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PREFACE 

The gas chromatograph is rapidly becoming the most, 

widely used analytical tool in the world. Acceptance of 

this new tool has occurred because it can quickly and eco­

nomically separate many g~seous or volatile mixtures into 

their components. The separation efficiency obtained can be 

compared to a distillation tower containing hundreds of theo= 

retical trays. The similarity betw~en gas chromatograp}:ly and 

dis:tillation has prompted several vapor=liquid equilibrium 

studies to be performed on the gas chromatograph. 

This thesis presents a technique which can be 

utilized to obtain equilibritun data for ext;racti ve distilla­

tion systems when using a volatile solvent. Investigations 

were also made to determine the reproducilibity of separa­

tion factors ( chromatogr·aphic relative volatilities)~ to in= 

vestigate the effect of temperature on the separation factors:. 

and to detem.i_ne if equilibrium still azeotropic composition 

can be obtained. on the chromatograph. 

I would like to expre~s my sincere appreciation to 

Dr. R. N. Maddox and members of the Chemical Engineering 

staff at Oklahoma State University for their advice and 

direction of this investigation. I am particularly a.ppre= 

ciative of the assistance given me by Dr. J.M. Marchello 

during the course of this study. 
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CHAPTER I 

INTRODUCTION 

The gas chromatograph has been accepted by industry 

because of the time and money it saves. Its main function 

is the analysis of gaseous or volatile mixtures for individ= 

ual componentse Gas chromatography is employed in labora­

tories to help guide the operations of old processes and to 

develop new processesv Some of the process applications 

include checking absorber efficie:ncdes, checking conversions 

in reactors, and controlling distillation towerso A recent 

application is the use of gas chromatography to obtain 

vapor-liquid equilibrium data fo:r ideal and non.ideal systems. 

The term 11 gas ch:r,omatogra.phy » u as used in this re­

search, refers to a column in which there is a mobile gas 

phase passing over a liquid which is supported by an inert 

solid .. The mobile gas contains the sample. The sample com­

poner:rts are in equilibrium with the stationary and mobile 

phases 1 which causes a physical separation 

the component;s ~ 

occur between 

The specific goal of this research was to develop 

a technique which could be used to obtain vapor=liquid 

equilibrium data for extractive distillation systems when 

1 
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using volatile solvents and the standard gas chromatograph. 

To reach the stated goal, it was necessary to determine the 

effects that certain procedures and variables would have on 

the chromatographic separation factor (relative volatility). 

The objectives o~ this research were as follows: 

A. Preliminary Investigations 

1. Determine the reproducibility of binary 

sample separation factors when the sol­

vent is evenly distributed on the support 

and also when the solvent is injected in­

to the operating column. 

2. Determine if azeotropic compositions 

exist in the field of gas chromatography. 

3. Investigate the influence of temperature 

on the separation factor for several 

binary samples,when the solute is at in­

finite dilution in the solvent phase~ 

4. Determine the effect of sample composi­

tion on the s~paration factor. 

B. Solvent Injection 

1. Obtain separation factors for a binary 

system when injecting different amounts 

of solvent into a column which does not 

have liquid on the packing. 
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2. Obtain separation factors for an extrac­

tive distillation system when injecting 

different volumes of solvent into a col­

umn in which there is a heavy partitioning 

liquid already on the packing. 



CHAPTER II 

LITERATURE SURVEY 

Gas Chromatography and Fractional Distillation 

The relationship between gas-liquid chromatography 

and distillation was first suggested by Martin and Synge 

( 17) in 1941 when they proposed the technique of us-ing a 

ga.s instead of a liquid as the mobile phase. They sug­

gested that a permanent gas be made to flow over gel im­

pregnated with a nonvolatile solvent in which the substances 

to be separated approximately obeyed. Raoult's Law~ James 

and Martin (12) in 1952 referred to gas chromatography as 

ncarrier distillation" when they developed the technique .. 

The modifications which they made concerning chromatography 

could also be made in distillation .. These modifications 

would be to replace the vapor with a perm.anent gas and the 

condensed liquid with a nonvolatile liquid. They found 

that, when volatile substances were blown through a gas 

chromatographic column, the more volatile components of 

the mixture would travel more rapidly than the less vola­

tile components. 

Because of the similarity between a gas chromato­

graphic column and a distillati0n column, the efficiency is 

4 



usually referred to in terms of theoretical plates. This 
·-· . - . 

theoretical plate approach was defined by the nomenclature 

committee of the London symposium (2) and recommended for 

use by the Committee on Nomenclature of the Instrument 

Society of America Symposium (1). The number of theoret­

ical plates can be obtained from. the chrom.a.togram. data by 

the expression: 

5 

(1) 

Several investigators (6, 14, 17, 19, 24, 35) have used 

theoretical trays as a method for expressing the effi­

ciency of a chromatographic column.. 

The theoretical plates needed for a specific 

separation are not the same for gas chromatography and 

dist-1;:I-lation. Herington (10) stated, uif n theoretical 

plates are required iin distillation to obtain a given 

separation, then approximately n2 plates may be required 

in chromatography." This statement can be used to summa­

rize the findings of van Deemter and his co-workers, (33). 
. .;. 

The chromatographic plates, however, are easier to obtain 

and control. Distillation will probably never be replaced 

by gas chromatography, because gas chromatography is a 

discontinuous process and can utilize only small quantities 

of volatile materials. 



Gas Chromatography and Packed Process Columns 

Another plate theory used to describe the effi­

ciency of a gas chromatographic column is known as the 

"height equivalent to a theoretical plate" or HETP. The 

HETP theory has been used by several investigators 

(13, 15, 33). This refers to a length of column which 

will produce the separation equivalent to that of one 

theoretical plate. This concept is important because it 

considers the effects of the column length and of the 

sample injection method.o The HETP can be calculated by 

using Equation (2) if the number of theoretical plates, 

n, is known .. 

HETP 
L (2) 

6 

Equations for finding the HETP when the number of theoret-

ical plates is not known are discussed. in the following 

Theoretical Background section of this chapter. 

Gas Chromatography and Extractive Distillation 

The technique of gas chromatographic separation 

is similar to extractive distillation due to the influence 

of the solvent phase. The application of gas chromatog­

raphy for studying extractive distillation systems has been 

suggested by several writers (20, 31, 34, 36). Warren and 

others (34) compared relative volatilities obtained from 
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equilibrium still runs with separation factors obtained by 

gas chromatography. The separation factor could probably be 

called the ttchromatographic effective relative volatility 11 

as a more descriptive name. Throughout this research., the 

term separation factor, a., .shall be used and will be ex­

pressed by: 

(3) 

The solvents employed by Warren were rather high boiling. 

Porter and Johnson (26, 27, 28) investigated several extrac­

tive dis·tillation systems when using circula:r gas chromatog­

raphy. This technique involves the use of a closed system 

in which there is circulated either the partitioning "liquidn 

in the gas phase or helium as the eluting gas. Circular gas 

chromatography permits the use of volatile partitioning 

liquids without allowing any of the liquids to leave the en­

closed circuit. When working on the system methylcyclohexane­

toluene and using aniline as the solvent, Porter and Johnson 

(28) reported a separation factor of 3.1 compared to an 

equilibrium still value of 2.59. For the system n-heptane-
.. 

methylcyclohex.ane, they reported a separation factor of 1.65 

compared to the equilibrium. still value of 1.52. The authors 

concluded, "The excellent a.greement indicates the potential 

of circular gas chromatography in developing correlations for ,, 

several types of solvent separations." In each of the above 

cases, the separation factors obtained were considerably 
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higher than the relative volatility values obtained from the 

equilibrium still. The high values calculated from chroma­

tographic data were probably caused by the infinite solvent 

dilution of the sample. 

Gas Chromatography and Vapor-Liquid Equilibrium Constants 

The potential application of gas chromatography for 

determining vapor-liquid equilibrium constants has been dem­

onstrated. Mellado and Kobayashi (20) obtained chro:i;nato­

graphic experimental K-values for the system n-butane in 

n-dodecane which compared favorably with the N'atural Gaso­

line Association (21) K-value chart for the same conditions 

of temperature and pressure. A convergence pressure of 

20,000 pounds was used. Similar runs made on methane, 

ethane, ethylene, and propane did not yield accurate K­

values because the retention times were apparently too low. 

Preston (29) stated, "It is predicted that as chromatography 

data becomes available at elevated pressures, it will be 

found to be in agreement with comparable 'K' values." The 

basis for this prediction is the fact that th~ same factors 

which influence K-values, such as activity .coefficients and 

compressibility factors, can also be made to influence reten­

tion times by the proper choice of carrier gas and stationary 

phase. 



Theoretical Background 

The efficiency of a distillation tower can be de-

scribed in terms of the number of theoretical plates, and 

the degree of' separation obtained in an equilibri.um still 

can be expressed as relative volatility. After observing 

the separations·· obtained cm a gas chromatograph, the ques­

tion might be asked, "What can be used to describe these 

separations? 11 Several methods have been proposed which 

express the separations in terms of separation factors 

and which express the efficiency in terms of theoretical 

plates. 

Relative Volatility and Separation Factor 

The deviations of a liquid phase from Raoult's 

Law must be considered when doing research on extractive 

distillation systems. The deviations can be summed up by 

the introduction of the activity coefficient. The inser­

tion of this factor into Raoult 1 s Law gives; 

(4) 

The relative volatility, a, obtl;!.ined from equilibrium still 

data for the separation of two components of a nonideal 

system can be expressed by: 

= Y1X2 
X.tY2 

7:n.P{ = ·~ 
72P2 

(5) 

9 
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A term similar to relative volatility can be derived from gas 

chromatographic data for the separation of binary systems. 

This term is called the separation factor and requires the 

use of the partition coefficient, H0 , at infinite solvent 

dilution as defined by Porter, Deal, and Stross (24). This 

definition is expressed by: 

(6) 

where: Ho amount of solute per unit volume of stationary 
i ·= Ehase 

amount of solute per unit volume of moving 
phase 

The separation factor, a, can be obtained by employing 

Equation (6) to obtain the relative partition coefficient 

for two components by: 

(7) 

Another important term used in gas chromatographic 

calculations is retention volume. 'l'his is .the volume of 

carrier gas, measured at or corrected to column temperature 

a.nd column outlet pressure, which passes through the column 

between the time the sample is injected and the peak maxi­

mum occurs. This is given by~ 

(8) 

James and Martin (11) introduced a pressure gradient correc­

tion for the compressibility of the carrier gas so that a 
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corrected retention volwne could be obtained. '!'he corrected 

retention volume, VR, is given by: 

(9) 

The partition coeffici·ent is related to the cor-

rected retention volume by: 

vo - vo 
H1 = Ri a (10) 

VL 

The separation factor for a binary system can be obtained 

from the ratio of the partition coefficients. The follow-­

ing Equation (11) can be obtained by using Equation (10) 

for two components: 

H~ V - V d2 - da (11) = Ra a a. ~,a = .. = ~ 

Hf Va - Va d1 - da ·1 

A symposium (1) agreed upon Equation (11) as being the suit-

able standard nomenclature for the separation factor. 

Several other method·s have been used to describe the 

separations achieved by a gas chromatograph column in terms of 

a "separation factor." The following approaches were not em­

ployed in this research and are presented here as equations 

which might warrant further investigation. Figure l will be 

employed to define several of these methods which have been 

used to describe gas chromatographic column performance. 



d -i a I 

Inert 
Gas Time----­

Figure 1 

2 

Terms.used in Calculating Column Efficiencies 

A. Martin (1) used the following separatio~ 

factor, F, which is based upon the tm­

corrected retention times: 

1 = ,92-61 = d2~d1 
91 d1 

(12) 

where:. e = uncorrected retention times. 

B. Golay (1) proposed the following defini­

tion which is the ratio of the distance 

between peak maxima to the width of the 

first peak: 

(13} 

12 

where: 6. d1. = peak width of first component. 

c. A symposium committee (3) suggested that an 

obvious way for expressing co'J:wnn resolution 

would be as follows~ 
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_2(d2-d1) 
F =_-.. --- (14) 

-. Ad2.+Ad3. 

where: Ad= intercepts cut on the base- line by the 

tangents to the-peak. 

Column Efficiency 

A symposium committee (3) recommended that the 

9hromatographio column efficiency should 'be related to 

individual peaks and not to any separations achieved. 

Another symposium (1) agreed upon the following theoret­

ical plate equations as being suitable as standard nomen­

clature: 

(15) 

This expression defines the efficiency in terms of the 

column's ability to produce narrow peaks. 

Golay (1, 8) originated an efficiency equation 

Which might warrant some attention. This equation ex-
' 

presses efficiency as·the performance index, PI, and is 

as-follows; 

PI = (16) 

where: AP= pressure drop across column. 

The performance index was not intended to substitute for 

the theoretical plate Equ.~tion (15) and is simply a general 
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guide to how well a column will perform. Golay stated that 

nrts smallness gives us a measure of intrinsic goodness of a 

column, which can constitute the criterion on the basis of 

which a certain type of column is selected," 

Van Deempter and others (33) proposed an equation 

which expresses the relationship between the height equivw 

alent to a theoretical plate and the diffusional effects in 

a chromatographic column. This equation reads: 

2y.Dg 8 
2 

k' df 
HETP = 2Adp + + . -u (17) 

u 1T 2 (l+k 1 ) 2 DL 

Eddy Molecular Resistance to 
Diffusion Diffusion Mass Transfer 

where: df = statistical average of liquid film thickness 

dp = particle diameter 

,Dg = molecular diffusivity in gas 

DL = molecular diffusivity in liquid 

kl = effect of changing the distribution ratio 

u = linear gas velocity 

A = measure •I of packing irregularities 

- tortuosity of the packing. y = 

Jones (13) developed an equation similar to Equation 

(17) to allow for column pressure drop. The integrated equa-
' tion is as follows: 
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D 
2 

2 
HETP = A +B..!.£+ 0 ~ax dr Uo Pout + 

u 0 (1-fS ) 2 ax D L Pin+Pout 

Sax 
2 l 2 

dm uo ds uo 
D + E 

(l~Sax)2 Dgo (l+Sax)2 ·D ·go 

where: A = ve'locity-independert constant of random flow 

pattern in a packed column 

(18) 

B = coefficient of axial or longitudinal diffusion 

in a gas phase 

C = coefficient of' resistance to mass transfer in 

liquid phase 

D = coefficient of resistance to mass transfer in 

moving gas phase 

Dg0 = diffusion coefficient of sample into carrier 

gas at column outlet pressure 

dm = e.f fecti ve moving-gas diffusional path length 

ds = e,ffecti ve stagnant-gas diffusional path length 

E = coefficient of relatively stagnant gas within 

column packing 

Sax= relative separation of sample peak from air 

peak= d1-da 
da 

u0 = carrier gas velocity at outlet of column 

packing 
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The first three terms are essentially Equation (17). Jones 

obtained coefficients for air, butane, and cyclohexane; and 

these coefficients were apparently in excellent agreement 

with the column data. 

Equations (17) and (18) are of particular value 

when studying the internal mechanism of columns. The HETP 

can also be calculated by employing Equation (15) and 

dividing by the column length. This simplified equation is 

expressed as follows: 

16 d 2 

HETP = -(~) 
L ~di 

(19) 



CHAPTER III 

DESCRIPTION OF APPARATUS 

The apparatus used in this research consisted 

primarily of a Perkin-Elmer Corporation Model 154 Vapor 

Fractometer (gas chromatograph) and a strip chart recorder~ 

This equipment is shown on Plate I. The auxiliary equip­

ment included a helium gas supply, pressure regulator, soap 

film meter, hot plate, stop watch, and syringes. Several 

chromatographic columns were constructed and used in this 

research. 

A brief description of some of the chromatographic 

items is given below. 

Detector 

The thermal conductivity cell detector was used 

·to follow the separations obtained in the chrom.atogr?phic 

column .. The detector contained a reference cell and a sens­

ing cell, as shown in Plate II .. Each detector contained a 

therm.ister. The. electrical resistances of these heated 

thermisters were used.to indicate the.thermal conductivity 

of the atmosphe:t"e in each chamber. When a sample component 

would emerge from the oolUlllll, the thermal conductivity of 

the sensing chamber would change. This change caused a 

variation in the resistance of' the sensing thermister. The 

17 
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unbalance in the thermister bridge circuit would then provide 

a signal to the recorder. 

Heated Air Chamber 

The column and the detector were enclosed in a 

heated air chamber in which the temperature could be accu­

rately controlled from room temperature to 225°0. The tem­

perature in the chaJJJber was held uniform by means of a 

blower in the top of the oven. 

The sample injection block wa.s locat.ed in the 

chamber, and its temperature was maintained approximately 

30°0. above the column temperature by utilizing a small 
' 

element connected in parallel with the oven heating elements. 

The high temperature or the heating block caused the liquid 

samples to be rapidly vaporized. 

Flow . Co.ntrol 

The helium carrier gas flow rate was adjusted by 

using a pressure regulator connected in the gas input cir­

cuit .. A rotameter was used to determine the approximate 

flow rate, and a. soap film meter was employed to determine 

the exact flow rate. The flow rates were adjusted from 16 

to 50 cc. per minute in this research. 



!...... _ ___,,__ - • - . 

• • 

Plate I 

19 
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Perkin-Elmer Corporation Model 154-D Vapor Fraetometer 



Plate II 

Flow Schematic or The Perkin-Elmer Corporation 
Model 154-D Vapor Fractometer I\) 

0 



CHAPTER IV 

EXPERilVlENTAL PROCEDURES 

General Description 

The procedure outlined below was followed for all 

experimental runs. The first step was the preparation of 

the samples. The chromatographic column was then prepared 

and installed in the chromatograph. The temperature control 

dial was then set to give the desired temperature. Tempera­

tures from 45°0. to 150°0. were used. The helium carrier 

gas flow rate was next adjusted to the desired value by 

means of a pressure regulator on the control panel. A 

soap film meter was used to check the flow rate. The flow 

rates were set from 16 to 50 cc. per minute at the flow meter 

conditions. When a change was made in t;he helium flow rate 

or the temperature, the equipment was allowed to reach equi= 

lib.rium. Approximately 30 minutes were requ:1,.red to adjust 

to the desired conditions and to equili.brate the equipment. 

Chromatogram Data 

The following chromatogram data were recorded be= 

fore a series of runs was madei column characteristics, 

carrier gas rate, column temperature,!) column inlet and out­

let pressures, distance of air peak» chart speed,, sample 

21 
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volume to be used, voltage on the detector, rotameter reading, 

recorder range, and temperature in the soap film mete·r. 

Flow Circuit 

The flow circuit is shown on the· flow schematic in 

Plate II. The carrier gas pressure was reduced from the 

pressure of the gas source down to 35 psig by employing a 

regulator. Helium flow through the system was then con­

trolled by means of a pressure regulator on the control 

panel. The carrier gas next flowed to the heated air 

chamber where it was heated to the chamber temperature be­

fore entering the detector reference cell. The carrier gas 

then mixed with the vaporiz~d liquid sample in the sample 

1,njection block. .Th~ volumes of the samples varied from 5 

to 10 microliters. The sample and carrie~ gas flowed into 

the coltmm for sample s~paration and then to the sensing 

side of the detector. The effluent from the detector was 

aliowed to vent to the atmosphere or to a vacuum collect­

ing system. 

Injections of Samples and Solvents 

The injection of the five to ten-microliter sample 

was performed by inserting the syringe needle through the 

septum and then rapidly depressing the plunger. The syringe 

was allowed to remain in the injected position for ten sec­

onds to insure consistency between samples. The injections 

Qi' from 100 to 1,200 microliters of phenol and furfural 
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required plunger depressing periods as long as twenty sec­

onds. The solvents did not vaporize upon injection and were 

used to coat the stationary column packing. An electric 

heater was employed to heat the phenol and the phenol injec­

tion syringe to 65°c. This was necessary because the phenol 

melting point was 41°0. During some of the runsj phenol or 

furfural was venting from the column. These materials were 

condensed in a. vacuum collecting system for safety reasons. 



CHAPTER V 

EXPERIMENTAL RESULTS AND DISCUSSION 

Preliminary Investigations 

Reproducibility of Separation Factors 

Early in this investigation it was necessary to 

determine if gas chromatographic separation factors could 

be accurately reproduced. This was conducted in two parts. 

The first part was the injection of toluene and methyl~ 

cyclohexane into a four-foot long column of Apiezon Lon 

Perkin-Elmer Coarse C~lite. The separation factors as 

shown on Table I were all the same. The second part was 

the injection of the same sample into the column at certain 

time intervals after a phenol solvent injection of 100 micro­

liters. The relative volatilities obtained were reproducible 

within one per cent, as shown on Table I. 

Azeotropes and Gas Chromatography 

A series of runs was made employing each of the 

azeotropes presented in Table II. These runs were made to 

determine if azeotropic compositions exist in the field of 

gas chromatography. 

24 
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TABLE I 

SEPARATION FACTOR REPRODUCIBILITY 

Chroma.togram Data: 

Column -

Helium flow rate 
Air peak distance 
Chart speed 
Sample composition, 

weight per cent 

Sample volume 
Phenol injection 

Sample Injection 
Point, Minutes 

Run After Phenol 
Number Injected 

70 
71 
72 
74 
75 
76 
77 
78 
79 

Before 
Before 
Before 

1.00 
11.02 
21.02 
1.10 

11 .. 20 
20.96 

4-foot long by 0.25 inch O.D* 
30 weight per cent Apiezon L 

on Perkin-Elmer Coarse 
Celite, 2 grams per foot 

Temperature, 100°c. 
Inlet pressure, 16.1 psia 

20 cc./minute 
0.33 inch 
0.5 inch/minute 

50.0 toluene 
50~0 metbylcyclohexane 
5 microliters 
100 microliters 

Chromatogram Peak 
Distance 2 Inches 
Methyl-

cyclohexane Toluene 

4.76 
4.69 
4.66 
4.91 
4.85 
4.86 
4.93 
4.73 
4.88 

6.15 
6.06 
6.02 
6.47 
6.68 
6.88 
6.49 
6.57 
6.88 

Separation 
Factor 

1.314 
1.314 
1"314 
1.341 
1.405 
1.446 
1.339 
1.418 
1 .. 440 
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TABLE lI 

AZEOTROPES EMPLOYED FOR RUNS NUMBERED 283 THROUGH 302 

Equilibrium Still 
Azeotropes, Weight 

Per Cent · 
Cyclo-

Benzene hexane 

51.8 
49.7 

90.58 
91.00 

48.2 
50.3 

Methyl-,. 
cyclopentane 

9.42 
9.00 

Azeotropic Data 
Boilin§ Pressure, 

Point, C. mm. Hg Reference 
I . 

77 .7. 
77.4 

71.39 
72.00 

760 
760 

760 
1,019 

16 
30 

9 
22 

The temperatures for the benzene-metb,ylcyclopentane runs were 

varied incrementally from 70°0. to 73°C. in an attempt to 

find a temperature where the azeotrope would form. The 

sa.,mples were also run at 60°C:.. and 90°C .. The four-foot long 

column of Apiezon Lon Coarse Celite would not separate the 

benzene-cyclohexane system at any temperature. An inlet 

pressure of 863 mm. Hg was used for this part of the research. 

The Apiezon L column was chosen, because it should exhibit 

little or no special solvent effects on the samples. 

The data indicated that gas chromatography can be 

used to resolve azeotropes. When a sample is being sepa­

rated in a column, the sample composition passes through a 

wide range. At some point in the column. the equilibrium 

still azeotropic composition is reached, if such a composi­

tion is possible .. In spite of this, the benzene-methylcyclo ... 

pentane system completely separated into its pure components. 



27 

This is an important difference between gas chromatography 

behavior and distillation tower behavior. The results of 

these runs are presented in Table III. 

Influence of Temperature on the Separation Factor 

Three binary systems were used in determining 

what effect different temperatures would have on the separa­

tion factors. The column used consisted of thirty w~ight 

per cent phenol on 60/80 mesh G-Cell .. 'fh.e results are given 

on Table IV and shown graphically in Figure 2. The tempera­

tures were varied from 45°0. to 150°0. The phenol liquid o~ 

the packing vented rapidly from the column at temperatures 

above 100°0. The bleeding of phenol from the column at the 

high temperatures is believed not to have affected the sepa­

ration factors b.ecause the data were reprodu.cib-le. The 

separation factors were also considered to be accurate be­

cause the high temperature data points remained constant 

with the low temperature results. The f:tndings of this in­

vestigation at high temperatures are in good agreement with 

circular gas chromatograph data obtained by Porter and 

Johnson (28). The low temperature resu.lts were lower than 

those obtained by.Porter ~nd Johnson and may have been 

caused by operating differences. 

A comparison between gas chromatographic separation 

factors and equilibriwn still relative volatilities for the 

system toluene-isooctane can be made by using Figure 3. 

Equilibrium. still curves are shown when approximately 80 mole 
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per cent phenol is present and when no phenol is present,. 

The separation factors are higher. than the relative vola­

tilities for all temperatures above 154°c. As can be seen 

in Figure 3, increasing the temperature increases the rela­

tive volatility and decreases the separation factor* The 

vapor pressure data curve, if plotted on Figure 3, would 

have a slope similar .. to the separation factor curve. 

The equilibrium still data presented on Figure 3 

are available in the 1945 Transactions of the American 

Institute of Chemical Engineers ( 4) .:, 



Run 
Number ,· 

28i 28 
285 
286 
287 
288 
289 
290 
291 
292 
293 
294 
295 
296 

TABLE III 

SEPARATION FACTORS FOR AZEOTROPES 

Chromatogram Data: 
Column - . 

Helium flow rate 
Chart speed 

· Sample volume 

Azeotropic Compositions 
Column Weight Per Cent , 

4-foot long by 0.25 inch O.D. 
30 weight per cent Apiezon L 

on Perkin-Elmer Coarse 
Celite, 2 grams per foot 

Inlet pre~sure, 863 mm. Hg 
Outlet pressure, 741 mm. Hg 

16 cc. per minute 
0.5 inch per minute 
5 microliters 

Chromatogram Peak 
Air Peak Distance, Inches 
Distance Tempera= · Methyl-

ture, 0 0~ cyclopentane Benzene 
·Methyl-

. cyc~lo~entane Benzene Inches 

70 9 .. 42 90 .. 58 6.45 8.26 0.5 70 9~00 91.00 6.40 8~20 n 
71 9.42 90.58 6.23 7.96 ti 

71 9.00 91.,00 6.27 7.98 ff 

71~4 9*42 90.58 6.17 7.89 0.49 71~4 9.00 91.00 6.14 7.84 n 
72 9~42 90"58 6.02 7.71 H 

72 9 .. 00 91 .. 00 6.08 7.74 II 

73 9~42 90.58 5.94 7.56 ii 

73 9 .. 00 91 .. 00 5.96 7.59 fl 

90 9,,42 90.58 4.21 5.18 0.5 90 9.00 91.00 4.23 5.23 l'i 

60 9.42 90.58 7.86 10.26 o.49 60 9.00 91.00 7,.85 10ol9 u 

Separation 
Factor 

1.304 
1.305 
1.302 
1.296 
1.303 
1.301 
1.305 
1.297 
1.,297 
1.298 
1.261 
1.268 
1.326 i\) 

\0 
1.318 



Run 
Number 

297 
298 
299 
300 
301 
302 

column 
Tempera­
turei· ·0 c. 

90 
90 
76 
76 
60 
60 

TABLE III (Continued) 

Azeotropic Compositions Chromatogram Peak 
Weight Per Cent Distance, Inches 

Cyelb- Cyclb-
hex.ane Benzene hex.ane 1 Benzene1 

49.7 50.3 5.11 5.11 
51.8 48.2 5.20 5.20 
49.'7 50.3 7 .02, 7.02 
51.8 48.2 7.18 7.18 
49.7 50.3 10.27 10.27 
51.8 48.2 10.40 10.40 

1 The cyclohexane and benzene did not separ~te in the column. 

Air Peak 
'Distance 

Inches 

0.5 
" tt 

n 
H 

n 

Separation 
· Factor 

1.0 
1.0 
1.0 
1.0 
1.0 
i .. o 

\.>l 
0 
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TABLE IV 

EFFECT OF TEMPERATURE ON THE SEPARATION FACTOR 

Chroma.togram Data : 

Run 

Column -. 

Helium flow rate 
Temperature in soap 

film meter 
Air peak d1stance2 
Chart speed · 
Liquid sample vo,tume 

10-foot long by 0.25 inch O.D. 
30 weight per cent phenol on 

60/80 mesh G-Cell 
22.027 grams total weight in 

colunm 
Inlet pressure, 1,103 mm. Hg 
Outlet pressure, 749 mm. Hg 

50 cc. per minute 

22.5°0 .. 
.47 to .53 inches 
0.5 inch per minute 
5 microliters 
(1) 50.123 weight per cent 

toluene, 49.877 weight 
per cent methylcyclo­
hexane 

(2) 50.0 weight per cent 
toluene, 50.0 weight 
per cent isooctane 
(2,2,4~trimethylpentane) 

(3) 51.8 weight per cent · 
benzene, 48.2 weight per 
cent cyclohexane 

Chromatogram 
Column Distance 1. Inches 

Tempera- Methyl- Sepa.ration 
Number ture, 0 c. clclohexane Toluene Factor 

207 45 15.98 80.2 5.151 
210 45 16.02 80.0 5.125 
212 45 15.90 79.0 5 .. 100 
215 65 9.62 43.22 4.696 
218 65 9.22 42.69 4.825 
221 ... 100 3.80 13.60 3 .. 943 
224 100 3.65 13.19 4.000 
227 125 2.15 6 .. 65 3 .. 678 
229 150 1.83 4.54 2.993 
234 150 1.77 4.42 3 .. 038 
236 150 1.66 3 .. 183 2 .. 277 

2The air peak distance was .51 inch through test run 212, then 
.53 inch through test run 218, and then .47 inch through test 
run 236. -

8 The remaining phenol on the column vented during runs 235 and 
236. 
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TABLE IV (Continued) 

Column Chromatogram 
. Run Tempera- Distanoez Inches Separation 
Nwn'ber ture, oc. I so-octane Toluene Factor 

208-- 45 8.21 79.9 10.310 
211-1 45 8.14 79.8 10 .. 392 
213 65 5.11 43.6 9.404 
216 65 5.04 42.5 9.293 
219 100 2.28 13.6 7.254 
222 100 2.22 13 .. 29 7.326 
226 125 1.47 6.76 6.760 
230 150 1.32 4.54 4.788 
232 150 1.34 4.32 4.6l8 
235 150 1.33 3.283 3.2 7 

Cyclo-
hexane Benzene 

209 45 10.28 31 .. 23 3.146 
211-2 45 10.28 31.20 3.141 
214 65 6.35 18.43 3.076 
217 65 6.21 17.66 3.132 
220 100 2.72 6.63 2.738 
223 100 2.63 6 .. 43 2.759 
225 100 2.57 6.24 2.748 
228 125 1.65 3.554 2.610 
231 150 1.33 · 2.5 2.360 
233 150 1.42 2.55 2.195 

3 The remaining phenol on the column vented during test runs 
235 and 236. 

4 This peak was under a eyclobexane peak. 
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Effect of SaI!lple Composition on the Separation Factor 

A,series of runs was made using a four-root long 

Apiezon Lon Coarse Celite column to determine the effect 

of sample composition on the separation factors .. The data 

presented on Table V·indicate that sample composition had 

no effect. Several runs were also made when employing·a 

phenol on a G-Cell packed column. Results.of these runs 

are presented on Table VI. These runs indicate that the 

separation fac~ors are a function of sample composition. 

This may have been caused by the venting of phenol from 

the column. In all cases, · separation factors varied by 

approximately five per cent over a wide range of sample 

compositions. 

Solvents Injected into Column Packing 

The major effort in this research was to develop 

a technique for determining separation factor (relative 

volatility) data when using volatile extractive distilla­

tion solvents.. 'fh,e method proposed here is to inject the 

solvent into the column prior to the sample injections. 

This procedure would allow the use of standard chromato­

graphic equipment. 

Injecting Fu.rfural into a Solvent-Free Column 

A series of runs was made using the binary system 

benzene-cyclohexane. 'l'he fu.rfu.ral injections were made into 

a plain 60/80 mesh G-Cell packed columne The results of these 



TABLE V 

SEPARATION FACTOR AS A FUNCTION OF SAMPLE COMPOSITION 

Chromatogram Data: 

°'"­.1.1.Y.JiJ. 

Column.:. 

Helium flow rate 
Temperature in 

soap film meter 
Air peak d~stance 
Chart speed 
Sample V,(:}3,;ume 

Sample 
Wei~ht ·Per Cent· 

Number 

l_VJethy -
cyclo­
hexane Toluene 

265 
268 
266 
269 
267 
270 

, 271 
'274 
·272 
275 
273 
276 

277 
280 
278 
281 
279 
282 

19082 
19.82 
49.877 
49~877 
80.293 
80.293 

Methyl­
cyolo­
_pentane 

9o0 ·. 
9.0 

49.99 
49.99 
78.87 
78.87 

Oyclohexanb 

16.35 
16.35 
48.2 
48.2 
80.;25 
80.25 

.80.18 
80.18 
50.123 
50.123 
19.707 
19.707 

Benzene 

91.0 ', 
91 .. 0 
50.01 
50.01 
21.13 
21.13 

83 .. 65 
83.65 
51.8 
51 .. 8 
19.75 
19 .. 75 

10-foot long by 0.25 inch o.n. 
30 weight per cent Apiezon Lon 

Perkin-Elmer Coarse Celite 
2 grams per root 
Temperatv.re, 100°0. 
Inlet pressure, 1,364 mm. Hg 
Outlet pressure, 736 mm. Hg 

50 cc. per minute 

23.5°cq 
0.5 inch 
0.5 inch per minute 
5 microliters 

Chromatogram Peak 
-Distance, Inches 
Methyi-
cyclo- Separation 
hexane Toluene Factor 

6q83 
6.82 
6.80 
6 .. 81 
6.82 
6.S2 

Methyl­
cyclo-

1.303 
1 .. 302 
1.300 
1 .. 298 
1.294 
1.297 

pentane Benzene 

3°97 
3o97 
3 .. 98 
4 .. 00 
4o08 
4.12 

1 .. 239 
1 .. 239 
l .• 243 
1.250 
1 .. 292 
1· .. 297" 

Benzene Cyclohexane 

4 .. 01 
4.01 
4.06 
4.05 

- Peaked Together 
f1I fl ... 

4,,35 1.,097 
4 .. 35 1..097 
4.31 1.070 
4 .. 31 1..073 



TABLE VI 

EFFECT OF SAMPLE COMPOSITION AND COLUMN TEMPERATURE ON TEE SEPARATION FACTOR 

Sample 
Number 

I 
II 
III 

Chromatogram-Data: 
Column -

Helium flow rate 
Air peak distance 
Chart speed 
Sample volume 

Sample 
Column·· Wei~ht Per Cent 

Tempera- Methyl-
tu~°C...._ .9}Z:Clohex.ane Toluene 

85 27.49 72.51 
85 62.21 37.79 
85 49.20 50 .-60 

6-root long by .25 inch O.D. 
20.38.weight per cent phenol on 

42/60 mesh firebrick., G0-22 
Supersupport 

25~1255 grams total weight in 
column 

Inlet pressure., 1.,060 mm. Hg 
Outlet pressure., 750 mm. Hg 
Temperature of measur~d helium., 25°0. 

50 cc. per minute at outlet conditions 
.59 inch 
0.5 inch per minute 
10 microliters 

Chromatogram 
Distance, Inches 

Methyl-
_cyclohexane Toluene 

3.89 
3.87 
3.67 

15.15 
14.41 
l~.02_ 

Separation 
Fa.ct or 

4.41 
4.21 
4.36 

\>I 
-.J 



Sample 
Number 

IV-a 
.v-a. 
VI-a 

IV-b 
.. V-b 
VI-b 

TABLE VI (Continued) 

Sample 
Column · We·ight Per ·Cent 

Tempera- 2,2,4-
t-ure,· ·0 0., trimethylpentane Toluene· 

85 50.276 49.724 
85 33.209 66.791 
85 66.620 33.380 

95 50.276 49.724 
95 33.209 66.791 
95 66.620 33.380 

Chromatogram 
Distance, Inches 

2,2,4-
trimethylpentane Toluene 

1.97 lL.47 
1 .. 85 10.70 
1.77 9.79 

1.33 6.41 
1.33 6.15 
1.29 5.71 

Separation 
Fao·tor · 

7.88 
8.02 
7.80 

7.86 
7.51 
7.31 

\)J 
0) 
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runs are given in Table VII and in Figure 4, The time be= 

tween the furfural injections and the sample injections 

varied from Oto 86 minutes. The separation factor was 1.0 

for the solvent-free column, indicating that no separation 

was obtainedo When 1,000 microliters of furfural were in-

jected, the separation factors varied from 3.17 to 3.90, 

depending upon the sample injection t:i,me. The sepa:cation 

factors ranged from 2.5 to 3.875 for the injection of 400 

microliters of furfural. The separation factors shown in 

Figure 4 !lad their highest value when a sample was injected 

shortly after the solvent injection. As indicated in Figure 

4, the separation factors decreased rapidly after the major 

portion of the solvent had bled from the col'Wlln, 

Injecting Phenol into a Column 
of Apiezon Lon Coarse Celite 

An injection of 100 microliters of phenol was made 

into a four ... foot long column of Apiezon Lon Coarse Celite. 

The samples used for these runs were composed of toluene and 

methylcyclohexane. The results are shown in Table VIII and 

in Figure 5~ A similar series of runs was made using 400 

microliters of phenol. The results are shown in Table IX 

and in Figure 5. The separation factors varied from an 

Apiezon L base line of 1.319 to 1.445 for the 100 microliters 

of solvent injection. When 400 microliters were injected, 

the separation factors varied from 1.316 to 1.611. As shown 

in Figure 5, the separation factors rose sharply with time 

and, then passed through a maximum after approximately fifty 



TABLE VII 

SEPARATION FACTOR AS A FUNCTION 
Oi FURFURAL INJECTIONS 

40 

Chromatogram Data: 

Run 

Column -

Helium flow rate 
Sample v:Oiu.me 
.Temperature in soap 

film meter 
.• Sample composition 

10-foot. long by 0.25 inch O.D. 
Plain 60/80 mesh G-Qell 
17.3 grams used in column 
Temperature, 100°0. 
Inlet pressure, 1,618 :mm. Hg 
Outlet pressure, 749 mm.. Hg 

50 cc. per minute 
5 microliters 

23.4 
51.8 weight per cent benzene 
48. 2 weight per .cent cyclo-

hexane 

Sample InJec- Chromatogram 
tion Point on Distance 2 Inches Air Peak Separation 
Chromatogram Cyclo;., Distance Factor 

Number Minutes hexane Benzene Inches a 

23$ 0 .57 .57 .56 1.000 
23 2 .57 .57 .56 1.000 
239 4 .57 ,,57 1.000 

20 l,000 microliters of furfural injected 
240 21 1.04 2 .. 1~ .52 3.173 
241 24 .97 2.1 3.666 
242 29 1.05 2.20 3 .. 170 
243 35 .91 2.01 3.820 
244 43 .89 1.85 3.595 
245 48. .85 1.74 3.697 
846 55 .82 1.,60 3.600 
247 60 .78 1.50 3.770 
248 73 .70 1.22 .52 3~888 
249 76 .68 1.14 .52 3.875 
250 80 .67 L,09 052 3 .. 800 
251 90 .62 .88 3.600 
252 98 .57 .715 3.900 
253 102 .55 .62 3.300 
254 106 .54 .54 .54 1 .. 000 
255 0 .56 .56 1.000 

20 400 microl1ters of furfural injected 
256 21 .70 1.16 3 .. 875 
257 26 .68 1.10 ,.53 3.800 
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TABLE VII (Continued) 

Sample Injec- Chromatogram 
tion Point on Distance! Inches Air Peak Separation 

Run Chromatogram Cyclo- Distance Factor 
:Number Minutes hexane B$nzene Inches 

258 29 .67 1.07 .51 3.500 
259 36 .63 .95 3.666 
260 40 .61 P.7 <V 3 .. 600 
261 44 .60 .80 3.222 
262 48 .59 . 71 2.500 
263 52 .56 .64 .,52 3.000 
264 56 .52 .53 1.000 
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TABLE VIII 

EFFECT OF 100-MICROLITER PHENOL INJECTION ON THE SEP~ATION 
.. FACTOR_ WHEN -USING. A FOUR-FOOT_ LONG COLUMN 

Chromatogram Data: 
Column -

Helium flow rate 
Phenol injection 
Tempera.ture in soap film meter 
Air peak distance 
Chart speed 
Sample composition 

Sample v-6'1:ume 

Sample Injec­
tion Point on 
Chromatogram Run 

Number Mi!lutes 

188 
189 
190 
191 
192 
193 
194 
195 

0 
5 

10 
21 
29 
39 
49 
59 

Chromatogram Peak 
Distance, Inches 

Methyl ... 
_cyclohexane Toluene 

5ol9 
5.185 
5 .. 16 
5.,45 
5,,39 
5.39 
5~40 
5o39 

6 .. 72 
6 .. 72 
6.72 
7.26 
7o40 
7.58 
7.63 
7.56 

4-foot long by .25 inch O.D. 
30 weight per cent Apiezon Lon Coarse 

Celite, 2 grams per foot 
Temperature, 100°c. 
Inlet pressu.re, 824 mm.. Hg 
Outlet pressure, 736 mm. Hg 

20 cc. per minute at outlet conditions 
100 m.icroliters at 20-minute point 
23.5°0 .. 
0 .. 390 inch 
0~5 inch per minute 
50.123 weight per cent toluene 
49.877 weight per cent methylcyclohexane 
5 microliters 

Separation 
Factor 

la319 
1.32Q 
1.327 
1.358 
1.402 
1.438 
1.445 
1.434 

Phenol Leaving 
Column When 

Sample 
Injected 

No 
No 
No 
No 
Yes .p­

\>I 



Run 
Number 

196 
197 
198 
199 
200 

Sample Injec­
tion Point on 
Chromatogram 

Minutes. 

69 
79 
94 

114 
134 

TABLE VIII (Continued) 

Chtomatogram Peak 
Distance, Inches 

J.Vlethyl-
cyclohexane Toluene 

5.38 
5.32 
5.27 
5.24 
5.223 

7.40 
7.21 
6.88 
6.78 
6.78 

Separation 
Factor 

1.405 
1.383 
1.330 
1.318 
1.322 

Phenol Leaving 
Column When 

Sample 
Injected 

Yes 
Yes 
Yes 
No 
No 

.J::::" 
~ 



TABLE IX 

EFFECT OF 400-MICROLITER PHENOL INJECTION ON THE SEPARATION 
FACTOR WHEN USING A FOUR-FOOT.LONG COLUMN 

Chrom~togram Data: 
Column -

Helium flow rate 
Phenol injection 

4-foot long by .25 inch O.D. 
30 weight per cent Ap_iezon L on Coarse 

Celite, 2 grams per foot 
Temperature, 100°0. 
Inlet pressure, 825 mm. Hg 
Outlet pressure, 737 mm. Hg 

Temperature in soap film meter 
Air peak distance 

20 cc. per minute at outlet conditions 
400 microliters at 20-minute point 
25.4°0. 
0.385 inch 

Chart speed 
Sample composition 

Sample volume 

Sample Injec­
tion Point on 

Run Chromatogram 
Number Minutes 

168 
169 
170 
1715 

0 
5 

15 
22 

0.5 inch per minute 
50.123 weight per cent toluene 
49.877 weight per cent methylcyclohexane 
5 microliters 

Chromatogram Peak 
Distance, Inches 

Methyl-
cyclohexane Toluene 

5.10 
5.105 
5.125 

6.605 
6.610 
6.625 

Separation 
Factor 

1.319 
1.319 
1.316 

Phenol Leaving 
Column.When 

Sample 
Injected 

No 

5 Toluene peak under Run No. 172 methylcyclohexane peak. ..f::' 
\J1 



Sample Injec-
tionPoint on 

Ruh Chromatogram 
Number ·Minute's· 

172 27 
173 36 
174 46 
175 .. 56 
176 ... a 66 
176-b 80 
177 95 
178 110 
179 125 
180 140 
181 155 
182 170 
183 185 
184 200 
185 215 
186 231 
187 245 

TABLE IX (Continued) 

Chromatogram Peak 
Distarfoe, Inches · 

Methyl- Separation 
ci:clohexane Toluene · Factor 

5.78 8.46 1.497 
5.87 9.07 1.583 
5 .. 92 9.28 1.607 
5.84 9.17 1.610 
5.78 9.08 1.611 
5.73 8.98 1.608 
5 .. 70 8.84 1 .. 591 
5.65 8,.69 1.577, 
5.62 8.51 1.55g 
5.54 8 .. 30 1.53'5 
5.47 8.006 · 1.499 
5.37 7.61 1.449 
5.26 7.20 1.398 
5.18 6.81 . 1.340 
5.17 6.68 1.316 
5.11+ 6~66 1.320 
5.14 6.66 1.320 

Phenol Leaving 
Column When 

Sample 
Injected 

No· 
No 
No 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
No 
No 
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minutes for the 100-microliter injection and approximately 

sixty minutes for the 400-microliter injection. Both runs 

dropped off to the Apiezon L separation factor of 1.,316 after 

the solvent vented from the column. The conductivity cell 

ther.misters gave no indication that any solvent was condens­

ing in the cell. '!'he gradual shifting of the base line was 

the only indication that solvent was leaving the column in 

each case during this research. 

An extensive investigation was made to determine 

what effect the volume of the solvent injected would have on 

the separation factors. A ten-foot long column of Apiezon 

L liquid on Coarse Celite was employed. The volumes of the 

phenol solvent injections we~e 100, 400, 800, and 1,200 

microliters. The results are presented in tables X, XI, 

XII, and XIII and +n Figure 6. Inp.11 cases the separation 
; 

factor was 1.305 tor the Apiezon L liquid. The maximum 
I . . , : 

. . 

values obtained for the phenol injections were 1~374 for 100 

microliters, 1.488 for 400 microliters, 1 .. 597 for 800 micro­

liters, and 1.717 for 1,200 microliters~ 

The small difference between the 1.305 for the ten­

foot column with 50 cc. per minute helium flow rate and the 

1.316 for the four-foot long column with 20 cc~ per minute 

helium flow rate indicated that the variation in length and 

flow rate compensated for each other. 

Variation of maximum separation factor with volume 

of solvent injected is approximately linear, as shown in Figure 

7, for the toluene-methylcyclohexane system when using an 



TABLE X 

SEPARATION FACTOR AS A FUNCTION OF A 100-MICROLITER 
PHENOLc!NJECTION WHEN lJSING A TEN-FOOT LONG COLUJ.VIN 

Chromatogram Data: 

Run 
Numbe·r 

92 
93 
94 
95 
96 
97 
99 

100 

Column -

Helium f'low rate 
Phenol injection 
Temperature -in soap f'ilm meter 
Air peak distance 
Chart speed 
Sample composition 

Sample vt1l.ume 

Sample Injec­
tion Point on 
Chromatogram 

Minutes 

0 
12 
15 
24 
30 
35 
45 
46 

Chromatogram Peak 
Distance, Inches 

Methyl-
cyclohexane Toluene 

6.66 
6.70 
6.70 
6.75 
6-80 
6.755 
6.86 
6 .. 86 

8.55 
8.57 
8.57 
8.77 
9 .. 13 
9.09 
9.23 
9.195 

10-root long by ~25 inch-O.D. 
30 weight'per·eent Apiezon Lon-Perkin-

Elmer- Coars.e Celi te, 2 grams per f'oot 
Temperature, 100°0. 
Inlet pressure, 1,383 mm. Hg 
Outlet pressure, 742 mm. Hg 

50 cc. per minute at outlet conditions 
100 microliters at 20-minute point 
25°0. 
o.47 inch 
0.5 inch per minute 
50 weight per cent toluene 
50 weight per cent methyleyclohexane 
5 microliters 

Separation 
Factor 

1*305 
1.300 
1.300 
1.322 
1.368 
1..373 
1.370 
1.374 

Phenol Leaving 
Column When 

Sample 
In~cted 

No 
No 
No 
N.o 
No 

-I=" 
\0 



Sample Injec-
tion Point on 

Rtin Chromatogram 
Numbe_r Minutes - -------~--···------------

102 55 
103 63 
104 76 
105 102 
106 112 

TABLE X (Continued) 

Chromatogram Peak 
Distance, Inches 

Methyl~ Separation 
c_;y_clohexane Toluene Factor 

6.82 9.04 1.350 
6.82 8.98 1.340 
6.78 8.75 1.312 
6.77 8.625 1.294 
6.72 8.58 1.298 

Phenol Leaving 
Column.When 
- Sample 
Injected 

No 
Yes 
Yes 
Yes 
Yes 

\J1 
0 



TABLE XI 

SEPARATION FACTOR AS A FUNCTION OF A 400-MICROLITER 
PHENOL INJECTION WHEN USING A TEN-FOOT LONG COLUMN 

Chromatogram Data: 
Column - . · 

Helium flow rate 
Phenol injection 

10-foot long by .25 inch O.D~ 
30 weight per cent Apiezon Lon Perkin-

Elmer Coarse Celite, 2 grams per foot 
Temperature, 100°0. 
Inlet pressure, 1,383 mm. Hg 
Outlet pressure, 742 mm. Hg 

Temperature in soap film meter 
Air peak distance 

50 cc. per minute at outlet conditions 
400 microliters at 20-minute point 
25°0. 
0.47 inch 

Run 
Number 

107 
109 
110 
111 
1136 

114 

Chart speed 
Sample composition 

Sample volume 

Sample Injec­
tion Point on 
Chromatogram 

Minutes 

21 
29 
36 
45 
60 
83 

0.5 inch per minute 
50 weight per cent toluene 
50 weight per cent methylcyclohexane 
5 microliters 

Chromatogram Peak 
Distance, Inches 

Methyl-
cyclohe:x:ane Toluene 

7.02 
7~01 
7.065 
7.14 
7.11 
7.17 

9.78 
9.99 

10 .. 15 
10 .. 32 
10.36 
10.29 

Separation 
Factor 

1.420 
1.456 
1.466 
1.475 
1.488 
1.464 

Phenol Leaving 
Column When 

Sample 
Injected_ 

No 
No 
No 
No 
No 
Yes 

6 A sample containing 79.7 weight per cent methylcyclohe:x:ane and 20 .. 3 weight per 
·cent toluene injected. 

IJl 
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TABLE XII 

SEPARATION FACTOR AS A FUNCTION OF AN 800-MICROLITER 
.PHENOL. INJECTION WHEN USING. A TEN-FOOT LONG COLUMN 

Chromatogram-Data: 
Column -

Helium flow rate 
Phenol injection 

10-foot long by .25 inch O.D. 
30 weight per cent Apiezon Lon Perkin-

Elmer Coarse Celite, 2 grams per foot 
Temperature, 100°0. 
Inlet pressure, 1,364 mm. Hg 
Outlet pressure, 733 mm. Hg 

Temperature in soap film meter 
Air peak distance 

50 cc. per minute at outlet.conditions 
800 microliters at 20-minute point 
25°0. 
0.49 inc_li 

Chart speed 
Sample composition 

Sample volume 

Run 
Number 

- Sq.mple Inj ac­
tion Point on 
Chromatogram 

·Minutes 
·117 
118 
119 
123 
124 
125 
126 
127 

0 
11 
15 
30 · 
40 
50 
60 
70 

0.5 inch per minute 
50 weight per cent toluene 
50 weight per cent methylcyclohexane 
5 microliters 

Chromatogram Peak 
Distance, Inches 

Methyl-
c:y;clohexape '?oluene 

6.85 
6 .. 84 
6.85 
7.58 
7.61 
7.64 
7.68 
7.66 

. 8.75 
8.75 
8.75 

11.66 
11.86 
11.91 
11.97 
11.94 

Separation 
Factor 

1.299 
1.301 
1.299 
1.575 
1.597 
1.597 
1.597 
1.597 

Phenol Leaving 
Column When 

Sample 
I~ected 

No 
No 
No 
No 
Yes \J1 
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Run 
Number 

129 
130 
131 
132 
133 
134 
1357 
136· 
137 
138 
139 
140 
142 
143 
144 

Sample Injec- · 
tion Point on 
Chromatogram 

Minutes 

90 
100 
111 
124 
138 
154 
166 
178 
190 
202 
220 
236 
253 
256 
259 

TABLE XII (Continued) 

Chromatogram Peak 
Distance,· Inches 

Methyl-
cyc·lohe..xane Toluene 

7 .63 · 
7.61 
7.58 
7.54 
7.49 
7.43 
7.38 
7.33 
7.245 
7.145 
6.99 
6.90 
6 .. 83 
6.83 
6.83 

11.74 
11.64 
11.51 
11 .. 34 
11.14 
10.89 
10.64 
10.52 
10.17 
9.81 
9.31 
8.87 
8.73 
8.73 
8.73 

Separa.tion 
Factor 

1.578 
1.566 
1.554 
1.539 
1..521 
1.499 
1.473 
1.466 
1.433 
1.400 
1.357 
1.307 
1.300 
1..300 
1,300 

Phenol Leaving 
Column When 

Sample 
InJec·ted 

Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 

· Yes 
Yes 
No 
No 
No 

7 A sample containing 79.7 weight per cent methylcyclohexane and 20.3 weight per 
cent toluene injected as a special test .. 

U1 
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TABLE XIII 

SEPARATION FACTOR AS A FUNCTION OF A 1,200-.MICROLITER 
PHENOL INJECTION WHEN USING A TEN-FOOT LONG COLUMN 

Chromatogram Data: 
Column - .. 

Helium flow rate 
Phenol injection· 
Tempera.ture in soap film meter 
Air peak distance 
Cha.rt speed. 
Sample composition 

Sample volume 

10-root long by 025 inch O.D .. 
30 weight per cent Apiezon Lon Perkin-

Elmer Coarse Celite, 2 grams per foot 
Temperature, 100°c. 
Inlet pressure, ·1,363 mm. Hg 
Outlet pressure, 735 mm. Hg 

50 cc. per minute at outlet conditions 
1 .. '-20·0· microliters at 20-minute point 
24°C. 
o.49 inch 
0.5 inch per minute 
50 weight per cent toluene 
50 weight per cent methylcyclohexane 
5 microliters 

Sample Injec- Chromatogram Peak Phenol Leaving 
tion Point on D_~stance z Inches Column When 

Run Chromatogram Methyl- Separation Sample 
Number Minutes cyclohexane Toluene Factor Injected -

145 0 6.89 8.82 1.302 
146 12 6 .. 88 8.81 1.302 
147 17 6.875 8.775 1.298 
149 30 8.,15 13.16 1,,654 No 
150 l~5 7~90 13.21 1,.717 No 
151 60 8.02 13.35 1..708 No 
152 102 8 .. 17 13.15 1 .. 648 Yes 
153 118 7.89 12.80 1.664 Yes 

\Jl 
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Run 
Number 

154 
15,5 
156 
157 
158 
159 
160 
161 
162 

Sample Injec­
tion Point on 
Chromatogram 

TABLE XIII (Continued) 

Chroma to gram Peak 
Dista:nce 9 Inohe s 

Methyl-
Minutes ------- cyclohexane Toluene 

Separation 
Factor 

. 148 
178 
208 
238 
269. 
298 
328 
338 
348 

7.78 
7 .69 
7.54 
7.43 
7.23 
7.02 
6 .. 86 
6 .. 84 
6.87 

12 .. 34 
11.85 
11..35 
10.84 
10.14 
9.27 
8.76 
8.74 
8.77 

1 .. 626 
1.578 
1 .. 540 
1~491 
1.432 
1.345 

. 1.298 
1.299 
1.298 

Phenol Leaving 
Column When 

Sample 
Injected 

Yes 
Yes 
Yes .. 
Yes 
Yes 
Yes 
Yes 
No 
No 

\J1 
\J1 
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Apiezon L liquid on Coa;rse Celite. It can also be noted that, 

when injecting solvent into a solvent-free column with a 

benzene-cyclohexane system, there was essentially no variation· 

in the maximum separation factors with injected solvent size. 

The results are mentioned above and are presented in figures 

4, 5, and 6. 

The curve for the plain column in Figure 4 rises 

immediately to the maximum separation factor, while the curve 

for the column of Apiezon Lon Coarse Oelite rises slowly to 

a maximum and then starts decreasing. The influence of the 

Apiezon L partitioning liquid appears to be of no practical 

value and, in fact, seems to have an undesirable effect. 'l'he 

solvent injection technique works best with a plain column. 

Vapor liquid equilibrium. data for the phenol­

toluene-methylcyclohexane system at high phenol concentra­

tions are available in the 1945 Transactions of the American 

Institute of Chemical Engineers (4). 



CHAPTER VI 

CONCLUSIONS AND RECOMMENDATIONS 

Restatement of Thesis Goals 

The specifie goal of this research was to determine 

if a technique could be developed whereby vapor-liquid equi­

librium data could be obtained for extractive distillation 
.,.. .. 

systems when using volatile solvents and standard gas chroma­

tography equipment. '!'he objectives were: 

A. Preliminary Investigations 
' . 

l. Determine the reproducibility of the sepa­

ration factors ,calculated from gas chroma­

tographic data. 

2. Determine if azeotropic compositions exist 

in the field of gas chromatography. 

3. Investiga.te the influence of temp~rature 

on the separation factor when the solute 

is at infinite dilution in the solvent 

phase. 

4. Determine the effect of sample composition 

on the separation factor. 

59 



B". Solvent Injection 

l. Obtain separation factors for a binary 

sample when injecting different volumes 

of solvent into a column which does not 

have liquid on the packing~ 

60 

2. Obtain separation factors for binary 

samples when injecting different volumes 

of solvent into a column which already 

has a partitioning li~uid on the packing. 

Conclusions 

Based upon the information presented herein, it 

can be concluded that a new technique has been presented 

which, upon further development, can be used to obtain vapor­

liquid equilibrium. data for extractive distillation systems. 

'!"his technique employs volatile solvents and standard chroma­

tographic equipment. Since data were taken on only a limited 

nwnber of systems, more experimental work will be necessary 

before the technique can ·be ~onsidered to be fully estab­

lished. 

This technique would be particularly useful in 

evaluating the relative merits of different solventso For 

example, if you were required to find a solvent to be used 

in a commercial procesi;s unit to separate a binary mixture, 

this technique would help determine which solvent to use. 

Equilibrium still data would then be obtained, using only 

the best solvent. 



The procedure for the new method is as follows: 

1. Pack a lO=foot long by 0.25-inch outside 

diameter column with an inert packing mate­

rial, such as diatomaceous ea:rtho Place 

colwnn in chromatographo 

61 

2.. Adjust the operating va:r'iables to the desired 

valueso 

3. Inject a minimum of 400 microliters of sol­

vent into the carrier gas stream in the 

colwnn. 

4. Inject samples at intervals so that a curve 

may be obtained of separation factor versus 

ti~e. This graph should be constructed 

similar to Figure 4. 

5. The useful separation factor can then be 

easily obtained from the maximum point on 

the curveo The curve will reach a level 

maximum separation factor value, depending 

upon the amount of solvent injected~ 

To apply this technique, it will be necessary to 

determine experimentally the effect of sample volume, sample 

inje,ction delay time, and several other gas chromatographic 

variableso As our understanding of the ?Peration of 

chromatographic columns increases, it may become possible to 

calculate these effects from theoretical considerations$ In 
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addition, a ve'f.'y important relationship which must be estab­

lished is the correspondence between solvent injection quan­

tity a~d the mole fraction in the equilibrium still. 

Eventually, when the ehrom.atographio method. has been refined, 

it will be possible to get all the information directly from 

this method without doing any equilibrium still distillation 

work. 

~commendations 

Studying nonideal systems when using a volati.le 

solvent :might;·be s:i,mplif'ied by passing the solvent continu­

ously through the column with the carrier gas. This could 

be accomplished by passing the helium over hot solvent. 

The concentration of the solvent in the carrier gas could 

then be controlled by means of' it.s temperature.. The amount 

of solvent in the carrier gas could be indio~ted by a shift 

in the base line on the reoordin~ strip chart. Heating 

tape could be wrapped around the lines leading to the column 

to avoid condensation of the solvent. 

The amount of solvent in the column could also be 

controll,ed by injecting the solvent into th,e colu.'1Ul at 

frequent intervals. 



A SELECTED BIBLIOGRAPHY 

1. Coates, V. J., H. J. Noebels, and I .. S • .Fogerson, ed • ., 
_Gas Chromatography. New York: Academic Press, 
Inc • ( 1958) • 

2. De sty, D. H. ,. ed., Va~r Phase Chromatofiraphy. 
.York: Academic ess, Inc. {1957) p. 30. 

' 

New 

Desty, D. H., ed., Gas Chromatography. London! 
Buttersworth Scientific Publications (1958) p. xi. 

4. Drickamer, H. G., G. G. Brown, and R.R. White. Trans. 
, A. I .. Ch. E. 41., 555 (1945) • 
. . . . -

5. Gerste'r, J. A. Petroleum _Refiner 2.2., No. 6., 146 (1960). 

6. 

7. 

Glueckauf., E. Trans. Faraday Soc. 51, 34 (1955). 

Golay., M. J.E. ~ ChromatograQhl• Ed. v. J. Coates, 
H.J. Noebels., and I. s. Fogerson. New York: 
Academic Press, Inc. (1958) p. 316. 

8 .. Golay, M. J. E .• Nature 180, 435 (1957) •. 

9 .. 

10. 

Griswald,. J. and E .•. E .. Ludwig. .!.E&• Eng. Chem. 35, 117 
(1943). 

Herington., E. F. G. Vaior Phase Chrom.a.tographt. Ed,. 
· D. H. Desty. New ork: Academic Press, :nc. (1957) 

. ~- 30& . 

11. James, A. T., and A. J. P. Martin. Biochem. Journ.. _50, · 
679 (1952) 0 

12 .. James, A11 '11 .. and A. J .. P. Mart;Ln. Anal;yst .TI, 915 (1952). 

13. Jones, Wo L. Paper presented a.t U.S .. Public Health 
Service Gas Chromatography Symposium, Cincinnati, 
Ohio, Feb. 21, 1957. 

14. Keul~mans, A. I. M. Gas Chromatography. Second Edition. 
New York: Reinhold Publishing Gorp. (1959) p. 108. 

15.. Kieselback, R .. Anal. Chem. 32, 880 (1960). - . 

63 



64 

16. Marschner, R.R. and w. P. Cropper. Ind. Engr. Chem. 
~, 263. (1946). -

17. Martin, A. J. P. and R. L. M. Synge. Bio chem. Journ. 
35, 1358 (1941). --. 

18. Martin, A. J. P. and R. L. M. Synge. Bioche111., Jou.rn .. 
50, 532 (l943). 

Mayer, s. w. and E, R. 'fompkins. 
. 22., 2866 (1947). 

Jou.rn. Am. Chem. Soc • 

20. Mellado, G. L. and R. Kobayashi. 
. No. 2, 125 (1960). 

Petrolewn Refiner 39, 
. . ' -

21. Natural Gasoline Association of America ... Equilibrium 
Ratio Data Book." N.G .. A.A., Tulsa, Oklahoma, 1957. 

22. Oblad. u. S. Patent 2,440,414 (1948). · 

23.. Pierotti, G. J., c. H. Deal, E. L. Derr, and P .. E. 
Porter •. Journ. ~- Chem. Soc. 78, 2939 (1956). 

24. Porter, P. E., c. H. Deal, and F. H. Stross. Journ. Am. 
Chem. Soc. 1.§., 2999 (1956). 

25. Porter, R. S. ,and J. F. Johnson. Ind. Eng. Chem. E..2_, 
279 (1937). 

26. Porter, R. s. and J. F. Johnson. Nature 183, 391 (1959). 

27. Port;er, R. s. and J. F. Johnson. .Nature 184, 978 (1959). 

28. Porter, R. s. and J. F. Johnso;ri. ~· Eng. Chem ... 52, 691 
(1960). 

29. Preston, s. 'f. "Vapor-Liquid Equilibrium Constants from 
Gas Chromatography Data." Paper presented at Dallas 
meeting of N.G.A.A., April 22-24, 1959. 

30. Richards, A. R. and E. Ha.rgreaves. l.!1<!· Eng •. ~· 36, 
805 (1944). · 

31. Rock, H. Chem. Eng.~· ,g§_, 489 (1956). 

32. Safranski, L. W. and s. D. Nogare. ..9.!. ~ E. N ... 39, 
No. 26, 104 (1961). 

33. 

34. 

Van Deemter, J. J., F. J. Zuiclerweg, and A .. Klinkenberg. 
Chem. Eng. Sci. 2., 271 (1956). 

Warren, Go W., R.R. Warren,_and v .. A. Yarborough. 
!E:_<!. Eng. Chem • .21, 1475 (1959). 



36. 

65 

Webster, J. L. Master's Thesis, Chemical Engineering, 
Oklahoma State University, Stillwater, Oklahoma 
(1960). 

Weitkamp, A. w. Journ. Am. Oil Chemists Soc. 32, 645 · 
(1955). - ~· - -



A 

B 

C 

D 

E 

F 

APPENDIX A 

LIST OF NOlVIENCLATURE 

- Velocity-independent constant cf random flow pattern 
in a packed column 

- Coefficient .of axial or longitudinal diffusion in gas 
phase 

Coefficient of resistance to mass transfer in liquid 
phase 

- Coeffici~nt of resistance to mass transfer in moving 
gas phase 

- Diffusion coefficient of sample into carrier gas 

Molecular diffusivity in liquid 

- Distance from the injection point to the middle of 
the component peak 

- Statistical average of the l:Lquid film thickness 

- Particle diameter 

- Effective moving-gas diffusion.al path leng'Gh 

- Effecti v·e stagnant-gas diffusional pa th length 

- Peak width measured on the base line by the :tnter­
section of tangents at the points of inflection 
to the component curve 

- Coefficient of relatively stagnant gas within column 
packing 

- Separation factor 

- Flow rate of carrier gas corrected to column tempera­
ture and outlet pressure 

- Partition .coefficient at infinite dilution., equals 
amount or solu·te per uni'c volume of stationary 
liquid phase divided by amount of solute per unit 
volume of moving phase 
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HETP - Height equivalent to a theoretical P?-ate 

k' - Effect of changing the distribution ratio= H0 (X/Y) 

L - Effective length of column packing 

M8 - Reciprocal molar volume of the solvent 

n -·Number of theoretical plates 

p 0 - Vapor pressure 
! 

Pin - Column inlet pressure 

Pout - Column outlet pressure 

PI 

po 

R 

u 

vo a 

- Performance index 

- Pressure drop across colmnn 

- Partial pressure 

- Gas constant 

- Relative separation of sample peak from air· peak = 
(d1 - da)/da 

- Temperature 

- Carrier gas velocity 

- Uncorrected retention volume for a nonabsorbed gas 

- Corrected retention volume for a nonabsorbed gas 

- Volume occupied by the liquid phase in the column at 
the temperature of the column 
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- Uncorrected retention volume., carrier gas which passes 
through the column between the time the sample is 
injected and the peak maximum occurs 

- Corrected retention volume 

X - Volume fraction of sample in liquid phase 

- Mole fraction of a component in liquid 

y - Volume fraction of sample in gas phase 

y - Mole fraction of a component in vapor 



m - Separation factor or relative volatility 

y - Activity coefficient 

y, 0 - Activity coefficient of the solute at infinite 
dilution in the solvent 

-y - Tortuosity of the packing 
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0 - Time elapsed between injection of sample and emergence 
of peak maximum 

- Measure of packing irregularities 

Subscripts 

a - Inert gas, usually air 

i - Component i 

0 -.Column outlet 

1,2 - Components numbered one and two 
i 



APPENDIX B 

SAMPLE CALCULATION 

Determine the separation factor., a., for a sample 

composed of 50 weight per cent toluene and 50 weight per 

cent methylcyclohexane. 

Operating Conditions: Same as Table X 

Step 1. Determine the distances on the chroma-

togram from the injection point to the 

middle of the component peak for air, 

methylcyclohexane, and toluene~ 

Air da = .. 49 inch 

Methylcyclohexane di = 7®63 inches 

Toluene d2 = 11.74 inches 

Step 2. Calculate the separation factor by em­

pio·ying Equation (11) ~ 

= 11~74-"49 
7*63-.49 

= 1~578 
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