Phase Diagrams Part I: Liquid-Vapor Phase Diagram for a Binary Solution

Objective: To prepare a temperature-composition phase diagram for a solution of acetone and chloroform and to evaluate activity coefficients for the components of the solution

Introduction

According to the phase rule, for any two-component system, the number of degrees of freedom will be 4 - p where p is the number of phases.  If we had a single-phase system (all liquid), we would need three variables to completely describe the state of the system.  We could choose these variables to be P, T, and mole fraction solute in the system, X.  If we have a two-phase system then we only have two degrees of freedom.  If we let one independent variable be P, then the other variable could be X.  However, the temperature will no longer be an independent variable.  At a specific pressure and composition, the liquid and vapor can only be in equilibrium at a particular T.  Likewise, the composition of the individual liquid and vapor phases will also be fixed.  
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We can describe the equilibrium of this two-component, two-phase system starting with chemical potential.  The chemical potential of the first component in the liquid phase is given by:
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Where * is the chemical potential of the pure liquid at a given T and P, a is the activity of the component in solution, x is the mole fraction in solution and
 is the activity coefficient.  The chemical potential of the second component is given by an analogous expression.    

If both activity coefficients are equal to one at all concentrations, the solution is considered ideal.  In such a solution, the intermolecular interactions between A and B are identical with interactions between A and A or between B and B.  This generally implies components of similar shape, size, functional groups. 


We can also define the chemical potential of a component in the gas phase.  The relevant equation is
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Where 0 is the chemical potential of the pure gas at 1 bar, f is the fugacity of the component and A and PA are the fugacity coefficient and partial pressure of the component.  In this experiment, since we are working at low pressure, we can assume that the vapors are behaving as ideal gases so that the fugacity coefficient will be equal to one at all compositions.  An analogous expression can be written for component B.
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At equilibrium, the liquid and vapor chemical potentials for a particular component will be equal.  For an ideal solution, this equality leads to Raoult’s law

There will be an analogous expression for the other component.  Since, in general, the two components will have different boiling points, the vapor pressures at a given temperature of the two components will be different.  In particular at a given temperature, the lower boiling component will have a higher vapor pressure.  According to Dalton’s law of partial pressures, this means that the vapor phase will always be enriched in the lower boiling component compared to the liquid phase when the two phases are in equilibrium.  Information about the composition of a two-component system is often conveyed in the form of a temperature-composition phase diagram (see for example Figure 6.7 in Laidler, Meiser, and Sanctuary).  In such a diagram, the vapor curve gives the composition of the vapor phase as a function of temperature while the liquid curve gives the composition of the liquid phase.  The region bounded by the two curves represents the range of temperatures over which the two phases can be in equilibrium.  

Most solutions do not exhibit ideal behavior.  The actual measured vapor pressure of a component is either high or low compared to the simple Raoult’s law expression.  In the case of positive deviations away from Raoult’s law, the solution pressure is high resulting in a minimum in boiling point at some composition (Figure 6.9 in your textbook).  The molecular interpretation of Raoult’s law is that interactions between solute and solvent are significantly less favorable than solute-solute interactions or solvent-solvent interactions.  It is also possible to have negative deviations from Raoult’s law resulting from favorable solute-solvent interactions.  In this case, there will be a maximum in boiling point (Figure 6.10).  For either case (boiling point maximum or minimum), we define the characteristic composition and temperature as the azeotrope.  Since the liquid and vapor curves intersect at the azeotrope composition, the mixture boils at a well-defined temperature rather than over a range of temperatures and thus behaves in some respects like a pure substance.  
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One way in which to account for non-ideality in real solutions is to replace the mole fraction in Raoult’s law with an activity, which is defined as an activity coefficient, times the mole fraction of the component.  If the activity is used in place of the mole fraction, Raoult’s law again holds at all compositions for both components.  Determination of experimental partial pressure of a component then allows the calculation of an activity and activity coefficient using the following expression    

Where A is the activity coefficient for component A and the other symbols have their usual meanings.  There will be an analogous expression for component B. 

Experimental Procedure

Part A: Density Calibration curve 

In this experiment, we will examine the liquid-vapor equilibrium for an acetone chloroform solution as a function of composition.  In order to determine the composition of a particular sample, we will need an easily measured property that is correlated to composition.  We will use solution density as that property.  In order to determine the composition of unknown samples, we will first construct a calibration curve of density versus composition for a set of samples of known composition.  Prepare the following samples in test tubes or small beakers by mixing the listed volumes of each component.  

Acetone

Chloroform

6 mL


0 mL

6 mL


1 mL

6 mL


2 mL

6 mL


3 mL

6 mL


4 mL

6 mL


6 mL

4 mL


6 mL

3 mL


6 mL

2 mL


6 mL

1 mL


6 mL

0 mL


6 mL

Measure the volumes using pipettes and then weigh a 1 or 2 mL aliquot of each mixture.  Repeat each density determination at least twice.  Use this data to prepare a plot of density versus mole fraction chloroform.

Part B: Distillation of chloroform/acetone mixtures

Assemble a distillation apparatus as described in class.  Wet all joints with a small amount of solvent.  Add 70 mL of acetone to the distillation flask using a graduated cylinder.  Warm the sample until a steady boil is obtained.  Read the thermometer to determine the boiling point of the mixture.  Collect several milliliters of distillate.  Remove a 1 ml sample of the distillate and place in a previously weighed empty vial.  Also remove an aliquot from the distillation pot.  Cap both vials to prevent evaporation.  Determine the mass and density of each sample.  Have an extra beaker available to collect any distillate that comes across during the pipetting.  Turn off the heating mantle return all of the extra distillate to the pot.  Add 14 mL of chloroform and repeat the procedure.  Add three more 14 mL aliquots of chloroform and repeat the temperature and density determinations after each addition.  Disassemble and clean the apparatus.  Add 70 mL of chloroform.  Determine a boiling point and the density of distillate and mother liquid as before.  Add 3 successive aliquots of 3.5 mL of acetone.  Perform density and temperature determinations after each addition.  Finally, record the barometric pressure in the lab and disassemble and clean your apparatus.  

Calculations


Use the density calibration curve to determine the composition of the liquid phase (x) and the vapor phase (distillate, y) for each sample you distilled.  Prepare a plot of composition versus temperature from your data.  Each pair of mole fractions (x and y) represents the ends of a tie line at that temperature.  Note that for a pure substance the composition of the liquid and vapor phases must be equal by definition.  Using your values of y for each component at each temperature, the barometric pressure which can be set equal to the total pressure of the system, and Dalton’s Law of Partial Pressures, calculate the partial pressure of each component at each temperature.  Use the following set of equations to calculate the vapor pressure of pure acetone and pure chloroform at  each temperature.  For acetone, the vapor pressure is approximately:
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over the range from 10 to 75 (C.  In this expression, the temperature is in (C rather than Kelvin.  Likewise for chloroform, the vapor pressure is approximately

over the same temperature range with temperature again in (C.  From the partial pressures and the pure vapor pressures, calculate the activity of acetone and chloroform at each temperature and then using the activity and the liquid phase mole fractions, calculate activity coefficients for acetone and chloroform at each composition.  Plot the activity coefficients of each component as a function of mole fraction chloroform in the liquid phase.  From the literature values for the azeotrope, you can also plot accepted values for the activity coefficient.  The azeotrope for chloroform/acetone occurs at mole fraction chloroform equal to 0.661 and at 64.7 C.  Use the pressure equations above and the mole fractions in liquid and vapor phase to calculate theoretical activity coefficients for acetone and chloroform at mole fraction 0.661.  The theoretical activity coefficients as a function of composition are given by:
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With two equations and two unknowns (a and b), you can solve for a and b and then plot lines representing theoretical activity coefficients on the same plot as your experimental data.  In these equations, x is mole fraction chloroform in the liquid.  The excess free energy of mixing is the difference between G of mixing for an ideal solution and G of mixing for a real solution.  The excess free energy of mixing is given by
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In this equation the subscript C represents chloroform and the subscript A represents acetone.  Plot the excess free energy of mixing as a function of mole fraction chloroform based on your data.

Discussion

How do your densities for pure chloroform and pure acetone compare with accepted literature values?  How do your boiling points for pure chloroform and pure acetone compare with accepted literature values?  Is this system ideal or does it display positive or negative deviations from ideality?   If nonideal, what is the azeotrope composition and temperature based on your data?  How does this compare with literature values?  Are your activity coefficients greater or less than 1?  What does this tell you about the system?  How do your measured activity coefficients compare with theoretical calculations?  Is your excess free energy positive or negative?  How do you think Hexcess and Sexcess contribute to the excess free energy? Explain.   

Name

Phase Diagram Pre-lab assignment

1) Look up the normal boiling points and densities of acetone and chloroform in the CRC Handbook or other standard reference.

2) Using the densities from question 1 and the molecular weights of acetone and chloroform, calculate the mole fraction of chloroform in a solution made from 6.00 ml each of acetone and chloroform.

3) The vapor pressure of pure carbon disulfide at 35.2 ◦C is 514.5 torr and the vapor pressure of pure dimethoxymethane is 587.7 torr.  If the partial pressure of carbon disulfide over a 0.5393 mole fraction carbon disulfide in dimethoxymethane solution is 357.2 torr, what is the Raoult’s law activity coefficient of carbon disulfide?  Does this suggest the possibility of a minimum boiling or maximum boiling azeotrope?  
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