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E3 - Interphase Partition Analysis: Distillation and GC

Introduction
Distillation and chromatography are two important methods for the separation of chemicals. You will familiarize yourself with these two techniques in this experiment. First, A 50/50 mixture of cyclohexane and toluene will be prepared and separated via fractional distillation.  Three fractions of the distillate will be collected and analyzed in the GC to determine the effectiveness of the distillation.  An unknow mixture of two organic chemicals will be provided. Using the techniques of distillation and GC, you should be able to determine the composition of the mixture.

Simple or fractional distillation at atmospheric pressure or under vacuum are crucial steps in manufacturing chemicals.  Although the origin of distillation is uncertain, alchemists' report its use as early as the sixth century AD.

"Aristotle's doctrine that metals and minerals had souls made sense to the esoteric alchemists, and from it they drew a logical conclusion: Distillation and sublimation purified material substances-and by extension could purify human souls as well… The word sublime originally referred to the solid material purified by evaporation and recondensation.  In distillation, the residue left in the flask was termed the dead body or caput mortuum (dead head), and the condensed vapors were considered to be the soul or spirit of the material.  The term "spirit" carries over even today in the names of such pharmaceutical as spirit of ammonia and sweet spirits of niter."

Chromatography in its different versions is used either as a quality control tool or as a separation technique when distillation is not feasible.  The term chromatography was coined by the Russian botanist Mikhail Tsweett around the turn of the century, he used the technique to separate chlorophylls from xanthophylls by passing solutions of the compounds through a glass column containing finely divided calcium carbonate.


In this experiment you will perform the separation of two close boiling point compounds: cyclohexane and toluene by fractional distillation, and monitor the effectiveness of the separation with a gas chromatograph.

Theory

The capacity of a molecule to distribute or partition between two phases without interacting chemically with any of the phases stays at the base of most analytical separation methods.  If the molecule can move through the two phases, a dynamic exchange takes place at the interface between the two phases.  When the chemical potential of the molecule is the same in both phases, the partition will reach equilibrium:
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Utilizing the chemical potential, µA expression of the molecule in both phases, and substituting the difference in chemical potential as the standard free energy change, (G0 for the partition process:
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We arrive at an expression for the Partition Constant or Distribution Coefficient expressed as the ratio between the molecular activities 
[image: image3.wmf] in each phase.  Since the activity coefficients ( are essentially equal to one in dilute solution, the Partition Constant is finally expressed by equation (4):
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Gas-Liquid Interface: Distillation

In the gas-liquid interface, the composition of the vapor in equilibrium with the liquid is richer in the more volatile components of the mixture.  If the vapor phase is condensed, the process is called distillation.  In distillation the molecules are partitioned between the liquid and the gaseous phases.  In the gas phase the activity 
[image: image5.wmf] is expressed by the vapor pressure, PA while in the liquid phase it is expressed by the molar fraction XA at 1 atm pressure.
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In the gas phase the activity coefficient will be unity if the gas is ideal.  The same occurs in the liquid phase if the solution is ideal.

An ideal solution obeys Raoult's Law, which states that at a given temperature, the vapor pressure of each component is proportional to the mole fraction of the component in solution: 
[image: image7.wmf].  Hence for an ideal solution equation (5) becomes 
[image: image8.wmf] (6). Solutions are ideal if the intermolecular interactions among all species are identical


Raoult's Law for a binary solution.

A positive deviation from Raoult's law will result if the two components are more attracted to each other than they are to themselves.  Otherwise a negative deviation is obtained.  Noticed that at dilute solution (mole fraction of the solvent close to one) Raoult law is obeyed by nonideal solutions.


At any given temperature, the relative volatility RV of two species A and B is the ratio of the vapor pressures of the pure substances:
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In relation (7) A is chosen to be the more volatile component so that RV≥1.  The ratio of the mole fractions of A and B in the vapor phase is equal to the ratio of their vapor pressures
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Phase Diagram of a binary mixture hexane-octane
At XA = 1, the boiling point is that of pure hexane; at XA = 0, is that of octane.

When XA = 0.1, the b.p. is 112°C due to the high vapor pressure of hexane.  The Xhexane, vapor will be higher that in the liquid phase.  Further distillation (second dotted line) shows a mole fraction of almost 0.9.  Thus we have enriched the vapor in the more volatile component, but have not achieved separation.  To separate the mixture more evaporation-distillation cycles are required.  The degree of enrichment can be estimated for a binary mixture by substituting 
[image: image11.wmf] in (8)
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(9)

In equation (9), the term in Y corresponds to the composition of the distillate and the term in X is the starting composition of the vapor.  If the first distillate is redistilled n times, the enrichment will be
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(10)

Instead of performing several simple distillations, in which the distillate is increasingly enriched, fractional distillation is used.  In this process, a bubble-cap column is employed, where numerous evaporation-distillation stages effectively take place until total separation is achieved.  Each evaporation-condensation stage is called a plate.  Columns with less explicit plates have been developed, in which the column is packed with glass beads, short glass tubes, or metallic sponge that serve as condensation surfaces.  

The effectiveness of these columns is calculated with equation (10) and the exponent for RV, n is determined.  Since the evaporation-condensation stages are no as explicit as in bubble-cap columns, the n value is called the number of theoretical plates.  It should be noticed that even with explicit plates, the calculated value of n is smaller than the number of explicit plates, indicating that the separation is not complete.

A typical fractionating column usually contains between 2-4 theoretical plates, while an industrial column can contain 20 or more theoretical plates.  If the number of equivalent plates, and the column length, are known, the height equivalent to a theoretical plate (HETP or simply H) can be calculated.  H is defined as the length of a column divided by the number of theoretical plates in a column.  Suppose for example that a lab column had three theoretical plates, and a length of 21cm, then the HETP would be 7cm.  The lower the HETP, the more efficient the column.  

Continuous Partition.  Gas Chromatography

As in other types of chromatography, the analytes exist in equilibrium between the stationary and mobile phases.  In Gas Chromatography, the analytes can be 'stuck' on the adsorbent as a liquid, or moving with the carrier gas as a vapor.  The boiling point is the property on which the separation is based.  However, if two compounds have similar boiling points but very different polarities, the less polar one will exit the column first.

The 8500 Perkin-Elmer Gas Chromatograph contains a long (~6 ft.) stainless steel column packed with carbowax, a carbon backbone polymer OH-(CH2-CH2-O-)n-H.  An inert gas, usually helium or argon is passed through the column at a controlled flow rate and serves as the mobile phase.  A small amount (one microliter) of a liquid sample is injected at the injection port and compounds are detected as they emerge from the thermal conductivity detector (TCD, or HWD, heated wired detector).  


Schematic diagram of a gas chromatograph

To produce a chromatogram, a reference detector is required (carrier gas without sample). Consequently there are always two columns and two detectors.  The detector response plotted vs. time is called a chromatogram.  The time it takes an analyte to emerge from the column is called the retention time, tR.  The detector response is proportional to the amount of compound passing through it, so the area under the peak in the chromatogram is proportional to the total amount of compound in the sample.  Hence, the ratio of areas in a single chromatogram is equal to the ratio of compounds in the mixture.  The PE 8500 is computer controlled and automatically calculate the retention time and area for each peak.

Temperature
A high temperature leads to short tR and no separation because all compounds vaporize and move at the same rate as the mobile phase.  A very low temperature leads to long or nearly infinite tR since the compounds remain adsorbed on the solid phase.  In addition, diffusion causes the peaks to spread out as the tR increases, so compounds that are retained in the column for a long time give broad, ill-defined peaks.  The injection port and detector temperatures are controlled separately from the oven temperature.  In general these temperatures are set at least 50°C higher to avoid condensation of the injected compounds on these sections of the chromatograph.

Gas Flow 

The carrier gas flow rate is set for optimum column performance but it is not regularly adjusted.  A fast flow rate leads to short retention times and poor resolution.  A slow flow rate gives long retention times and broad peaks.  To obtain a good compromise between high separation efficiency and quick chromatographic separations it is usually better to use a high flow rate (20-30 mL/min) and a low oven temperature.

Columns 

There are two kinds of columns: wide bore and capillary.  A wide bore column is usually 1/4"-1/8" diameter stainless steel and is packed with adsorbent.  A capillary column has a much narrower diameter and the adsorbent is coated on the inside surface.  Capillary columns give much better resolution but they have much lower capacity.  These columns require a splitter, which allows only a fraction (1/50th) of the injected sample to enter the column.  Long columns always give better separation than short columns.

Detectors
There are two common types of detectors: thermal conductivity (TCD) and flame ionization (FID).  For TCD a hot filament is placed at the column exit port.  Helium cools the filament as it flows over it, but when the helium is diluted with an organic compound, the filament is cooled less and the conductivity changes.  The actual response is measured by a Wheatstone bridge, which is a circuit consisting of four resistors as depicted in the figure below.  The resistors in the PE 8500 are actually thermistors, whose resistance is dependent on temperature.


When all four filaments S1, S2, R1, and R2 are at the same temperature, and hence have the same resistance, the bridge is balanced and there is zero output from the bridge.  However, if the resistance of the sample side (S1, S2) changes due to a change in gas composition, the bridge will unbalance and an output signal is generated


The voltage difference obtained as a result causes the appearance of a peak.  Injecting a sample into the reference column will result in negative peaks unless the polarity is changed.  Upon changing the polarity the sample and reference columns are switched.

Flame ionization detection is done by burning the sample in a flame and measuring the ions produced.  It does not require a reference column.  FID is used with capillary columns, where the low flow of helium makes it impractical to use TCD.

Preparative GC 
It is possible to collect samples from the column exit port if TCD is used (FID destroys the sample).  At the appropriate time, a glass tube is attached to the exit port and cooled in an ice bath.  The tube is connected only during the time in which the desired compound leaves the column.  Note that there is a short delay between the detector response and the exit from the machine because of the small tube that leads from the detector. This may be a problem with samples that are not well separated.

Solid Samples
Solid samples can be run on a GC by dissolving them in an appropriate solvent.  However, only solids, which can be volatilized in the oven should be injected.  

WASTE

Discard the cyclohexane and toluene fractions and the forerun into the organic waste containers located in the fume hood.  Same for the unknown mixture.

Procedure

Setting up for Fractional Distillation
In a dry clean 50mL round-bottomed flask (this is called the distilling pot) add a small magnetic stir bar.  Next, add 30mL of a mixture of Cyclohexane and Toluene. Clamp the flask securily, and proceed to assemble the apparatus for the fractional distillation.  First begin by packing the column by gently pulling a little stainless steel sponge through the column using a hooked copper wire.  Do NOT push the stainless steel sponge because of the danger of cutting your fingers.  The amount of stainless steel used is not critical, but it should not be packed very tightly because this can result in the vapor not passing through the column.  The Instructor will demonstrate the correct packing method. Also, if one condenser is larger than the other, use the large condenser for the fractionating column.  Very lightly grease all joints, and mount the packed column onto the 50 mL round-bottomed flask (distilling pot).  Make certain that the joint is tight, and clamp the column.  

Next, insert the thermometer into the neoprene adapter and glass straight tube.  This is done by adding a drop of glycerol onto the bulb of the thermometer, and gently inserting the thermometer into it’s holder on top of the distilling head (three-way adapter) as shown in Figure 1.  

NEVER force thermometers due to the possibility of breakage. If necessary lubricate a thermometer with glycerol

The instructor will also demonstrate the proper way to insert a thermometer.  Adjust the thermometer so that the bulb is completely below the sidearm in the distilling head.  This will result in an accurate temperature reading because the bulb of the thermometer will be totally immersed in the vapor.  

Attach the water hoses to the condenser, which does not have the packing material.  Very lightly grease the condenser’s joints, slip it onto the three-way adapter and clamp the water-cooled condenser.  Finally, add the vacuum adapter and the collection flask (10 ml graduated cylinder) and lightly grease the joint of the vacuum adapter). Make certain that all joints are tight and straight, and make sure that the apparatus is clamped securely, but that the clamps are not too tight.  Next, obtain a heating mantle and place it on top of the hot plate, which is sitting on top of a lab jack.  
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Actual Fractional Distillation Procedure
Make sure that the water is flowing into the water-cooled condenser at a slow constant rate, and make sure that water flows in at the bottom, and out at the top.  Heat the reaction mixture gently with a heating mantle, plugged directly into the variac, placed over a magnetic stirrer.  

NEVER plug a heating mantle directly into an outlet.  ALWAYS plug a heating mantle into the variable transformer (variac). 

NEVER heat a closed system since it builds up pressure and an explosion can occur.  Make certain that your system has an opening to relieve the pressure.

Do NOT turn on the HEAT on the stirring hot plate.  Turn ON the Variac that controls the voltage to the heating mantle.  You will be responsible for figuring out the voltage setting.  HINT: Heat the mixture relatively strongly at first, but please keep an eye out on the mixture.  As soon as the mixture starts boiling, adjust the variac setting to maintain a good constant boil without over-heating.  Overheating occurs when the bubbles are reaching into the neck of the flask, or the liquid is splashing up into the distilling column.  If this occurs, lower the heating mantle by lowering the lab jack.  After the flask cools a bit, begin heating again, but less vigorously.  

After bringing the distilling pot to a gentle boil, and before any material comes over, a ring of condensing vapor rising in the flask and throughout the column should be visible.  This is called a reflux ring.  It may be necessary to adjust the heat so that the reflux ring rises at a constant rate to the top of the column.  As the reflux ring rises to the top of the column, the temperature reading will shoot up and vapor will start to condense in the condenser.  Collect the first few drops (no more than 1 mL) of distillate that come into the receiving flask and change the receiving flask to another test tube.  At this time, the thermometer reading should be near the boiling point of cyclohexane.   The pure fractions should be collected at a constant boiling point, usually a range of 3-4° or so.  These first few drops collected are the forerun, which contain low boiling impurities, and it should be discarded. If, after a while of heating your distillation pot, you notice no distillate, you may need to insulate your fractionating column and distillation pot with cotton and aluminum foil. 

Collecting Cyclohexane
Collect the cyclohexane as long as the thermometer reading remains constant (within the range of 3° of the expected boiling point).  The volume collected should be about 10-15 mL of cyclohexane.  Next, adjust the heat so that the rate of distillation is about one drop collected every 1-2 seconds.  Keep in mind that the temperature of the thermometer may drop after most of the cyclohexane has distilled over due to lack of vapor surrounding the thermometer.  Change the receiving flask when the temperature drops.  Label the flask that contains the pure cyclohexane as flask number 1, and set it aside for analysis.  At this point, increase the voltage to the heating mantle to distill over the toluene.  After the first few drops of toluene distill over, it will contain residual cyclohexane.  At this point, change the receiving flask again, and label this as fraction number 2.  Set fraction # 2 aside for further analysis.  

Collecting Toluene
When the thermometer reaches the boiling point of toluene, change the receiving flask Collect the pure toluene.  Remember to keep an eye on the distilling pot.  When the volume remaining in the pot runs down to 2-3mL, shut off the variac, and lower the lab jack.  Never let the distilling pot run dry.  Record the volumes of the cyclohexane, toluene, and intermediate fraction collected.  You may wish to collect more intermediate fractions throughout the distillation to see how pure your distillate is at each stage of the fractional distillation.

GC Analysis
Analyze the three fractions by GC.  Inject 1 microliter of the three fractions collected. Clean the GC syringes with acetone between runs. The Instructor will provide instructions about cleaning the syringes, and the operation of the GC.    

Unknown Mixture

Repeat the procedures of distillation and gas chromatography of the different fractions and determine the composition of your unknown (qualitatively and quantitatively). 
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