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Boiling Acetone at Reduced Pressure

There are two ways to bring a liquid to a boil. First, put the liquid in a pot and set it on

the stove. This works well with water to make tea or cook pasta. The added heat from the O
tove gives the water a high enough temperature to begin to boil and the continued
addition of heat keeps the boiling going. The second way to bring a liquid to a boil does /U\
not require an input of heat at all. Simply place the liquid in a sealed container and H3C CH3

connect the container to a vacuum pump to reduce the air pressure inside. When the
pressure gets low enough, the liquid comes to a boil, no stove required. A

This second way of bringing a liquid to a boil may not be familiar to most people. The cetone
kind of equipment needed for this experiment is not found in most kitchens. However, recipes and packaged
foods are likely to be found in a kitchen and some of these include additional instructions for people who are
cooking at high elevation. In Sante Fe, New Mexico (elev. 7,000 ft) the atmospheric pressure is about 0.8
atmospheres. At this pressure water boils at 93°C (199°F). La Paz, Bolivia (the highest capital city in the world)
has an elevation of 11,980 ft (air pressure of 0.7 atm) and the boiling point of water there is 88°C (190°F). The
higher you go, the lower the boiling point. This has to do with air pressure. At higher elevation, the atmospheric
pressure is lower. At lower pressure, water boils at a lower temperature. Boiling is a phenomenon that depends
not just on temperature but also on air pressure. In order for bubbles of vapor (molecules of the liquid in the gas
phase) to form inside the liquid the gas pressure inside the bubbles must equal the external pressure. If the
external pressure is higher then bubbles can’t form until the liquid is at a higher temperature. If the external
pressure is lower then bubbles will form when the liquid is at a lower temperature. Water can even boil at room
temperature if the pressure is low enough. At 17.5 torr (0.0231 atm) water boils at 20°C, which is room
temperature.

In order to really understand what’s going on when a liquid boils a good understanding of heat and
temperature is required. Molecules and atoms are in constant, random motion. Temperature is a measure of the
average kinetic energy of molecules, their energy of motion. At low temperature molecules have a lower average
kinetic energy, which means they have a lower average speed. If no phase changes or chemical reactions are going
on then when heat is added to a material, its molecules will begin to move faster. Although the molecules are too
small to see, it is possible to measure the temperature and the temperature rises as heat is added. There is heat in
everything that has a temperature above absolute zero. For example, when an object with a higher temperature is
placed in contact with an object with a lower temperature heat moves from the higher-temperature object to the
lower-temperature object. In order to have heat, it is not necessary to burn some fuel or turn on a stove.

Although all changes in temperature involve heat moving into or out of a substance, not all transfers of heat
cause the temperature to change. For example, when the water in the pot on the stove is boiling it has a constant
temperature of 100°C (212°F) despite the fact that the burner underneath it is hundreds of degrees hotter. The
burner provides heat to the water in the pot but the temperature of the water does not rise. Why should this be?
The temperature of boiling water is constant because the heat that is added to the water is consumed in driving
the phase change from liquid to gas. Instead of raising the temperature of the water, the heat breaks the bonds
holding one water molecule in contact with its neighbors. All molecules experience a certain amount of stickiness
(or intermolecular forces of attraction). This stickiness requires energy to overcome. Just as it takes a small effort
to pull two magnets apart when they are stuck together, it takes a small amount of heat energy to pull two water
molecules apart. The heat provided by the stove breaks the bonds holding water molecules together and these
molecules then escape in the vapor phase, taking their additional energy with them. Heat not only gets used up
breaking bonds but the energy is also carried away by the hot steam. Boiling, and melting, too, for that matter,
require heat and consume it without allowing the heat to raise the temperature.

When sufficient heat is added to a boiling liquid its temperature remains constant. This raises an interesting
question: when a liquid boils because of reduced pressure, what happens to its temperature? In the demonstration
air pressure is reduced in a flask containing acetone. The acetone comes to a boil due to the reduced pressure but
no external heat source is supplied. The temperature of the acetone drops—it drops further the longer it boils.
Boiling requires heat and the heat has to come from somewhere. In this case, the heat is coming from the acetone
itself. As the heat in its own molecules is used up in the transition from the liquid to the vapor state the
temperature drops. In order for a molecule to escape into the vapor phase it must move fast enough to break the
bonds to its neighbors. If the neighbors shove it hard enough then a molecule can join up with others in the vapor
phase and make a bubble. But the neighbors of the now-escaped molecule gave up some of their kinetic energy
when they shoved it away. A lower kinetic energy means they are moving more slowly. When molecules move
nore slowly we can detect that as a drop in temperature. In a way, this is like Dorothy in the Wizard of Oz. She
had the ruby slippers on the entire time and could have gone home at any moment. The flask of acetone has the
heat that it needs to boil within its own molecular motions. Acetone can be made to boil at 20°C with a pressure of
108 torr (0.141 atm). The normal boiling point of acetone (at 1 atm) is 56.5°C. As the acetone boils, its
temperature can be reduced to about 10°C.
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Questions

1. Endothermic changes consume heat energy. Exothermic changes give off heat energy. Classify the phase
changes below as endothermic or exothermic. For each one, write one sentence that justifies your answer.
Consider the formation or breaking of bonds between molecules in your answer. (

a. solid to liquid
maso Ble By peek

b. liquid to gas Ve ' [

c. gas to liquid

Exo B¢ FBINDS  Foram

d. liquid to solid
EXo

2. When water is boiled on a stove the temperature remains constant at around 100°C. This is despite the fact
that the electric burner is constantly adding heat to the water. Why does the temperature remain constant?
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3. What happened in the demonstration when the flask of acetone was hooked up to the aspirator and its
internal pressure was reduced? List all relevant observations.
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4. When the temperature of a system drops during a physical or chemical change is heat being consumed or (
produced? Explain.
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5. Prior to seeing this demonstfation, wfat wogld ymﬁ{ave said about boiling about whether it was
exothermic or endothermic? Why? Have you changed your mind? Explain.
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6. Heat is a form of energy and energy cannot be created or destroyed. Where does heat energy go when it
enters a system and the system’s temperature stays constant or when it drops?
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7. Does freezing water give off heat or consume it? Justify your answer in terms of molecular motion.

l-r Gives OF€  Hear AS  lores Fodn,

This demonstration is based on demonstration 1.1 on pg. 5 of Chemical Demonstrations, Vol. 1 by Bassam Z.

Shakhashiri.

I made a video of this demonstration a few years ago. View it here: https://youtu.be/BxB2uVtL4rU. (
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Student Worksheet for the Demonstration
Exothermic Dehydration of Sugar

Table sugar is a carbohydrate known by the scientific name sucrose. Its formula is

C4oH,04;. It is a disaccharide made of linked molecules of glucose and fructose. A GHOH

CHOH
disaccharide is a carbohydrate with two linked sugar molecules. Starches are composed of ! - ] <05 ]
many linked sugar molecules and are known as polysaccharides. O CH,0H

Carbohydrates are so named because their empirical formulas may be written as a H OH OH H
combination of carbon and whole number multiples of molecules of water. Sucrose for sucrose molecule
H example can have its formula re-written as C{,(H,0),;.

Concentrated sulfuric acid is 98% pure H,SO,4 by mass. Its
2°Y4

concentration may be expressed as 18 mol/L. Sulfuric acid is the

Q S5 v? chemical manufactured in the largest amount worldwide. Annual production is likely
near 160 million tons. It is mainly used to dissolve ores in mining and phosphate rock in
the manufacture of fertilizers. Because it is a diprotic acid (meaning it has two hydrogen

Sulfuric Acid ions, or protons, per molecule) sulfuric acid provides the equivalent of 36 mol/L for the

concentration of H*. This is 45 times the H* concentration of 5% table vinegar. Besides
being an acid, H,50, is also a powerful dehydrating agent due to its highly exothermic enthalpy of solution.

The heat of reaction in this demonstration may be calculated by a Hess’s Law combination of reactions:

Combustion ¢ 4. 0,; + 120, — 12C0, + 11H,0 AH = —5641 kJ

of Sucrose

Combustion of
( om usgz;le% C+0,—CO, AH = —393.5 kJ

Questions

1. Use Hess’s Law to combine the reactions given above to produce a reaction in which sucrose is converted
completely into elemental carbon and water. (a) Write the resulting balanced chemical equation. (b) What

is the overall change in enthalpy (AH)? + H H b
Cu H%LDH K h\@z

(B, —=> C + B za(+i§07gs~1<7}
Cio O+ 12C + (THRO Q{%my,

2, Forty grams of sucrose are used in the demonstration. How much heat does the process of converting sugar
into carbon and water produce in this demonstration?

| 0 ‘Wt)‘ ’ﬁﬁ k)™ _/_
40\0‘(:2”&2 I" 34013 (T CalsOn OF kT

( 3. Consider the following physical process and its accompanying change in enthalpy:
H,S04(D) — H,S04(aq) AH = -41kJ
This equation shows the hydration of sulfuric acid. When sulfuric acid dissolves in water a large quantity of
heat is released. This is why chemists are told to ‘do as you oughta, add acid to watah’. When you add th@




dense acid to water it sinks to the bottom and any boiling of the water that may occur does not lead to
spattering hot acid all over the chemist. In this demonstration your teacher poured about 40 mL of 98%
sulfuric acid into the sugar. How much heat is released when this much sulfuric acid is diluted with water?

The density of 98% sulfuric acid is 1.84 g/mL.

I‘[‘(g 01‘55H259'{ Lol “4//<T
Hwl . [ 100g s €3 i LJZkT/

4. Combining your calculations so far, how much heat is Mmonstratmn you

witnessed? (07 N (—30 Z) Lg7 VA kT

5. Water has an enthalpy of vaporizati mol. Given the amount of water produced in the overall
chemical change in t onstration de € whether enough heat has been released in order to
vaporize all water. Prove your answer w1th a calculation and if it was not enough heat then calculate
what unt of water actually can be vaporized by the heat released during the demonstration.

lnol 1l K20 +40.9ET
40@ (i Hz2 0, TR (Gl (ol
RS

Be
4l sz ¢ (+62.3) /ﬁ?kr

SIS

%‘\L 7 k‘S OF MEF 1S RELEASEY AFTER ACc 0NN
6. This demonstration is known as the ‘carbon soufflé’. Using your best writing, and. referencmg—%he-l%ant
scientific details, write a description of what happens in the c}l)nonstratlon Explain what you saw using

as

what you know about thermochemistry. Also, explain why (n»'» bw§r}.ﬁp#:}magne rﬁ;sto a food

preparation.

In case you missed the classroom demonstration there is a video I made which you can watch:
https://youtu.be/xV3d94FrjzE. This demonstration is based on demonstration 1.32 on pg. 77 of Chemical
Demonstrations, Vol. 1 by Bassam Z. Shakhashiri.
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