Colligative Properties:  

Freezing Point Depression and

Boiling Point Elevation
C11-4-11&12
Introduction: Have you wondered why we ensure in Manitoba we add a coolant to our car radiator to prevent the radiator from boiling, but at the same time use this same coolant to ensure the water doesn’t freeze in winter. It seems odd that when we add the liquid solute to the water in the radiator, it not only reduces its ability to boil but also its ability to freeze. What the ‘antifreeze’ or ‘coolant’ does is both depress (lower) the freezing point and elevate (increase) the boiling point. The purpose of this simulation activity is to describe freezing point depression and boiling point elevation at the molecular level.  In this simulation exercise you will use bingo chips to represent water which you will place in a beaker.  You will then add various solutes to the beaker of “water” at its boiling point and freezing point and describe the effects that might be observed on the freezing points and boiling points of water.
Background Information for Teachers: Not surprisingly, when you dissolve something in a liquid, it has different properties than the pure liquid.  Any properties that change when the concentration of a solution changes are called colligative properties. 

Colligative properties depend only on the number of dissolved particles and not the identity of the particles.  As a result, compounds that dissociate into many particles in solution will have a greater effect on the colligative properties than those that do not.  Thus, ionic solutes such as NaCl will have a greater effect on the colligative properties than alcohol or table sugar, which are molecular solutes.

The four colligative properties commonly encountered are boiling point elevation, freezing point depression, lowering of vapour pressure, and osmotic pressure. All of these properties are important in physiological and natural systems.  This simulation will only concentrate on freezing point depression and boiling point elevation.

To explain the difference between colligative and non-colligative properties, we will compare the properties of a 1.0 M aqueous sugar solution to a 0.5 M solution of table salt (NaCl) in water. Despite the concentration of sodium chloride being half of the sucrose concentration, both solutions have precisely the same number of dissolved particles because each sodium chloride unit creates two particles upon dissolution - a sodium ion, Na+, and a chloride ion, Cl-. Therefore, any difference in the properties of those two solutions is due to a non-colligative property. Both solutions have the same freezing point, boiling point, vapor pressure, and osmotic pressure because those colligative properties of a solution only depend on the number of dissolved particles. The taste of the two solutions, however, is markedly different. The sugar solution is sweet and the salt solution tastes salty. Therefore, the taste of the solution is not a colligative property. Another non-colligative property is the color of a solution. A 0.5 M solution of CuSO4 is bright blue in contrast to the colorless salt and sugar solutions. Other non-colligative properties include viscosity, surface tension, and solubility. 


Boiling Point Elevation 

The boiling point of a solution made of a liquid solvent with a nonvolatile solute is greater than the boiling point of the pure solvent. The boiling point of a liquid is defined as the temperature at which the vapor pressure of that liquid equals the atmospheric pressure. For a solution, the vapor pressure of the solvent is lower at any given temperature. Therefore, a higher temperature is required to boil the solution than the pure solvent. The figure below is a phase diagram for both a pure solvent and a solution of that solvent and a nonvolatile solute that explains that point graphically. 
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Phase Diagram for a Solvent and its Solution with a Nonvolatile Solute 
As you can see in the above phase diagram the vapor pressure of the solution is lower than that of the pure solvent. Because both pure solvent and solution need to reach the same pressure to boil, the solution requires a higher temperature to boil.  We can say that the boiling point is elevated due to the vapor pressure lowering phenomenon.  (Note (Tb is the difference between boiling points of the pure solvent and the solution.)   

Freezing Point Depression 

The phase diagram below points out the fact that the freezing point of a solution is lower than the freezing point of the pure solvent.: 

Phase Diagram for a Solution and the Pure Solvent Indicating the Freezing Point Depression 

One way to rationalize the freezing point depression phenomenon is to consider the freezing process. In order for a liquid to freeze it must achieve a very ordered state that results in the formation of a crystal. If there are impurities in the liquid, i.e. solutes, the liquid is inherently less ordered. Therefore, a solution is more difficult to freeze than the pure solvent so a lower temperature is required to freeze the liquid.  (Note (Tf is the difference between freezing points of the pure solvent and the solution.)

An excellent simulation by Tom Greenbowe allows one to examine the effects of adding various solutes to different solvents, showing their effects on the freezing and boiling points of the solvent in question:

http://www.chem.iastate.edu/group/Greenbowe/sections/projectfolder/flashfiles/propOfSoln/colligative.html
A more advanced simulation for colligative properties can be found at the explorelearning.com website.  The colligative properties gizmo can be found at::

http://www.explorelearning.com/index.cfm?method=cResource.dspDetail&ResourceID=511
The sample from this Gizmo shown below is an example of how the water molecules have difficulty freezing due to the inclusion of solute (in this case Na+ and Cl- ions).  The water molecules are still not completely frozen, even at –10oC.


Again, the purpose of this simulation activity is to describe freezing point depression and boiling point elevation at the molecular level. 

Freezing Point Depression and 
Boiling Point Elevation

Introduction: Have you wondered why we ensure in Manitoba we add a coolant to our car radiator to prevent the radiator from boiling, but at the same time use this same coolant to ensure the water doesn’t freeze in winter. It seems odd that when we add the liquid solute to the water in the radiator, it not only reduces its ability to boil but also its ability to freeze. What the ‘antifreeze’ or ‘coolant’ does is both depress (lower) the freezing point and elevate (increase) the boiling point. The purpose of this simulation activity is to describe freezing point depression and boiling point elevation at the molecular level.  In this simulation exercise you will use bingo chips to represent water which you will place in a beaker.  You will then add various solutes to the beaker of “water” at its boiling point and freezing point and describe the effects that might be observed on the freezing points and boiling points of water.
Materials:

A paper “beaker”

Several (approx. 20) bingo chips

Paper pieces representing several different solutes (molecules or ions)

Procedure:

Investigation of Freezing Point Depression:

1. Obtain a piece of paper representing the experiment beaker (see end of lab handout).

2. Obtain pieces of paper representing solute pieces (see end of lab handout).

3. Obtain a container of about 20 bingo chips to represent the solvent water.

4. Add approximately 20 bingo chips to your “beaker”.  These represent molecules of water.  

5. Describe the rate at which these “water” molecules are moving at room temperature.  How would the rate of motion change if the molecules of “water” were cooled?  heated?

6. If the molecules were cooled to their freezing point, draw a diagram showing how the molecules might be arranged.  Describe the freezing process at the molecular level.

7. Add some glucose (C6H12O6) molecules to the beaker of “water”.  Describe how the glucose molecules might interact with the water molecules at the molecular level.  (Note that glucose molecules do not dissociate - they remain as whole molecules). 

8. State and explain the effect on the freezing point of the water after the glucose molecules were added.

9. Remove the glucose molecules from the beaker of “water”.

10. Would the effect in #7 and #8 above have been very different if ethanol (C2H5OH) had been added instead of glucose? Try this and describe how the ethanol molecules might interact with the water molecules at the molecular level.  Also explain the effect of adding ethanol on the freezing point of water.

11. Now remove the ethanol molecules from the beaker of “water”.

12. Sodium chloride dissociates into ions when dissolved in water.  Write an equation for the dissociation of NaCl in water.

13. Now add one sodium ion and one chloride ion (represents 1.0 mol/L of NaCl dissolving) to the beaker of “water”.

14. Draw a diagram showing how these ions might interact with the water at the molecular level.

15.  State the effect on the freezing point of the water after the sodium and chloride ions were added.  Explain why this occurs.
16. Now add one more sodium ion and one more chloride ion to the beaker of “water” (represents 2 mol/L of NaCl).

17. Describe how the greater concentration of NaCl would affect the freezing point of the water.  Explain this on the molecular level. 

18.  Now remove the sodium and chloride ions from the beaker of “water”.

19. Calcium chloride dissociates into ions when dissolved in water.  Write an equation for the dissociation of CaCl2 in water (note that 3 ions are produced for every one molecule of CaCl2 in the dissociation).

20. Now add one calcium ion and two chloride ions (represents 1.0 mol/L of CaCl2 dissolving) to the beaker of “water”.

21. Draw a diagram showing how these ions might interact with the water at the molecular level.

22.  State the effect on the freezing point of the water after the calcium and chloride ions were added.  Explain why this occurs.  Explain how this result would differ from the addition of NaCl to the water.

23.  Increase the “concentration” to 2 mol/L CaCl2 (i.e. a total of 2 calcium and 4 chloride ions).  Describe the effects on the freezing point of water that would result.  Explain this at the molecular level and describe how this differs from the 1 mol/L CaCl2.

24. Explain, at the molecular level, how the freezing point of water is affected by the addition of molecular solutes versus the addition of ionic solutes.

25. This simulation serves as a model for investigating the concept of freezing point depression.  What are the limitations of this model?

26. Remove all “ions” and “water” from your experiment beaker in preparation for the experiment on boiling point elevation.

Investigation of Boiling Point Elevation:

1. Obtain a piece of paper representing the experiment beaker (see end of lab handout).

2. Obtain pieces of paper representing solute pieces (see end of lab handout).

3. Obtain a container of about 20 bingo chips to represent the solvent water.

4. Add approximately 20 bingo chips to your “beaker”.  These represent molecules of water.  

5. Describe the rate at which these “water” molecules are moving at room temperature.  How would the rate of motion change if the molecules of “water” were cooled?  heated?

6. If the molecules were heated to their boiling point, draw a diagram showing how the molecules might be arranged.  Describe the boiling process at the molecular level.

7. Add some glucose (C6H12O6) molecules to the beaker of “water”.  Describe how the glucose molecules might interact with the water molecules at the molecular level.  (Note that glucose molecules do not dissociate - they remain as whole molecules). 

8. State and explain the effect on the boiling point of the water after the glucose molecules were added.

9. Remove the glucose molecules from the beaker of “water”.

10. Would the effect in #7 and #8 above have been very different if ethanol (C2H5OH) had been added instead of glucose? Try this and describe how the ethanol molecules might interact with the water molecules at the molecular level.  Also explain the effect of adding ethanol on the boiling point of water.

11. Now remove the ethanol molecules from the beaker of “water”.

12. Sodium chloride dissociates into ions when dissolved in water.  Write an equation for the dissociation of NaCl in water.

13. Now add one sodium ion and one chloride ion (represents 1.0 mol/L of NaCl dissolving) to the beaker of “water”.

14. Draw a diagram showing how these ions might interact with the water at the molecular level.

15.  State the effect on the boiling point of the water after the sodium and chloride ions were added.  Explain why this occurs.

16. Now add one more sodium and one more chloride ion to the beaker of “water” (represents 2 mol/L of NaCl).

17. Describe how the greater concentration of NaCl would affect the boiling point of the water.  Explain this on the molecular level. 

18.  Now remove the sodium and chloride ions from the beaker of “water”.

19. Calcium chloride dissociates into ions when dissolved in water.  Write an equation for the dissociation of CaCl2 in water (note that 3 ions are produced for every one molecule of CaCl2 in the dissociation).

20. Now add one calcium ion and two chloride ions (represents 1.0 mol/L of CaCl2 dissolving) to the beaker of “water”.

21. Draw a diagram showing how these ions might interact with the water at the molecular level.

22.  State the effect on the boiling point of the water after the calcium and chloride ions were added.  Explain why this occurs.  Explain how this result would differ from the addition of NaCl to the water.

23.  Increase the “concentration” to 2 mol/L CaCl2 (i.e. a total of 2 calcium and 4 chloride ions).  Describe the effects on the boiling point of water that would result.  Explain this at the molecular level and describe how this differs from the 1 mol/L CaCl2.

24. Explain, at the molecular level, how the boiling point of water is affected by the addition of molecular solutes versus the addition of ionic solutes.

25. This simulation serves as a model for investigating the concept of boiling point elevation.  What are the limitations of this model?

Summary Questions:

1. Explain why the freezing point decreases, on a molecular level, when a solute is added to a pure solvent.  Be sure to describe how the solute molecules disrupt the solvent molecules during the freezing process.

2. Explain why the boiling point increases, on a molecular level, when a solute is added to a pure solvent. Be sure to describe how the solute molecules disrupt the solvent molecules during the boiling process.

3. You are the head of the Acton Department of Public Works.  You have a choice to salt the roads with KBr, C6H12O6 or AlCl3.  Assuming that they all cost the same, which one would you buy for the town?  Why?

4. A bottle of liquid club soda is removed from an ice bath at –8oC and is opened.  Moments later the club soda freezes inside the bottle.  Explain, using diagrams, the reason for the freezing of the club soda after it was removed from the ice bath.

5. A typical cooling curve for a pure solvent versus a solution is shown below.  Based on this diagram, draw a heating curve for a pure solvent versus a solution.
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Applications and Summary:

The depression of freezing point is an effect of great practical significance.  For example, it is used in winter when salt is spread on icy roads and de-icer is added to windshield washer fluid.

The elevation of boiling point is also quite significant. A common mis-attribution of the use of boiling-point elevation is adding salt when cooking foods to elevate the temperature of the water before it boils. However, the temperature increase caused by the amounts of salt added when cooking is generally not enough to raise the temperature by a single degree, as a comparison, seawater has a boiling point of 100.6°C. The salt is added simply to season the food and prevent pasta from sticking.

A case in which both the depression of freezing point and the elevation of boiling point become significant is in the use of anti-freeze.  Ethylene Glycol is an organic liquid called anti-freeze which is added to water to make an aqueous solution of Ethylene Glycol and water. This is to prevent water in the radiator of the vehicle from boiling over. It elevates the boiling point of water. At the same time, anti-freeze will depress the freezing point of that same water to prevent freeze up in the winter, hence the name of the solution, "anti-freeze". 

Colligative properties are properties of solutions that depend on the number of particles in a given volume of solvent and not on the mass of the particles. Colligative properties include: elevation of boiling point; depression of freezing point; lowering of vapour pressure; and osmotic pressure.

Boiling point elevation: As the concentration of a solution increases, the boiling point increases. This is because the solute lowers the vapor pressure of the solution and solutions don't boil until the vapor pressure of the solution is equal to atmospheric pressure. 

Freezing point depression: As the concentration of a solution increases, the freezing point decreases. This is because the solute keeps the solvent molecules from forming a nice solid lattice. Think of this: Ocean water doesn't freeze very easily - this is because it has salt dissolved in it. 

Experiment Beaker



   600 mL Capacity










500 mL








         400 mL








         300 mL









         200 mL










 100 mL


	Na+

	Na+
	Na+
	Na+
	Na+

	Cl-

	Cl-
	Cl-
	Cl-
	Cl-

	Ca2+

	Ca2+
	Ca2+
	Ca2+
	Ca2+

	Cl-

	Cl-
	Cl-
	Cl-
	Cl-

	C2H5OH


	C2H5OH


	C2H5OH


	C2H5OH


	C2H5OH



	C6H12O6

	C6H12O6
	C6H12O6
	C6H12O6


	C6H12O6








_1255112769.unknown

