external pressure 
(normally atmospheric). 
 
Distillation consists of boiling a liquid in an apparatus that prohibits some of the 
escaping vapor from condensing and falling back into the original boiling liquid, but 
rather channels the condensing liquid into another vessel. At constant pressure, the 
distillation of a pure liquid occurs at constant temperature because all the heat 
energy entering the system is consumed in overcoming the intermolecular forces. 
 
 
Bumping and Boiling Chips 
 
Liquids that have been degassed do not boil when heated, but vaporize suddenly 
and explosively if heated sufficiently, a hazard known as bumping.  Adding small 
chips of unglazed porcelain or carborundum directly into the liquid before heating 
begins prevents bumping. These so-called boiling chips have pockets of trapped 
air, which, upon heating of the liquid, provide a fine stream of bubbles that act as 
nuclei for the formation of vapor rising from the liquid. Without boiling chips the 
liquid may bump, with very large bubbles leaving the liquid, sometimes with 
considerable violence. 
 
Thus, never distill a liquid without first adding boiling chips!23 If a hot liquid 
containing boiling chips cools, vapor will condense and fill the pores of the chips, 
rendering them ineffective. Consequently, fresh boiling chips must be added if 
                                            
     21 The word distill is derived from the Latin distillare, meaning to drip. 
     22 The word boil is derived from the Latin bullare, meaning to bubble. 

   23 Note: stirring boiling liquid with a stir bar also tends to prevent bumping; use either a stir bar  
(and stir plate) or boiling chips, but do not use a stir bar and boiling chips together. 
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heating is interrupted and the liquid cools at all. One final comment: never 
add boiling chips to a hot liquid. If you do, the chips may initiate sudden and 
violent boiling. 
 
 
Raoult's Law 
 
As you know, the presence of an impurity lowers the melting point of a solid. This 
depression is attributed to the lowering of the solid's vapor pressure by the 
impurity; therefore, the temperature to which the solid must be heated to equalize 
the vapor pressures of the solid and liquid is also lower. 
 
A fall in the vapor pressure also occurs when miscible liquids are mixed together. In 
this case, each liquid lowers the vapor pressure of all the other liquids in the 
mixture. This phenomenon is described by the equation 
 
 P = P0χ 
 
where P = partial vapor pressure of a given liquid in a mixture at a given 
temperature, P0 = vapor pressure of the pure liquid, and χ = mole-fraction of the 
liquid. 
 
This equation is Raoult's Law, and it shows that the vapor pressure of a liquid in a 
mixture varies directly with the mole-fraction of the liquid, with the proportionality 
constant being the vapor pressure of the pure liquid. 
 
Consider the following example of how two miscible liquids that obey Raoult's Law 
lower each other's vapor pressure when mixed together. Pure n-pentane (b.p. 36°C) 
has a vapor pressure of 420 torr at 20°C. n-Heptane (b.p. 98°C) has a vapor pressure 
of 36 torr at the same temperature. A mixture of 72 grams (1.0 mole) of n-pentane 
and 200 g (2.0 moles) of n-heptane at 20°C contains a total of 3.0 moles, for which 
the mole-fraction of n-pentane is 0.33 and that of n-heptane is 0.67. 
 
According to Raoult's Law, the partial vapor pressure of n-pentane above the 
solution is 33% of the vapor pressure of pure n-pentane at 20°C; similarly, the 
partial vapor pressure of n-heptane is 67% of the vapor pressure of pure heptane: 
 

Ppentane = χ pentane P
0

pentane = 0.33(420 torr) = 139 torr 
Pheptane = χ heptane P

0
heptane = 0.67(36 torr) =   24 torr 

 Vapor pressure of mixture at 20°C = 163 torr 
 
Cardinal to the usefulness of distillation is the fact that although the mole-fraction 
of n-pentane in the mixture is only 0.33, its mole-fraction in the vapor above the 
solution is 139 torr/163 torr, or 0.85. In other words, the vapor above a solution of 
two miscible liquids is always richer in the more-volatile component. 
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Heating Mantles and Variacs 
 
The most commonly used glassware for containing a sample for distillation is a 
round-bottomed flask. The preferred method for heating a round-bottomed flask in 
organic chemistry is a heating mantle, which is a heating element covered in a 
heat-resistant cloth. Although they appear to have normal electrical plugs, heating 
mantles should never be plugged directly into a wall electrical socket (the 
current is likely to destroy the heating mantle). Instead, the heating mantle should 
be plugged into a Variac, which allows control of the voltage reaching the mantle.  
 
Figure 16 shows the major features of the Variac. Obviously, the Variac itself must 
be plugged into an electrical outlet, and the heating mantle plugged into the socket 
on the front of the Variac. In addition, the system works better if the Variac is 
switched on! Finally, the initial setting should be 70 when using the Variac to 
power a heating mantle; this will provide enough power to initiate heating the 
system without damaging the mantle. After the heating mantle is clearly warm (a 
minimum of five minutes), it may be desirable to increase the power in five unit 
increments about once every five minutes. Do not exceed a maximum setting of 110.  
 

 
Figure 16. Variac. 

 
 
Simple Distillation 
 
Figure 17 shows a typical assembly for simple, or short-path, distillation. This 
apparatus is suitable for distilling liquids under any of three conditions: (1) when 
the liquid contains only nonvolatile impurities, (2) when the mixture contains two 
miscible liquids whose boiling points are at least 100°C apart, or (3) when a longer 
path would decompose the product. 
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Figure 17. Simple distillation apparatus. 
 
Position the thermometer such that the bulb is immersed in the vapors entering the 
condenser. During a distillation, drops of liquid should be visible on the 
thermometer bulb. These drops on the bulb are proof of an equilibrium between 
liquid and vapor at the bulb, ensuring an accurate thermometer reading. 
 
Use the condenser, not the distilling column, to connect the three-way adapter (the 
one holding the thermometer) with the vacuum adapter. Remember, cooling water 
should always flow in the bottom and out the top (a trickle of water is plenty). Note 
that the heating mantle should be placed on a stir plate (or other elevated, 
heat-resistant support). This allows the heating mantle to be removed from the 
pot flask rapidly in case of trouble with the distillation process or to avoid boiling off 
all of the liquid. 
 
As heating progresses, the mixture begins to bubble (boiling chips are in the liquid, 
of course, as shown in the diagram). Vapor condenses and drops of liquid form on 
the thermometer bulb. The thermometer reading quickly, vapor condenses in the 
condenser, and liquid drips into the receiving flask. The first several drops of any 
distillation are the forerun, which is likely to be comprised of low boiling impurities 
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ad impurities rinsed out of the distillation apparatus by the flowing liquids. 
 
As the liquid begins dripping, allow liquid to continue dripping until the 
temperature rises again and then stabilizes; this should be the end of the forerun. 
Immediately change the receiving flask; what is distilling now is the liquid being 
purified, and its boiling point is the thermometer reading. Again, allow this liquid to 
continue distilling until the temperature begins fluctuating, rising, or falling. 
Change the receiving flask again if you wish to collect another component of the 
original liquid mixture. 
 
As melting point is a criterion of purity for solids, so boiling point is for liquids. 
Moreover, a narrow boiling range, about 2°C, implies purity. Note the boiling range 
of the liquid as it distills. 
 
 
Fractional Distillation 
 
Separating miscible liquids whose boiling points differ by less than 100°C requires a 
modified technique called fractional distillation. The apparatus is similar to that 
used for simple distillation with one addition: a distilling column, with its inward 
projections at the bottom, should be used to connect the distilling flask and the 
three-way adapter. The distilling column should be packed with a heat and solvent 
resistant material, such as burrell saddles (Figure 18).  
 
The reason that fractional distillation works is illustrated in Figure 19. Figure 19 is 
a boiling point-composition diagram for two hypothetical liquids, A and B. Consider 
the distillation of 100 mL of a liquid comprising 75% B and 25% A. This liquid 
comes into equilibrium with vapor, i.e., it boils, at ca. 51°C (point M on the graph). 
The composition of the vapor, M', at this temperature is ca. 67% A and 33% B. 
 
When a fractionating column is used (as shown in Figure 18), M' may condense on 
the column packing to liquid N, which the packing prevents from falling back into 
the distilling flask. More vapor of composition M' rising in the column establishes 
an equilibrium with liquid N, slightly cooling M' and slightly warming N; a vapor of 
composition intermediate to M' and N' forms. This process continues up the column, 
and the vapor emerging from the top is essentially pure A. The distilling columns 
you will use in class have four or five theoretical plates, and therefore allow the 
equivalent of four or five simple distillations to occur using a single apparatus. 
 
The one drawback of fractional distillation is that it takes longer, because while the 
only heat source is at the bottom, the temperature of the system must match or 
exceed the boiling point throughout the height of the distilling column. A loose 
covering of aluminum foil around the distilling column and the pot flask helps 
the process both by reflecting heat back to the apparatus and by shielding the 
apparatus from cooling air currents. (Note that a tight covering of aluminum foil 
may look neater, but would actually tend to act as a cooling mechanism for the 
apparatus. 
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Figure 18. Fractional distillation apparatus. 
 

 
Figure 19. Boiling point-composition diagram 
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Azeotropes 
 
Many real solutions depart from Raoult's Law. These are azeotropes, mixtures 
with constant boiling points, which cannot be separated into their components. A 
well-known example is the ethanol/water azeotrope, which is 95% ethanol and 5% 
water. This mixture will distill at a constant temperature without separating.24 
 
Azeotropes may deviate either positively or negatively from Raoult's Law. Those 
that deviate positively have higher-than-ideal vapor pressures, while those that 
deviate negatively have lower-than-ideal vapor pressures. Positive deviation occurs 
when the molecules of one gaseous component have a greater affinity for themselves 
than they have for the molecules of the other component. Negative deviation, 
however, occurs when the two gaseous components attract each other strongly. 
 
Chasers 
 
The column packing holds back a significant amount of the liquids being distilled. 
To solve this problem, one adds a chaser to the distillation mixture. A chaser is a 
liquid with a very high boiling point that pushes liquids off the packing material. As 
the chaser boils, its vapors penetrate and heat the packing material, driving off 
whatever liquid is resting there. 
 
 
Steam Distillation 
 
Steam distillation differs from fractional distillation in that two immiscible 
liquids are co-distilled (water and an organic liquid). In this case, the total pressure 
is the sum of the individual vapor pressures of the two components: 
 
 P total  =  PA o  + PB o 
 
The vapor's composition is constant during the distillation, and the higher combined 
vapor pressure lowers the boiling point for the mixture below that of either 
individual liquid. Thus, even if the organic phase boils higher than water, the 
mixture will distill slightly below 100°C. Because the organic liquid does not have to 
be heated to its actual boiling point, steam distillation results in a lower probability 
of decomposition of the organic compound during the heating. Natural products, 
such as essential oils are often isolated by steam distillation. Many essential oils are 
terpenes (molecules constructed from two or more 5-carbon isoprene25 units); 
depending on the exact structure, terpenes frequently decompose before reaching 
their boiling point, but steam distillation allows the compounds to boil at much 
lower temperatures. 

                                            
    24 The existence of azeotropes is the reason that the strongest spirit that can come off a still is 190 
proof. 
25 Isoprene (or isoterpene) is the trivial name for 2-methyl-1,3-butadiene. Isoprene polymerizes 
readily, and is the monomer unit for polymers such as natural rubber; many natural products 
seeming unrelated to isoprene, such as cholesterol, are actually isoprene derivatives. 


