Experiment #5

Raoult's Law for Ideal Solutions

Equipment:  3-neck 19/22 round bottom flask and cork, 19/22 condenser with cold water tubing and C-clamp, 0.1(C thermometer with fitted cork, 10 ml pipette with bulb, heating mantle, burette stand and clamp, boiling beads, and stopcock grease.

Reagents:   Pentane (C5H12), isopropanol or 2-propanol (C3H7OH), and heptane (C7H16).  What are the structures of these compounds?  All are highly flammable, so exercise caution.  Include safety information in your notebook.  Discard these reagents in the non-halogenated organic waste bottle.

Procedure:  Construct a boiling point apparatus from the flask, condenser, thermometer, tubing, and heating mantle.  An example is shown below (also see p.5 fig.1):
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Determine the densities of pentane, heptane, and isopropanol (2-propanol) by pipetting 10 ml into your 10-ml graduated cylinder and weighing it. What are the literature values?  (Handbook of Chemistry and Physics has them.)  What's your error.

Carefully add 50 ml of pentane to the round-bottom flask.  How many moles is that?  Measure its boiling point.  (What is the literature value?  What’s today’s atmospheric pressure?)  Pipette ten 5-ml aliquots of heptane into the flask and record the moles and the boiling point change at each addition.  Repeat the experiment with fresh pentane solvent but use isopropanol as solute.  Test Raoult's Law by finding the solution's vapor pressure at its normal boiling point using the Clausius-Clapeyron equation and the data listed on page 4 of this handout.

Techniques:  We will use a procedure called reflux.  As the solution boils, cool water in the condenser will condense the vapor and the liquid will re-enter the flask.  You should smell little or no vapor during the experiment.

Using a clamp, attach a round-bottom flask with a condenser to a burette stand.  The flask should rest on a heating mantle on a heat-resistant surface.  Drop a few boiling beads into the flask.  Smear a small amount of stopcock grease on the tip of the thermometer to make it slide more easily into its cork.  Insert the thermometer into the flask's side arm so that it does not touch the flask's sides or bottom.  Be sure you can read the thermometer from 30(C.  The bulb should be inside the vapor as the solution boils; you’ll see condensation forming on it; that ensures it is measuring the boiling point accurately.  The thermometer should not be IN the liquid!

Attach tubing snugly to the condenser's nozzles.  Attach the bottom tube to a cold water tap and allow the other tube to go down the drain.  Start the cold water flowing before the addition of the volatile solvent.  Do not allow the Tygon tubing to touch the heating mantle!  Otherwise, it will melt.

Plug in the heating mantle and adjust the cooling water to ensure that the condenser stays cool enough to condense the solvent below its midpoint.  As the solvent comes to a rolling boil, unplug the mantle.  It will stay hot for quite some time!  The flask will also be hot.  With the “condensation ring” still visible in the condenser, measure the boiling temperature.  Record the current atmospheric pressure, since it is equal to the vapor pressure above the boiling mixture.  The thermometer should be wet; in other words, vapor should condense on it during the experiment.  (But don’t immerse it.)

Add each solute aliquot (means a measured amount) from the 5-ml pipette by dropping it straight down the condenser tube.  The boiling may stop simply because the solute is at room temperature, but it will most likely resume as the heat from the (still unplugged) mantle continues warming the mixture.  If boiling does not resume with sufficient vigor to make a condensation ring obvious, plug in the mantle briefly.  If the condensation ring becomes too high, turn on more cold water.  Be careful when you do this -- the tubing might pop off the condenser!  As a last resort if the condensation ring threatens to rise out of the condenser, raise the glassware up out of the mantle by sliding its clamp.

Allow the temperature reading to come to its equilibrium after each addition to obtain an accurate reading of the mixture's boiling point.  Do not add so much solute that the boiling point approaches the thermometer’s maximum temperature!

At the end of the experiment, turn off and remove the heating mantle (be careful, it's hot!) to permit the flask and mixture to cool to a comfortable temperature.  Discard these reagents in the non-halogenated organic waste bottle.  Also turn off the water, drain the condenser into the sink, and clean and return all borrowed equipment.  Be sure the heating mantle has cooled to room temperature.

Theory: Ideal solutions are those in which the solvent and solute molecules interact with each other exactly as they would if they were present alone.  We would expect that to be nearly the case with the two hydrocarbons, pentane and heptane (Why?)  However, isopropanol molecules interact with each other via hydrogen bonding which is absent in hydrocarbon-hydrocarbon interactions (Why?)  Therefore, while the pentane-heptane solution might be ideal, pentane and isopropanol solutions should not be ideal.

Raoult's Law:  If the solutions are ideal, solvent molecules interact with solute molecules in the same way as other solvent molecules even at the liquid surface.  Thus, the evaporation process of breaking intermolecular bonds should be the same regardless of the composition of the solution if it is ideal.  Raoult's Law (Zumdahl section 11.4) claims that the vapor pressure of the solvent above the mixture is directly proportional to its mole fraction in the liquid, Psolvent = P(solventXsolvent, where P(solvent is the vapor pressure above the pure solvent.  If one-half the molecules are A, then their rate of evaporation should be one-half of the rate they would have were they are all A.  But the rate of condensation is unaffected since we assume that A-B intermolecular interactions are the same as A-A.  Therefore, PA is halved.  Likewise, if B is volatile, PB = P(B XB.  So Ptotal = P(A XA + P(B XB ideally.  And for our experiment, Ptotal has no choice but to be the measured room pressure.

Of course, the total pressure above the solution includes both that the solvent and the solute unless, as we have chosen the solute to have negligible vapor pressure at the temperatures of interest.  (That is something you can check below.)  In other words, if the solute happens to be nonvolatile, the vapor pressure is only that of the solvent.  We cannot assume this to be the case in our experiments today since the pressure we are measuring is likely that above a boiling solution giving off both solvent and solute vapors.  That total pressure is, by definition, the ambient atmospheric pressure.  When the solution's vapor pressure rises to (the current) atmospheric pressure, the mixture boils.

To determine how well these mixtures obey Raoult's Law, we need measurements of Psolvent and Psolute at the boiling temperatures.  We are going to use a very accurate relationship between Pvapor and T that comes from thermodynamics and is called the Clausius-Clapeyron equation (Zumdahl section 10.8):

P(vapor = 1 atm exp{(-(Hvap/R) ( [(1/T) - (1/Tbp)]}
where P(vapor is the vapor pressure above the pure liquid at the temperature of interest, T, and Tbp is that pure liquid’s normal boiling point.  (The normal boiling pressure is defined as 1 atm.)  And, if we assume that its heat of vaporization, Hvap, does not change with T, then we can calculate P(vapor above any pure liquid at any T with the Clausius-Clapeyron equation.  (Be sure to use T in Kelvins instead of Celsius.)  In class, we derived a better approximation for the Clausius-Clapeyron equation; use that.

In our experiment, T rises with additional solute, and Ptotal = atmospheric pressure.  We want to know what P(component of the pure components would be at the mixture’s boiling point.  So we must use each component’s unique T(bp and (Hvap in the equation to find the separate P(A and P(B .  Those constants are in a table below.

Notebook hints: Use the following physical data:

	Reagent
	T(bp, (C
	Hvap at T(bp, kJ/mol
	Hvap at 25(C, kJ/mol

	Pentane
	36.06*
	25.79
	26.4

	Heptane
	98.5
	31.77
	36.57

	2-Propanol
	82.3
	39.83
	45.39


*What is the error on your thermometer and your anticipated accuracy in reading it?  What if the ambient pressure is not 1.000 atm today?  Is today’s pressure consistent with the Clausius-Clapeyron equation for pentane?  What would be the effect of impurities in the pentane?  (The reagent’s bottle should note the purity anticipated.)

Report hints:  Of course, include your data and graphs in your Results section.  In the Discussion, describe the influence of any non-idealities on your results.  Is Raoult's Law obeyed?  Why or why not?  Determine the extent to which you might ignore the vapor pressure of the solutes in both experiments; in other words, what would the solute vapor pressures be near the solvent's boiling point? Are they negligible?  Use the Clausius-Clapeyron equation in your answer.

While you will be adding solutions by volume, you will know the additional masses because you know the densities of the pure liquids (having measured them).  With those masses, you can calculate moles and from them, mole fractions, e.g., XB = nB/(nA + nB).  From the Clausius-Clapeyron equation(s), you can obtain for each measured T the vapor pressure that would occur above each pure liquid, P(.  To the extent to which Raoult’s Law is obeyed, P(A XA + P(B XB will be the mixture’s vapor pressure, the current atmospheric pressure.  This experiment cannot distinguish the actual PA from PB in the vapor; so if Raoult’s Law is violated, we won’t be able to say which P deviates by how much.  Is it possible that A and B could show opposite and compensating deviations to mimic ideality in Ptotal?  What makes you suspect not?

If (Hvap = a + bT instead of being independent of T, then the Clausius-Clapeyron derivation gives the following:

P = P’ (T/T’)b / R e([a / R]([ (1/T) ( (1/T’) ]
The photos on this page show the thermometer immersed in the liquid.  This is not proper!  It should, instead, be suspended above the liquid surface so vapor condenses upon it.  That puts the phase transition precisely at the point of temperature measurement for the best possible reading.
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            Fig.1 Experimental setup
*


Fig.2 Solvents used for experiment

 

* Be sure to back the thermometer OUT of the fluid.
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