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CHAPTER I 

INTRODUCTION 

In many industrial applications, it is necessary to analyze the 

coBuplex mixtures of more than twenty different oxygenated organic 

components in aqueous solutionso Gas*liquid chromatography (GLC) has 

been increasingly used as a very powerful separation and analytical 

tool in the last several years for this purpose« Significant 

advances in the development of highly selective liquid phases and 

subsequent improvements in separation techniques have assisted in the 

solution of difficult problems encountered in the GLC analysis of 

complex mixtures a These applications cut across all industries siach 

as petroleun, petrochemicals, plastics, paint, phax^ceuti^al, 

synthetic fiber, con^ressed gases and others« Recently, GLC techniques 

have been utilized in cancer studies, in the steel industry, in 

petroleun research for fuel analysis, in air pollution studies, and 

in combustion researcho 

Gas»liquid chromatography is the separation and quantitative 

analytical measurement of components of complex mixtures by passing 

the con^lex mixtures in the vapor phase through a packed colunn« The 

colunn is packed with either a high boiling organic liquid phase 

coated on a solid support or an absorbent materialo The solid support 

is the inert material over which the liquid phase (substrate) is 

distributed as a thin film., The components of the sample are sepa

rated into discrete moving bands as the carrier gas continually moves 

through the colunn because they have different absorption isotherms 



with respect to the column packing. As the separated components of 

the sample «nerge from the column, they pass into the detector where 

the variation in thermal conductivity of the effluent is automatically 

recorded (in millivolts) by a recording potentiometero Carrier gases 

of high theimal conductivity are used so that the effluent causes a 

difference in the thermal conductivity proportional to the concentra* 

tion of components in the sample being analyzed^ The curve obtained 

by plotting potential difference against time is referred to as an 

elution curvec The peak height is the distance in terms of millivolts 

from the peak base to the peak maximum measured in the direction of 

detector responsec 

It has been found that the area under the elution curve and the 

peak height are proportional to the concentration of the components in 

the mixture« Each component in the sample is retained for a different 

length of time in colunn« In other words, each component has a unique 

retention time under a specific set of colunn operating conditions a 

Gas chromatographic separation of components depends upon the nature 

of the liquid phase, the nature of the solid si4)port| the liquid film 

thickness, and such colunn operating parameters as temperaturei 

carrier gas flow rate, colunn size, etca 

It was the purpose of this study to analyze effectively complex 

mixtures composed of more than twenty oxygenated aliphatic compounds 

in the presence of water using GLC techniques a For this purpose, the 

abilities of various columns to separate the complex mixtures were 

investigated at varied temperatures and heliun flow ratesc In general, 

it is best to use polar substrates for separation of polar compounds* 



Because most of the oxygenated organic compounds to be analyzed are 

strongly polar and because liquid phases of great polarity would be 

required for analysis of free fatty acids, fourteen polar (and water= 

stable) liquid phases which had been reported as satisfactory for the 

separation of the oxygenated organics were selected from the gas 

chromatographic literature. The criteria chosen for measuring the 

ability of a colunn to separate the complex mixtures were retention 

times, the shape of the elution curves and the amount of peak overlapc 

The research program was divided into two experimental parts ̂  

The first was the analysis of individual compounds such as distilled 

water5 acetic acid, n=propanol, propionaldehydej methyl ethyl ketone, 

and ethyl acetate in order to obtain the basis for the identification 

of each peak obtained from the analysis of the test mixtures a The 

second part of the program was the determination of the ability of 

each colunn to separate eight test mixtures c This work was done to 

obtain the basis for the final selection of the proper partitioning 

agent (liquid phase) for the different classes of oxygenated organic 

compounds Test mixtures were alcohols, ketones, aldehydes, free 

fatty acids, formates, av:etates. propionates and formaldehyde 

sryiution (36.61). A test mixture contained 'r.o(UAl volumes of three or 

four aliphatic compounds of the same type with low molecular weight: 

The retention time data so obtained were examined, and the shape 

of the elution curves and the amount of peak overlap were analyzed 

carefully for any light thrown on the use of a multi-column system to 

analyze the complex mixtures.. Several elution curves and a portion of 

the retention data will be presented, A multi=colunn system will be 
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proposed for the analysis of the various components of complex mix

tures. Its operation will be explained for further workc 



CHAPTER II 

REVIEW OF PREVIOUS RESEARCH 

This section contains a review of the current literature concern-

ing the problem encountered in the gas=liquid chromatographic analysis 

of oxygenated organic compounds in the presence of water« 

General 

Basic Apparatus of the GLC System 

The basic apparatus needed for a gas»liquid chromatographic 

analysis is as shown in Figure Ic A carrier gas flows from the tank 

of compressed gas through a two-stage pressure regulator to the column 

inlet0 The sample to be analyzed is injected into the heated injection 

port where the sample is vaporized and swept by a flow of the carrier 

gas into the columio The column is packed with either a liquid phase 

coated on a solid si4)port or an absorbent materialo The vaporized 

components of the sample show different absorption isotherms toward 

the colunn packing, so that they are separated into discrete moving 

bands as the carrier gas continually flushes the columio The effluent 

from the column enters the detector where the separated components of 

the sample in the carrier gas are detected as they emerge one by one 

from the colunno The detector response is transmitted to a recorder 

which produces a record of the separation accomplishedc The effluent 

flow rate is measured by a flow meter and is then vented to hoodo 
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Figure 1. Block Schematic Diagram of Apparatus for Analytical Gas-
Liquid Chromatography. 



Separation of Components 

Separations are based on differences in the values of partition 

coefficients of compounds in the mixtures if these are sufficiently 

different, there will be an adequate separationj if not, there may be 

only partial separationo 

The partition coefficient of a solute is defined as the ratio of 

its concentration in the stationary phase to that in the moving phase= 

The relative retention, a, or the relative volatitlity (cfe distilla= 

tion) is determined directly from the retention data as shown below? 

^R2 ' Hi ,^. 

^Rl ° hA 

However, as in some separation! techniques, the separation factor or 

the relative retention may be written as a ratio of partition coeffi" 

cients <» The equation is given below (43) i 

^2 , ^^S^^ 2 f ^ . 

The separation factor does not define the degree of peak overlap, as 

the degree of separation is also a function of the shape of the elution 

curveo The resolution (the degree of separation) of the solute pair 

is defined (43) as shown in Equation 3, there are two important factors 

12 ' \2 - ̂ tl ^ ̂ 
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that determine resolution--the peak to peak separation and the peak 

widths. 

It should be noted (43) that the partition coefficient is not a 

true thermodynamic equilibriun constant, but rather a practical 

equilibriun constant. However, it is possible to operate under condi

tions in GLC (gas-liquid chromatography) such that K may be equivalent 

to the thermodynamic constant and that thermodynamic laws may be 

applied, If the GLC conditions are adjusted such that thermodynamic 

laws can be applied, then the partition coefficient may be related to 

the standard partial free energy of solution, AF^ 

AF^° « - RT tn Kc (4) 

Applying the solution theory to Equation 4, the separation factor 

would be defined (49) as 

«p 0 

a = '"*'*'̂'*'—"W' « (5) 
^2*^1 

If the excess partial molar free energy of mixing at infinite dilution, 

AF *", is defined as e ' 

AP " « RT in Y"" W 
e 

then an excess partial molar entropy, AS^^j and excess partial molar 

enthalpy, AH ", can be obtained from activity coefficients* From 

Equations 5 and 6 (50), 
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It can be seen that it is desirable to achieve the greatest possible 

difference between AF ~ values for the maximun in the separationc 

The time required for a separation has been determined as function 

of colunn length, carrier gas flow rate and colunn temperature« The 

usual equation for the retention time, tn, of a component with a pure 

partitioning is as follows (44)^ 

tj^» (L/ii)[l + (VL/VJ3)K]C (8) 

Effects of Changing Variables on Separation 

(1) Temperature 

Change of temperature affects separation of components principally 

through the change in the partition coefficientsc The partition 

coefficient increases as the operating temperature is reduced, v^iich 

corresponds to the increase in the solute concentration in the 

stationary phaseo 

Keuleman (45) states that generally a better separation can be 

achieved at lower temperature« Turkel'taub (78) states that as 

ten^erature increases, separation decreases because the band width 

increases0 In general, it appears that separations improve as the 

temperature decreaseso However, it has been reported in a few cases 

(25,53) that separation increased with the increase in temperature. 
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The temperature dependence of the partition coefficient a]^o 

affects the retention time as shown in Equation So Separation is 

generally better at lower temperaturesc However^ the lower tempera

ture results in longer analysis timoo The operating temperature is 

chosen as low as to give a satisfactory analysis time as well as the 

desired separationo A temperature equal to the average boiling point 

of the sample or a few tens of degree higher usually results in 

analysis time of ten to thirty minutes o 

C2) Flow rate 

Suitable variations in the carrier gas flow rate influence the 

degree of separation through the change in the mass transfer rate in 

the bulk gas phasec An increase in flow rate results in decreasing 

the mass transfer rate in the bulk gas phase because the solute 

concentration in that region becomes more dilute with corresponding 

decrease in concentration gradient from the gas phase to the station

ary phase0 At very low flow rates, gas diffusion appears to be the 

limiting factor on the efficiency of separationo High flew rates 

excessively dilute the sample to be analyzed at the cost of analytical 

accuracy and cause a loss in resolution. Thus at high flow rates, 

separability is reduced and the resolution of components is decreasedo 

For a constant sample size, the primary effect of increasing the 

flow rate is to correspondingly decrease the retention time at a 

constant temperatureo It has been stated (10) that the effect of 

increasing the flow rate becomes more pronounced with increase in 

sample sizoo It appears that advantage can be taken of the fact that 
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that the effect of the flow rate increase is an increa.se in the 

optimun sample slzcc Tiie optimun flew rate is that which gi\es the 

minimum HETP values and which also results in the bê it column perfor

mance o 

(3) Partitioning agent 

As shown in Equations 5, 6, and 7, the value of the activity 

coefficient for the solute in the stationary phase plays an important 

role in attaining the desired separationo The partitioning agent 

should be chosen so as to make the greatest possible use of differences 

in activity coefficients for the desired separation of a given mixturec 

Much work has been done in an effort to permit advance calculation 

of the partitioning agent to accomplish a given separationc Recently, 

Langer (50) has provided a basis for formulating several additional 

principles of selectivity of a partitioning agent by applying the 

solution theory as shown in Equation 7, However, relatively few 

values of activity coefficients of solutes in different stationary 

phase have been publishedc Few general relations have appeared* As 

yetJ the choice of the proper partitioning agent is an empirical one 

and only generalizations can be madoc General criteria have been 

made (4, p, 697) and are discussed below. 

Generally, it is best to use polar substrates (liquid phases, or 

partitioning agents) for the separation of polar compoundsc Nonpolar 

substrates are best for separating nonpolar compoundso Polar 

substrates tend to separate polar compounds by order of relative 

volatility and polarity except for members of a homologous series^ 

http://increa.se
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They separate nonpolar compounds by structural typoc Oxygenated 

aliphatic compounds are polarc If they are separated on nonpolar 

substrates, the usual result is a leading peak because they are not 

very soliible in the nonpolar substrates and their activity coefficients 

change r^idly with concentration c The leading peak is indicated by 

a peak with a diffuse front profile and a sharp rear profile. For 

polar compounds with hydroxyl groups, this effect produces tailing, 

i^ich is seen as an asyninetric peak with a sharp front profile and a 

diffuse rear profile, because they are easily adsorbed by the solid 

stpport (54)6 

Since the partition coefficient is also dependent xs^aa the liquid 

film thickness, the amount of the partitioning agent influences the 

separationo Giddings (32) has dealt with this problem theoretically,, 

He has shown that the problem is very complex. In general, a decrease 

in the amount of partitioning agent can result in an increase in 

resolution and a reduction in the retention timoo However, the 

relationship between the separation and the lowering of the amount of 

partitioning agent is strongly influenced by the nature of the solid 

support (32) 0 A liquid loading as low as Oc 05 by weight ratio of 

partitioning agent to solid support may cause tailing because it is 

low enough to expose the adsorptive sites of solid support (26)o 

Thus there is a minimum amount of partitioning agent which can be used 

efficientlyc On the other hand, a heavily loaded colunn such as with 

a ratio of 0=5 may result in an impaired separation by diffusion 

phenomena, particularly at high carrier gas flow rates (45, p21)e 

Karger and Cooke (44, p309) have conducted a comprehensive study on 
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the lightly loaded colunn* They have suggested that lightly loaded 

colunns with low temperatures will be used more frequently in diffi

cult separations because of the increase in resolution over heavily 

loaded colunns without causing an increase in separation time* 

For nonporous si^orts, the range from 1«0 to 10,0 per cent is 

the usual liquid loading with the exception of glass beads where the 

range is 0.1 to 1,0 per cent« For poroiis supports, liquid loading 

ranges from 1,0 to 45 per cent (4, p702), 

(4) Solid support 

The solid sipport is the inert material over which the liquid 

phase is distributed as a thin film. The problem is that the solid 

sipport is not inert. It frequently interacts with the sample in a 

nuiiber of ways, causing tailing and several types of reactions. In 

certain cases, it can also react with the liquid phase* However, the 

most commonly encountered problem in GLC is tailing, which is generally 

caused by the interaction between the sample and the solid siQ)port, 

It is, however, possible that other causes exist: Giddings (32) has 

proposed that tailing may be caused by liquid diffusion, in addition 

to the adsorptive property of solid stq?porto This tailing may 

significantly influence the separation of a given mixture. Compounds 

with hydorxyl groi5)s show the most tailing. Esters and ketones show 

less tailing, whereas ethers show little or no tailing. Fatty acids 

appear to be a special problem because of the dimerization in the 

liquid phase in addition to the interaction with stpport. 
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(a) Porous siliceous ma^terial; Commonl) used materials in this 

classification are Kieselguhr and diatomaceous earth. These si^jport 

materials are available in a variety of sizes with varying (or no) 

chemical treatment, Kirkland (46) reported that EMCS (dimethyl-

dichlorosilane)-treated s\4)port gave the best peak symmetry among the 

DMCS, HMDS (hexamethyldisilane), and TWCS (trimethylchlorosilane) on 

an acid-washed supportc Kabot et al. (29) reported that HMDS-treated 

columns required a tail reducer to obtain a high degree of deactiva

tion for good peak symmetry but DMCS-treated columns did not require 

a tail reducer for additional deactivation on steroid workc With 

lightly loaded colunns, it can be seen that an improvement may be 

obtained by conibining acid-washing with DMCS-treatment when preparing 

solid supports. For many analytical applications, the advantages of 

acid^washing cannot be readily seen until the siqpport has been silane-

treatedj The use of acid«washed and si lane-treated stq>port has become 

very common in the past three yearso 

Particle size has been found to be a major contribution to 

colunn efficiencyo In recent years, the use of si^jports with 

narrower ranges of particle sizes and smaller particles have resulted 

in considerable improvement in colunn efficiencyo Optimun size ranges 

cannot as yet be predicted on purely theoretical basis for specific 

applications a Recommended (4, p698) screen fraction ranges are 

Noso 30 to 60 (595 to 250 \x) ̂  Nos, 60 to 80 (250 to 175 v), and 

Noso 80 to 100 '(177 to 149 y), U. S, standard sieve sizes. For some 

systems, it has been found (11) that a ratio of average particle 

diameter to colunn inside diameter of 1^25 will result in minimun 

retention times and minimun band widths. 
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(b) Nonporous materials; These are primarily used for separa

tions of compounds which are strongly adsorbed on siliceous material 

that an asymmetric peak is produced. Of these, fluorocarbons are the 

most widely used non-diatomatious support because of their inert 

surfaces which permit compounds that tail on diatomatious supports to 

be eluted as symmetrical peaks <} The fluorocarbon polymers have the 

disadvantage of not giving highly efficient columns, A further 

disadvantage is that they are more difficult to work with because of 

their relative softness and tendency to pick up a static charge. One 

way of rediicing the static charge is to chill the packing to about 

O^C before the colunn is filled,, 

One type of fluorocarbon polymers is polymerized tetrafluoro-

ethylene (TFE-Fluorocarbon resin) manufactured under the DuPont 

registered trademark "Teflon," The "Teflon" 6 is most commonly used 

in GLC of the various "Teflon" resins ("Teflon" 1, 5, 6, and 7), A 

comprehensive study dealing with "Teflon" resins has been conducted 

by Kirkland (46) o In terms of efficiency, "Teflon" 6 proved to be 

more efficient than Fluoropak 80, "Teflon" 6 was found to iinprove in 

efficiency over the full-range powder by screening out a 40/60 mesh 

fraction0 He also showed that formic acid and acetic acid were 

separated on Telfon 6 coated with only 10 per cent Carbowax 400. No 

acid was added to the liquid phase. 

(S) New packing materials 

Recently, several new packing materials have been developed: 

(1) spherical porous silica beads, and (2) porous polymers, 
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(a) Porasil ^spherical porous silica beads). This is a solid 

support manufactured for Waters Associates, Inc., by Pechiney-Saint-

Gobain, France, Porasil has many advantages over the coninonly used 

inorganic solid support: (1) cliemiail inertness allows it to be 

used without liquid coatings, (2) control of pore size and surface 

area permit selection of the effect the solid support has on separa

tion with or without liquid coatings, (3) strongly polar conpounds 

may require a small amount of liquid modifier to reduce tailing, 

Bombaugh, Horgan, and Farlinger (16) have conducted a systematic 

investigation of the effect of pore size on retention characteristics 

for a variety of polar and nonpolar compounds and the effect of 

surface modificants on separation characteristics, The higher surface 

area of Porasil C is described as allowing efficient separation of a 

series of acetates« Before using Porasil, caution should be taken 

that it must be heated to 230°C in an inert atmosphere for one hour to 

remove any adsorbed material such as water in the bead which can cause 

a change in retention volune or a loss in resolution, 

(b) Porous polymery Since the unique properties of porous polymer 

in GLC were first described by Hollis (35), various types of this 

material have been developed for the separation of water from alcohols 

and other compounds, as well as for the analysis of low molecular 

weight gas, or liquid mixtures, 

It is reported (74) that a mixture of formaldehyde and methanol 

in water can be separated by Porapaks N, R, and T but the best topara-

tion can be achieved by Porapak T, the best separation of alcohols 

obtained with Porapak N, and that volatile free fatty acids can be 

best separated with Par-l, 
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It has been reported (18) that the use of porous polymers as a 

colunn material has shown great promise for use in the analysis of 

trace amounts of water in organic compoundso 

Qualitative Analysis 

Confound identification is based on the retention time. This is 

the most frequently used method and involves no more than comparing 

the retention times of unknown peaks with those obtained under the 

same operating conditions for a whole range of arbitrary standard 

compoundse In this method, the adjusted retention times (the result 

of subtracting the retention time for an unabsorbed gas from the time 

between sample injection and the first appearance of the maximum 

peak height) should be employed rather than the unadjusted retention 

times0 The adjusted retention time is a function of the nature of the 

carrier gas, the nature of partitioning agent, the colunn temperature, 

the colunn pressure drop, the ratio of liquid phase to solid support 

and the dead volune in the chromatographic system. 

If the compound does not overload the column and produce skewed 

peaks, and if there is no appreciable peak overlap| advantage can be 

taken of the fact that the retention time of a given amount of any 

compound is usually independent of its concentration and the presence 

of any other substance (66), For a compound that tails during elution, 

the retention time decreases slightly as the concentration increases. 

If the retention times of the sample peaks are matched with those 

of known standards obtained under the same operating conditions using 

a single colunn, the recommended procedure for qualitative 
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analysis (4, p700) can be usedc Even so, it is occasionally found 

in the analysis of complex mixtures that two or more compounds have 

the same retention times with a single colunn in the same conditions c 

If this is the case, it is necessary to analyze a sample in two 

different colunns under different conditions in order to determine 

which of two (or more) compounds is present having the same retention 

time in the first column. Other methods are by trapping the various 

sample components followed by analysis by mass, ultraviolet, or 

infrared spectroscopy, etc. 

Quantitative Analysis 

The area under the peak of a chromatogram is taken as quantita

tive measure of the amount of the corresponding compound. In the 

analysis of members of a homologous series, it has been found (65) 

that the relative areas approximate weight per cent more closely 

than mole per cento 

If the thermal conductivities of the sample components are equal, 

the relative area is usually proportional to the concentration. If 

this is not the case, one of the following methods must be used: 

direct calibration, normalization of areas^ internal standard, and a 

combination of normalization and internal standard. Among those, the 

internal standard method and the combination method have recently 

been used for very exact quantitative analyses. 

(1) Internal standard 

Chromatograms are prepared by using the standard mixture | which 

is made by adding constant amounts of an internal standard to identical 
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weights of several synthetic blends of various known compositions of 

the compound to be analyzedo It is necessary that the internal 

standard used is not present in the sample, that it is completely 

resolved and that the ratio of its peak area (or peak height) to that 

of the sample component is as close to unity as possible. 

The ratio of the peak areas (or peak heights) of the compound to 

internal standard are plotted against the concentration of the compound< 

(2) Combination method 

The sensitivity factors can be determined by chromatographing a 

known amount of a sample of known composition with the known amount of 

an internal standard. The sensitivity factor of any components is 

then calculated as 

(ScFJ.^ « (W^/W^) n (A^/A^c (9) 

The sensitivity factor has been found to be independent of most 

experimental conditions over wide ranges with thermal conductivity 

detectors, but not with ionization detectors (76, p278), 

A known amount of the internal standard is added to the sample 

and then this mixture is dircmatographedo 

The concentration of any component can be determined from 

Ĉ  - (ScFc)^ >< (Ŵ /Wg) X (A /̂A )̂o (XO) 

The use of internal standard and the combined methods nullify the 

effects of ambient temperature changes and variations in ssmple size 

on resolution, and correct any deviations in carrier gas flow rate from 

run to run. 
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Although the peak area measurement has been accepted as the 

standard method for quantitative analysis, it has been found (23) 

using the internal standard method that the peak height ratio is 

independent of sample size and that the concentration of a sample 

coD^onent is directly proportional to the ratio of its peak height to 

that of the sample compound in a standard mixture of known composition< 

A detailed study of the reproducibility and accuracy of peak height 

and peak area measurements was conducted by Krejci and Janak (47), 

They concluded that the peak height measurement was always the more 

reliable because of the uncertainty involved in area measurementc 

The peak height measurement is the only method adopted up to now 

which has been satisfactory for quantitative analyses when there is 

a certain degree of peak overlap and when a trace component appears 

as a hunp on the tail of a major peak (69, p400)o For the peak 

height measurement of such a trace component, it has been stated 

(69, p400) that the artificial baseline method has reasonable accuracy 

which is much better than that which can be achieved by any other 

methodo 

Analytical Techniques 

Analysis of Alcohols 

The gas chromatographic separation of gross amounts of alcohols 

can be easily accomplished using polar stationary phasesc One of the 

most difficult problems encountered in gas chromatography is the 

separation of trace amounts of alcohols. This is particularly true 

if they are in aqueous solutionsc The limited availability of very 
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stable liquid phases and the presence of active sites throughout the 

system are the chief sources of these problems c 

Phifer and Plunmer (68) reported that chromatographic separation 

of alcohols in aqueous mixtures appeared to be based on their polar

ities. They found that the separation could be accomplished using 

water as a liquid phase and a mixture of nitrogen and steam as the 

carrier gas in conjunction with a modified flame ionization detectorc 

Separation of C^ to C^ straight-chain alcohols was achieved in 

reverse orderc 

Bluestein and Postmanter (14) separated a mixture of C, to Cr 

alcohols in aqueous solution on a column packed with 5% Triton X«350 

on Teflon 6o Helium carrier gas and thermal conductivity detection 

were usedo In their work, the quantitative analysis was performed by 
i 

a new variation of the internal normalization method, 

Schlunegger (71) described the quantitative gas chromatographic 

determination of ethanol in dilute aqueous solution using 10% NPGA-

ORGA on 60/80 mesh ChrcMosorb Ao This blended substrate was prepared 

by mixing 781 NPGA (nonylphenol=glycol) and 22% ORGA (isooctyl-

resorcin^glycol)o He found that this colunn of the blended substrate 

was stable in water and separated other alcohols^ ketones and esters 

from ethanol 6 

Recently, Doelle (24) separated micro-quantities of acetone, 

C,=C- alcohols and diacetyl using a column of 30% polyethylene glycol 

400 on 60/80 mesh Celite 545. In this work, peak height measurements 

were superior to peak area measurement for quantitative analysis^ 
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Analysis of Volatile Free Fatty Acids 

Ever since the original work of James and Martin (40) with 

anhydrous fatty acids > the gas chromatographic separation of unester-

ified fatty acids has been a problem of great interest. The 

difficulties of making these separations come from the relatively 

high boiling points of the acids | adsorption of the acids on the solid 

support, and the dimerization of fatty acids. Another is "ghosting" 

vfhich ccmes from the adsorption of short-chain fatty acids which 

probably occurs in the injection system or at the head end of the 

colunn^ The term "ghosting" or "repeating" refers to the appearance 

of peaks with the same retention time as fatty acids previously 

injected vdien water, methanol or short^chain fatty acids are injected. 

Appleby and Mayne (5) state that this ghosting effect may be caused 

by esterification'of the fatty acids on free hydroxy 1 groups present 

in the injection port or in the colunn materials 

Several techniques have been used to reduce or eliminate these 

problems. Four main techniques can be used; (1) choosing the liquid 

phase for its t>olar or its acidic nature, (2) using a nonvolatile 

acidic substance as an additive to the liquid phase, (3) passing a 

volatile acidic or polar substance continuously through the coluRin 

with the carrier gas, (4) choosing or modifying the solid support 

so that it is less adsorptive, These techniques are discussed below. 

(1) The liquid phase is chosen for its polar or for its acidic 

natures Bnery and Koemer (27) described the separation of the lower 

fatty acids (up to C^) using a colunn of 20% Tween 80 on acid-washed 

60/80 mesh Chromosorb W. Hunter et al. (38) reported the separation 
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of fatty acids up to Cg using 1^5% diethylene glycol adipate on C=22 

firebrick. In both casesj, peak tailing and colunn instability were 

serious disadvantageso 

McKinney (59) tried a colunn of 20% benzylamine adipate on 

Chromosorb W for the separation of fatty acids i?) to C^, This colunn 

led to adipic acid formation and was restricted to operation below 

125°Co 

Mayberry and Prochazka (58) obtained a good separation of C2-C,g 

acids using polyethylene glycol 600o They observed slight tailingo 

Jackson (39) separated free fatty acids up to Cg well by using 

behenic or sebacic acids as the liquid phases in packed columns. 

Baker (7) used a colunn of 10% FFAP (a reaction product between 

Carbowax 20M and 2=nitroterephthalic acid developed by Varian 

Aerograph) on nonacid=washed 60/80 mesh Chromosorb W for the analysis 

of volatile fatty acids in aqueous solutiono Acetic acid was poorly 

resolved on this columio 

2o The use of a nonvolatile acidic substance as an additive to 

the liquid phase to deactivate the adsorptive site of the solid 

support and to prevent dimerization of the fatty acidss The first 

research reported using this technique was that of Martin C^O) who tried 

the addition of several per cent of stearic acid to the silicone oil 

liquid phase 0 

Metcalfe (62) suggested the addition of phosphoric acid to a 

diethylene glycol polyester colunn to improve efficiency and suppress 

tailingo He found that some difficulties were encountered in using 

the phosphoric acid colunn to analyze fatty acids: (a) colunns of 
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different batches of the same type of polyesters did not give the same 

results, (b) uniform results were not always obtained as to peak 

size and quantitative results with different colunns ̂  Hrivnak and 

Palo (37) reported that the addition of phosphoric acid to butanediol 

succinate (BDS) g Reoplex 400 (R 400) and polyethylene glycol adipate 

(PEGA) improved the separation of C2-C,g fatty acidso Recently 

Mahadevan and Stenroos (56) used a porous polymer^ Porapak Q, with 

addition of phosphoric acid to separate aqueous solutions of short» 

chain normal and isomeric fatty acids o They found that this addition 

was necessary because the volatile fatty acids could not be eluted 

from untreated Porapak Q. 

Averill (6) suggested the use of dinonyl naphthalene disulfonic 

acid as highly polar tailing reducer for 10% Trimer acid (a CP-

tribasic acid) colunnso 

Nikelly (64) reviewed several acidic additives, liquid phases 

and solid supports in an attempt to overcome some of the difficulties 

encountered in the separation of fatty acids. He suggested a colunn 

containing 0o25% Carbowax 20M and 0o4% isophthalic acid supported on 

glass microbeads as the best technique for separating anhydrous 

fatty acids up to C.go McKinney and Jordan (42) showed that the lower 

molecular weight aldehydes and fatty acids could be resolved on an 

isophthalic acid^modified Ethofat 60/25 (polyethelene glycol 

monostearate, average molecular weight of 938) with little or no tail

ingo They did not indicate the sensitivity of their technique. 

Recently0 Clarke and Fredricks (19) reported that good resolution of 

mixtures of free mono- and di^carboxylic acids could be obtained using 
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Carbowax 15-20M and isophthalic acid on a support modified with 

hexamethy Idis i laae o 

Byars and, Jordan (17) used a mixed Carbowax 20M and terephthalic 

acid substrate on acid-washed, si lane-treated Chromosorb W colunns to 

separate C2-C^^ acids with good resolutiono Baker (7) found that this 

colunn showed water tailing when used for the analysis of aqueous 

mixtures0 

Appleby and Mayne (5) showed that mixtures of monobasic acids up 

to C,Q (either pure or in aqueous solution) could be analyzed using 

a colunn of polyethylene glycol adipate modified with adipic acidc 

This colunn reduced but did not satisfactorily eliminate tailingo 

3, A volatile acidic or polar substance is continuously passed 

throughthe columi with the carrier JB^SJ Ackman and Burgher (1) used 

the formic acid vapor with the conventional carrier gas for the 

analysis of fatty acidsc This technique reduced tailing and prevented 

the appearance of ghosting peaks in subsequent runs. 

4. The solid support is chosen or modified so that it is less 

adsorptiveg With respect to the separation of fatty acids, very little 

has been reported in this areao However, the use of silane«treated 

(EMCS« or HMDS=treated) J)orous siliceoi4S support with the acid washing 

has been very common for the reduction of tailing. 

Jowett and Horrocks (36) used a colunn of 1.0% polyethylene glycol 

succinate and 0^4% phosphoric acid on 100-micron glass beads, but the 

separation was incomplete because of tailing. 

Kabot and Ettre (29) suggested that use of Teflon 6 as the inert 

support material with Trimer acid or butanediol succinate as liquid 
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phases but efficiency was low (attributed to the use of Teflon 6 ) , 

Kirkland (46) used Teflon 6 coated with 10% Carbowax 400 to separate 

formic acid and acetic acid from an aqueous solution ̂  He found that 

some losses in efficiency resulted from the use of Teflon 6 even 

though dimerization and peak tailing of fatty acids were reduced. 

In addition to those four techniques^ new packing materials can 

be used for overcoming some problems such as Porasil and various 

porous polymers o Complete separation of free fatty acids up to C^ 

was reported (74) in a relatively short time with the excellent peak 

shapes using Par=l (a polyaromatic resin, formerly designated 

Polypak-1)c 

Analysis of Aldehydes 

The gas liquid chromatographic separation of the lower aliphatic 

aldehydes (other than formaldehyde) is straightforward, 

Kyryacos et ale (48) reported the separation of a mixture of 

carbonyl compounds using a 8-foot colunn of polyethylene glycol 400 

at 30®Cc 

Mitzune et alo (63) described the gas chromatographic analysis 

of a mixture of seven volatile aldehydes with ^ o or four carbon atoms 

using nitrobenzene or 2-nitrobiphenyl as liqiiid phases. They found 

that the 2-nitrobiphenyl as colunn was more stable than nitrobenzene 

colunn as the latter bled severely at 50**Co This problem became more 

serious with each passing dayo They also investigated and compared 

other stationary phases with respect to degree of separationo None 

of them was satisfactory because of incomplete separation. 
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Recently^ Allen (2) analyzed a mixture of aldehydes^ ketones^ 

alcohols and hydrocarbons on a 12-foot colunn of 20% UOON Polar plus 

a 12=inch colunn of 20% Carbowax 20M at the head of the colunn. 

^^itei^^^^Formaldehyde in^_a^olution 

Formaldehyde is an important industrial chemical with wide usage 

in both chemical and high polymer synthesisc It is available commer

cially as a 37% solution in a mixture of water and methanol. There 

has been the need for a rapid^ direct method of analysis of formal

dehyde in a solution. Problems usually come from the polymerization 

of formaldehyde on many stationary phases before being eluted. 

McReynolds (61) reported separation of formaldehyde from methanol 

and water using a colunn of sucrose octa°acetate on acetic acid°°washed 

Celite 0 He found that methanol interfered with the elution of formal

dehyde on this columio Stevens and Percival (75) described the 

quantitative determination of formaldehyde in phenolic adhesives using 

a copper colunn of 10% sucrose octa°acetate on Teflon 6. 

Bombaugh and Bull (15) tested eight substrates and five solid 

supports using four different types of gas chromatographs for the 

analyses of formaldehyde in a solution. They recommended a copper 

colunn of 10% Ethofat 60/25 on Colunpak T. 

Smolkova et al. (73) tried seven substrates on two solid supports. 

They found that the best results in qualitative and quantitative 

analyses of formaldehyde g, water and methanol could be obtained using 

a column of 28% PEGA (polyethylene glycol adipate) on Celite. 

The best separation of a mixture of 30% formaldehyde and 10% 
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metiianol in water v^ich has been recently described (74) was made using 

a porous polymer 5, Porapak N., columu 

Recentlyi Mann and Hahn (S?) tested a colunn of 15% sucrose octa-

acetate on Colunpak T for the determinatin of formaldehyde and compared 

this colunn with 10% Ethofat 60/25 on Colunpak Tp with 28% PEGA on 

Celite and with Porapak N. They observed that the sucrose octa-acetate 

colunn was more efficient in elution and separation of formaldehyde 

from methanol and water as compared to other substrates testedo 

Analysis of Ketones 

Very little separate research has been reported in the area of 

ketone analysis0 

Tenney (77) reported that ketones could be separated reasonably 

well from esters but not from aldehydes using an one meter colunn of 

23% e^ B'-oxydipropionitrile on 30/60 mesh C-22 firebricko 

McNair (60) showed that more efficient separations of alcohols, 

esters, aldehydes and ketones could be achieved on a 4'foot colunn of 

30% 1^2,3°tris-(2=cynoethoxy)propane. 

Farrington et alo (30) showed that a mij^ture of lower aliphatic 

ketones could be separated using a colunn of 25% di=n=butyl phthalate 

supported on 60/80 mesh Sil-0-Cel C=22o 

Gatrell (31) described the separation of oxygenated organic 

confounds including four lower aliphatic ketones in the complete iso

thermal analysis of automotive lacquer thinners using a blended coluTin. 

He used a 6 foot copper colunn of a mixed substrate composed of five 

grams each of didecylphthalate and UCON 50HB 2000 Polar on 40 grams of 

30/60 mesh Fisher Colunpako 
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Allen (2) reported that excellent separation of a mixture of aldehydes, 

ketones 9 alcohols and hydrocarbons except all of the aldehydes was 

obtained using a colunn of 20% UCON Polar plus a colunn of 20% FFAP 

at the head of the columia He showed that a short colunn of FFAP 

could be used to subtract the aldehydes from a mixture. 

Analysis of Esters 

The gas chromatographic analysis of esters is usually encountered 

in many biological applications o As the lower fatty acids cause 

undesirable tailings ̂  they have been usually converted to the methyl 

esters before analysisc James and Martin (42) have analyzed the methyl 

esters of the caramon fatty acids using a variety of liquid phases at 

either 78o5*^C or 100**Co 

Farrington et alo (30) reported the separation of a mixture of 

acetates, formates, ketonesg aldehydes or ethers on a colunn of 25% 

di=n'='butyl phthalate siî jported on 60/80 mesh Sil°0-Cel C«22o 

Schlater et alo (70) found that the analysis of wide-boiling 

esters from C, to C.g could be adiieved using a colunn of 20% 

silicone gun rubber on Chromosorb P in conjunction with a linear 

temperature programming technique. 

Balandina and Kleshcheva (8) reported the analysis of a mixture 

of acetaldehyde, vinyl acetate s, vinyl butyratee, ethylidene diacetate, 

acetic and butyric acids using a colunn of 20% dioctyl sebacate 

modified with 2% sebacic acid on a diatomaceous brick support. 

Bombaugh et al. (16) reported that an efficient separation of 

series of acetates could be obtained using a colunn of 2% Carbowax 

20 on Porasil Co 
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M a ^ i s ^ f ^ ^ ^ l e x ^ x t u r e ^ 

In many industrial applications ̂  it is necessary to analyze 

con5)lex mixtures of more than twenty different oxygenated organic 

components in aqueous solutions. Gas-liquid chromatography has been 

increasingly used as a very powerful separation and analytical tool 

in the last several years for this purpose. Significant advances in 

the development of selective stationary phases and the subsequent 

separation tediniques have assisted in the solution of difficult 

problems encountered in the gas-liquid chromatographic analysis of 

complex mixtures 0 

Tenney (77) has conducted an exhaustive study on the selectivity 

of various liquid phases and reported that dipropionitriles (oxy, 

thio and imino) have the highest selectivity, among the eighteen 

different liquid phases studied^ for oxygenated organic compounds. 

Drone and Katnik (79) has reported that nonylphenol is outstanding in 

its ability to retain and separate the various oxygenated organic 

compounds (excluding volatile free fatty acids) with close boiling 

points. It was found (60) that nonylphenol was not nearly as good as 

TCEP (l,2j3''tris-(2-cynoethoxy)propane)o However, no single liquid 

phase will solve all problems of organic analysis. It isg indeed, 

rarely possible to separate all components of any complex mixtures 

by the use of a single liquid phase. 

In certain cases^ selectivity may be improved for a given separa^ 

tion when two or more liquid phases are employed in the GLC system. 

In addition, the technique of linear time°temperature programming 

can be employed to obviate ^ e limitation of the isothermal technique 
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for the analysis of con9)lex mixtures. These techniques are divided 

into four areas s (1) mixed bed, (2) blended bed^ (3) multi-

colunn system^ and (4) temperature programming techniquec 

^° Mixed bedg Each liquid substrate is coated on the solid 

si5)ports and the packings are then mixed at an appropriate manner in 

one colunno 

Hildebrand and Reilley (34) have demonstrated the usefulness of 

a mixed bed composed of silicone oil DC-710 and Carbowax 400 as a 

liquid phase for the separation of methyl iodidej. ethyl iodide, 

cyclohexane and cyclohenenoc They illustrated that the relative 

retention could be controlled quite wello 

In this technique, the mixing factor may be a consideration if a 

liquid substrate is able to transfer from one solid sqjport to anotherc 

In certain cases ̂  such as the sample mixture containing closely 

related isomeric components ̂  the mixing of two stationary phases may 

not resolve the components if neither of the stationary phases 

separated the species when used alone^ It is^ thus, necessary to 

point out that mixed liquid phases are in most cases no substitute for 

selective stationary phases themselves (43)o It appears that the 

advantage may be taken of the fact that this mixed bed technique can 

provide a means of changing relative retention when used for the 

complex mixtures containing components of different families. 

2o Blended beds The liquid substrates are mixed together prior 
iiMimBimiii • *< III" "Mil III 

to coating on the solid support. 

Gatrell (31) has shown that a substrate of a mixture of equal 

amounts of didecylphthalate and UCON 50HB Polar is satisfactory for 
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the complete isothermal analysis of autoir.otive lacquer thinners 

containing ten oxygenated organic compounds. 

Similar results can be obtained when using the coupled columi 

method (separate colurais of different liquid phases attached in 

series) 5 if the two liquid phases mix ideally. If this is not the 

case, the two methods cannot be compared. Moreover^ a new liquid 

phase may form v^ose characteristics differ from each of the single 

liquid phases c Such a new liquid phase may be able to resolve the 

given mixture v^ich cannot be separated by a single phase alone (43), 

Separation is dependent \ipaa the careful choice of the proportions of 

each liquid substrateo 

With respect to the oxygenated organic compounds j very little 

has been reported on the mixed bed and blended bed techniques. 

3o Multi°colunn systemg Colunns attached in series or parallel 

with each colunn of a different liquid phase. 

A multi°colunn system is required for the analysis of complex 

mixtures because of the wide boiling point range of compounds as well 

as their physico-chemical properties. 

This multi=colunn system has taken a wide variety of forms „ The 

simplest systems have employed two colunns in series (13,72), or 

parallel (3^12) with one oven and one detector. Sometimes trapping 

or backflushing have been used with the multi-column systemo Recently, 

it was reported (22) that a three=colunn system with three ovens and 

a single detector and recorder was employed for the complete analysis 

of propane-oxidation products containing about fifteen oxygenated 

organic con5)ounds (including C^ to C^ fatty acids). In order to avoid 

file:///ipaa
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the problems resulting from the use of the 6-way valves with an 

appreciable dead volune and in order to retain as much resolution as 

possible^ multiple samples were used for quantitative analysis in 

tiiis work. 

The multi-colunn system employing several colunns in series has 

been commonly used in the area of analysis of oxygenated organics 

because its operation is considerably simpler technically than the 

parallel colunn approach^ where only a single gas flow system and 

sample are required. However^ it is somev^at less flexible for 

qualitative and quantitative analyses because of the adjustment of 

retention times is less readily accomplishedc There is also the 

possibility of errors caused by different flow rates upon switching 

columns^ (69^ p364)o Dal Nogare and Juvet (20) state that the 

response of detector is inversely proportional to the flow rate. 

Besides IP if it is necessary to operate each colunn under the different 

temperatures^ problems may be encountered because of condensation of 

vapors and the possibility of excessive dead volune between colunns 

Other difficulties are in the construction and adequate operation of 

several thermostats in close proximity (69, p364}c 

It has been claimed (9) that the series-operated multi=colunn 

systems yield lower resolutions than the single colunns because of 

the increase in dead volune. Early workers^ who used multi^colunn 

systems 0 trapped a portion of the sample at low temperature for 

subsequent analysis (55). Resolution was thereby improved, but later 

workers have shown that in most cases compounds can be held at 

normal colunn temperature for periods up to an hour without any 
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appreciable loss in resolution (52). In one case, successful trapping 

overnight was reported (67 ̂  pl83). 

^' IS5^^llH^=H?ir^SlSi.^J^^SM^» Isothermal analysis of 

con^lex mixtures having a wide boiling point range frequently produces 

sharp and overlapping peaks for the low=boiling components vhile 

causing the higher=boiling components to appear as flat immeasurable 

peaks. In some cases, these higher=boiling components are never 

detected because they are so retarded by the colunn that they cannot 

be distinguished from noise or drifto A convenient spread or 

separation of the elution peaks and increased over=all resolution may 

be obtained by increasing the colunn temperature during the course of 

the analysiso With the development of reliable devices for precise 

control of tenperature programming^ this technique has been quite often 

employed for the analysis of complex mixtures« There are three ways 

to increase the colunn temperature during an analysis s (1) discontin

uous ly either with or without interruption of the gas flow rate during 

the heating periods, (2) continuously in an uncontrolled manner^ 

and (3) continuously using linear time-temperature programming. 

Among those waysg, linear timo^temperature programming is the most 

useful. It was developed by Dal Nogare and Bennet (21). The retention 

time and the resolution in linear temperature progranming are obviously 

dependent upon the heating rate^ the mass flow rate of the carrier 

gas, and starting and final temperatures. The gas viscosity increases 

with increasing temperature. It results in a marked decrease in flow 

rate if the pressure at the colunn inlet is held constant. 
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Schlater et alo (70^ plOS) conducted a ccn5)rehensive study on 

linear temperature programned gas diromatography. They found that 

the analysis of esters from C^ to C^, could be achieved by applying 

linear temperature progranming to a colunn of 20% silicone gun rubber 

on Chromosorb P. A linear heating rate of 5.6**C/min was used over 

the tenq)erature range of 75® to 400®Co They also showed that the 

analysis of a mixture of acetone^ isopropanol^ toluene and n-butanol 

could be achieved using a linear temperature progranming with a 

colunn of 20% Carbowax 20M on Chromosorb Wo In this workj the colunn 

temperature was progranmed at the rate of 6.4®C/min over the range of 

85* to 18rc. 

Clarke and Fredricks (19) used linear temperature progranming 

with a column of 5% Carbowax 15°20M and 5% isophthalic acid on 60/100 

mesh HMDS^treated Bmbacel for the separation of C2=C^Q fatty acids. 

A linear heating rate of 10°C/min was enployed over the range of 150® 

to 200*̂ Cc 

A recent extention of the usefulness of the linear temperature 

programming has been made through utilizing the dual column technique. 

Emery and Koemer (28) reported that dual column linear temperature 

programming was employed for the separation of fatty acid methyl 

esters and for the C^°C^^ free fatty acids themselves. For the 

analysis of fatty acid methyl esters, a pair of colunns of 20% 

LAC=3^R°728(diethylene glycol succinate) polyesters on 60/80 mesh 

siliconized Chromosorb W was programmed at the rate of 7.9**C/min from 

80** to 275®Co For the separation of the C^^-C^^ free fatty acid, a 
* 

pair of colunns of 20% TVeen 80 (polyoxyethylene sorbitan monooleate) 
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and 2% phosphoric acid on 60/80 mesh Chromosorb W was used with the 

colunns programmed from 100*" to 305**C at 7o9^C/mino Hrivnak and 

Palo (37) reported that the dual colunn PTGC (programmed temperature 

gas chromatography) was employed for the separation of C^=C^g fatty 

acids with a heating rate of 4 5®C/mino A pair of colunns was 

prepared by adding loO% phosphoric acid to 7% liquid phase such as 

butanediol succinate^ Reoplex 400p or polyethylene glycol adipatej 

Experimentally g several extra practical problems are introduced 

by employing the temperature progranming technique. The way to over

come these practical problems have been described in some detail 

(4, p704). 
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BXPERIMENIAL APPARAl LB AND PROCEDURE 

Apparatus 

Equipment 

The gas chromatograph used throughout this work was an F § M 

Scientific Corporation Model 500 linear time-temperature program-

able high temperature gas chromatograph equipped with a tungsten 

filament wire thermal conductivity cello The thermal conductivity 

detector was maintained constant at 200°Cc 

Samples were injected tiirough a self=sealing silicone rubber 

septun using a 10=pl type 701N Hamilton microliter syringe equipped 

with a Chaney Adapterc The injection port was kept constant at 

250®Cc 

The carrier gas used wais heliuno It was dried before use by 

passing it through a 15-inch length of 3/4=inch pipe filled with 

equal volumes of 4/14 mesh activated charcoal^ 4/14 mesh silica gel 

and anhydrous calcium sulfatec A glass wool plug was inserted at 

each end of the dryer^ The dryer was installed m the inlet line to 

the thermal conductivity cell A National Cylinder Gas Corporation 

Model NO: N1607 two= stage pressure regulator was used to control the 

heliun supply pressurec The heliun flow rate was controlled by a 

Schutte and Koerting Company type 1857=V rotameter with needle valve^ 

Flowrator tube No. 3/32-07=P-5, and glass float For calibration of 

the rotameter at operating conditions^ a soap=bubble flow meter which 

37 
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consisted of a calibrated SO-ml buret with a glass tee on the bottom 

was usedo The flow rate through the reference side of the detector 

was maintained constant at about 15 ml of heliun per minute at room 

temperature. 

The detector response was transmitted to a Minneapolis-Honeywell 

Regular Company Model No, Y143 x (58) - (VB)=II-III-(IV) recorder 

with the range set at 0-1.0 mVo Chart speed was 0o5 inch per minutOc 

The bridge current was held constant at 150 ma by means of a 

12 V Permalife automobile storage batteryo It was necessary to 

recharge the battery once a month for continued usee 

Colunn Preparation 

Because most of the oxygenated organic compounds to be analyzed 

are strongly polar j, fourteen polar partitioning agents which had been 

reported as satisfactory for the separation of the oxygenated organic 

compounds were selected from the gas chromatographic literature: The 

specifications of these colunns are presented in Table 1. 

The inert solid for supporting the partitioning agents were 

60/80 mesh acid-washed and EMCS= treated Chromosorb W and 40/60 mesh 

Chromosorb T (Teflon 6)o 

Each column was prepared according to the instructions outlined 

in ASTM Standard E260°65T (4^ p701). Columns were constructed of 

type 304 thin wall stainless tubing or copper refrigeration tubing 

coiled as listed in Table 1. The columns used were 6 and 10 feet in 

length. The outside diameter was 1/4 inch in all cases. The same 

liquid loading (10 weight per cent) was used for all packings. Thus 
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î 
o 

5 -
ta*^ 
C*w 
5 

H 
CO 
CO 
cd 
00 

o 
CM 

• ^ 

^>x. 
r-i 

O 
rH 

H 
C/D 
t/D 
0} 
00 

O 
CM 

^ 
" ^ 
i f H 

O 
rH 

H 
CO 
c/3 
WJ 
00 

o 
CM 

^ 
^"^ 
r H 

O 
rH 

H 
CO 
C/D 
cd 
00 

o 
CM 

• ^ 

' " > « ^ 
^ 

o rH 

H 
CO 
en 
(d 
00 

o 
CM 

^ 
^ ^ 
rH 

^0 

< C/J 
c c 

CU C/J 

^ CO 

CM 
o 

o 

LO 

O 
00 

o 

8-

o 
CXi 

o 
JO 

3: 

o 
CM 

g 
I 

CM 

o 

o 

o 

o 

s 
i 

o 
• 

o 
rH 

o 

+ 

10
1 

î 
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several variables were eliminated fron this study. IVhile 10 weight 

per cent oi the partitioning agent was used in all cases it w.vi 

sometimes modified by the addition of a tail reducer As nn exaiv̂ ji 

for the 101 FFAP plus 21 phosphoric acid loading in colunn No Z, 

10 gm FFAP with an additional 2 gm phosphoric acid was coated on 

88 gm of solid supportc 

The oxygenated organic compounds used were all purchased from 

commerical sources. Their quality is given in Table 2o Text mixtures 

were prepared as listed in Table 2 in order to have short total 

analysis times and to obtain some idea for the final choice of the 

proper partitioning agent for the different classes of oxygenated 

orgainc compounds. 

The following materials were used as less volatile acidic 

additives? 85% ortho=phosphoric acid (certified AoCoSo, Fisher 

Scientific Company«, and isophthalic acid (Eastman Organic Chemicals) c 

Solvents used for dissolving the partitioning agents were chloro

form (Mallinckrodt Chemical Works) ̂  anhydrous methanol (Mallinckrodt 

Chemical Works) ̂  methylene chloride (Mallinckrodt Chemical Works) j 

acetone (Fisher Scientific Company) and tolune (SwIC Scientific 

Labware). 

Procedure 

The initial portion of the experimental work was to analyze 



Table 2. It̂ .! MixilMS 

Mixture 
Number Class 

Acid 

Compon rnt 

Formic acid 
Acetic acid 
Propionic acid 
n-Butyric acid 

Commericai Souixe 

Hiaker 3xiB.iyzx:d reagent 
Baker analyzed reagent 
Baker analyzed reagent 
Baker purified grade 

Alcohol 

3 Aldehyde 

4 Ketone 

Ester 

Ester 

Methanol 

Ethanol 
n=Propanol 
n=Butanol 

Certified AcC.S.5 
Spectroanalyzed 

Practical grade 
Baker analyzed reagent 
Baker analyzed reagent 

Acetaldehyde 
Propionaldehyde 
n=Butyraldehyde 

Acetone 
Methyl ethyl ketone 
Methyl n=propyl ketone 
Methyl n-butyl ketone 

Methyl formate 
Ethyl formate 
n=Propyl formate 

Methyl acetate 
Ethyl acetate 

n=Propyl acetate 
n^Butyl acetate 

Ester 
Methyl propionate 
Ethyl propionate 
n=Propyl propionate 

8 
Formaldehyde (36c61) 

Formalin Methanol (11 8%) 
Water 

Baker grade 
Baker grade 
Baker practical grade 

Certified A C:S 
Baker analyzed reagent 
K§K Laboratories; Inc 
K^K Laboratories^ Inc 

Eastman Spectre grade 
Baker analyzed reagent 
Baker grade 

jBaker grade 
Mallinckrodt analytical 

reagent 
Baker grade 
Baker purified grade 

Baker grade 
Baker grade 
Baker grade 

Baker analyzed reagent 

?Baker means J, T. Baker Chemical Company 
Fisher Scientific Companyc 
Eastman means Eastman Organic Chemicals^ Distillation Products 
, Industries 
Mallinckrodt means Mallinckrodt Chemical Works 



individual compounds such as distilled water, acetic acid, n-pxcp^iol; 

propionaldehyde. methyl ethyl ketone and ethyl acetatec This was done 

in order to obtain the basis for the identification of each peak 

obtained from the analysis of the test mixtures: 

The second portion of the experimental work was to analyzed eight 

test mixtures containing equal volimes of each component as shown in 

Table 2 c This work was done to obtain the basis for the final selec

tion of the proper partitioning agent for the different classes of 

os^genated organic compounds ̂  

Operation of Gas Chromatographic Apparatus 

Each packed columi was attached in turn to the fittings on the 

top of the detector block with one end disconnected^ and then candi« 

tioned at colunn temperature of 200°C with 10-20»ml/min heliun passing 

through it overnight0 This conditioning was required to obtain a non-

drifting baseline and the best quantitative results« 

After conditioning, leak tests were conducted throughout the 

system using soapy water« All leaks so found were eliminated.. The 

hallun pressure was set at 20 psigo For some colunns o it was necessary 

to use 40 psig in order to obtain the desired heliun flow rate« 

The apparatus was allowed to reach thezmal equilibriun as 

indicated by a cdnstant baseline o£ at least five minutes duration on 

the recorder charts TTie recorder lero was then adjusted to the chart 

zero by combined use of the coarse and fine zero controls» 

The rotameter was calibrated with a soap»bUbble floK̂ nneter at 

room temperature and atinospheric pressure a A calibratien curve for 

the rotameter was made as shown in Figure 2 s 
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REFERENCE IN ROTAMETER 

Figure 2, Calibration Curve for Rotameter at Heliun Inlet Pressure of 
20 psig and Tenq>erature of 24̂ C« 



Samples of the test mixtures were injected through a silicaie 

rubber septun into the coluim with the Hamilton microliter syringe 

A sample size of 2nil was used generally throughout this work, 

Four=wl samples were required for the analysis of free fatty acids 

The results of the analysis appeared on the recorder chart as a series 

of peaks It was necessary to adjust the attenuation during the 

analysis so that the peaks remained on scale and as near 50% full 

scale as possibleo 

Each colunn was evaluated with respect to the ability to separate 

eight test mixtures using a statistically balanced experimentc The 

statistically balanced block was made at three constant flow rates 

and three constant colunn temperatures to locate the optimun condi^ 

tions to achieve the best separations, Heliun flow rates of 50j 75, 

and 100 ml/min, and colunn temperatures of 75 ̂  100 and 125**C were 

used for most of the worko An exception was made for the analysis of 

free fatty acids in that the column temperatures were changed to 125 j 

150, and 175°C 



DISCUSSION OF RESULTS 

The retention data obtained from the colunns listed in Table 1 

are available in the project research notebook (52). That portion of 

the retention data and the corresponding elution curves presented 

here were obtained with those colunns which were found to be iiiost 

effective in attaining the best separations of the test mixtures 

The criteria chosen for measuring the effectiveness of each column in 

attaining the desired separations were the retention times, the shapes 

of the elution curves^ the amounts of peak overlap and the selectivi-

ties 8 Retention times less than forty minutes were desired for the 

separation of the test mixtures, excluding the free fatty acidso 

Retention times less than thirty minutes for the analysis of free 

fatty acids were desired* For satisfactory analysis at least 90 per 

cent of the conponents in the test mixtures had to be separatedc The 

shapes of the elution curves had to be essentially Gaussian and be 

relatively free from peak overlapsc 

Selectivity of each partitioning agent derived from the let.ntivon 

data was presented graphically in the research notebook (51) with the 

logarithm of the retention time for each of the homologous series 

plotted against the boiling point. Figure 3 shovvs the selectivity of 

10% FFAP modified with 21 ortho-phosphoric acid at 75°C and 50 ml 

He/min o The relations presented in Figure 3 are of great use in the 

prediction of class separation! and the separations between individual 

components of different types. They are not often usable for the 

46 
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prediction of fine separations between isomers o In the latter case 

there is no substitute for experimental observationc As shown in 

Figure 3j the lines fall close together over the boiling range of 50* 

to 80®Co This means that a class separation cannot be made for the 

oxygenated aliphatics in that boiling point range in this modified 

FFAP colunne It is apparent from Figure 3 that this colunn (colunn 

NOc 2) is not highly selective for oxygenated aliphatics^ A selective 

substrate refers to one which causes two identically boiling compounds 

of different types to be eluted at substantially different rates c 

Graphs of this type were prepared for each colunn at each set of 

operating conditions to aid in carrying out the screening procedure 

with a minimun expenditure of timet 

After examining the retention time data and the selectivity, 

observing the shape of the elution curves and the amount of peak 

overlap J it was decided that 10% FFAP plus 0,2% ortho-phosphoric 

acid colunn (colunn No, 2B), 10% Trimer acid modified with 0c8% dinonyl 

naphthalene disulfonic acid (colunn No, 5)» and a column of 10% Ethofat 

60/25 and 0o5% isophthalic acid were satisfactory for the analysis of 

volatile free fatty acids and that a colunn of 10% FFAP with 2% ortho= 

phosphoric acid (colunn No* 2) was successful in the separation of 

the other oxygenated organic compounds, 

FFAP Colunns 

Initial investigations were made on a 10% FFAP colunn (colunn 

Noc 1) v*iich had been described (7) as the best general-purpose liquid 

phase for oxygenated organics and being very good for the separation 
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of free fatty acidsc It gave good separations of the components in 

the test mixtures except that aldehydes tailed,, Moreover^ undesirable 

tailing occurred through acetic acid in the analysis of free fatty 

acids4 In addition, ghosting occurred before the elution of waterc 

Baker (7) showed that this ghosting effect could be eliminated by 

injecting three to five one-microliter volumes of water between 

analyses 0 He also showed that this water flushing did not impair 

analytical efficiencyo However, injection of water could not satis 

factorily eliminate the ghosting effect encountered in the separation 

of free fatty acids throughout this worko 

A 10% FFAP colunn was modified with the addition of 2% ortho-

phosphoric acido This was done primarily to suppress the tailing in 

free fatty acids and aldehydeso This modified FFAP column (column 

NO; 2) reduced but did not entirely eliminate fatty acid- and aldehyde-

tailinge On examining the retention time data given in Table 3| it 

was thought that a satisfactory analysis of complex mixtures 

(excluding free fatty acids) could be achieved with colunn No, 2 at 

75**C and 50 ml heliun per minute even though acetone, ethyl formate, 

and methyl acetate could not be completely separated from each other 

Colunn No, 2B (10% FFAP plus 0,2% ortho-phosphoric acid) was 

prepared to minimize the tailing of free fatty acids and to improve 

their resolution. There was considerable improvement in resolution 

and considerable reduction of tailing over colunn No 1, The best 

operating temperature and heliun flow rate used for the separation 

of free fatty acids were 150**C and 75 ml/min. Figure 4 shows an 

isothermal separation of free fatty acids obtained at those conditions 



Table 3 

RETENTION TIMES FOR OXYGENATED ORGANIC COMPOUNnS 

ON A COLUMN OF 10% FFAP AND 2% H^PO^ 

Column. 10 feet column of 10% FFAP and 2% ortho-phosphoric acid 
coated on 40/60 mesh Teflon 6 

Colunn temperature: 75°C 

Helium flow rate; 50 ml/min 

Compound Retention times^ minutt.;, a 

Formaldehyde 1̂ 63 
Ace t aldehyde 3̂ 14 
Methyl formate 4o65 
Propionaldehyde 5 73 
Acetone 6,30 
Ethyl formate 6.54 
Methyl acetate 6 73 
Methanol 7,25 
Ethyl acetate 8cl4 
Ethanol 9o00 
n Buty raldehyde 9el2 
Methyl propionate 10c35 
Methyl ethyl ketone 10c96 
n-Propyl formate lie00 
Ethyl propionate 14.00 
n-Propyl acetate 15 18 
Methyl n propyl ketone 15 65 
n=Propanol 16.70 
n-Propyl propionate 23;90 
Water 26:00 
n=Butyl acetate 27^50 
Methyl n-butyl ketone 28 87 
n»Butanol 32,95 

rMJ^<«>«n' *> m irr<»(ik,t«.«»U»>aMik w v ' < 

^asured from injection point to appearance of peak maximun height 
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-^ this column^ As shown m Figure 4^ formic acid v.as c^o^.xly i^^ol^ed 

on colunn NOe 2B in that it was eluted after acetic acid and v.as 

incanpletely separated from propionic acido Several linear 

t^perature=programmed analyses were made in order to reduce the 

amount of peak overlap and to improve the resolution of fomic acid. 

The results showed little improvement o Neither peak shape nor over

all resolution was improved over the isothermal separation. Figure 5 

represents the resulting chromatogram obtained with a linear heating, 

rate of ll^'C/min from 75°C and a heliun flow rate of 50 ml/min. As 

shown in Figure 5j a shift in the base line indicated that helium 

flow rate decreased as temperature was linearly programmedc Separa

tions were made of other test mixtures using colunn Noc 2B, S>Tnmet 

rical peaks were obtained except for aldehydesc Aldehydes tailed 

markedly and were very poorly resolvedc However ̂  it appeared that 

colunn NO: 2B could be used satisfactorily for the analysis of free 

fatly acids at 150**C with 50 ml He/min^ 

Allen (2) showed that a 12-inch column of 20% FFAP could be used 

to subtract the aldehydes from a mixture o He also showed that the 

ability of the FFAP colunn to remove aldehydes was decreased with 

continued use. Columns NOo 1 and NOc 2B confirmed the interesting 

fact that the FFAP colunn without any modification might be responsible 

for the removal of the aldehydes. Retention times on the modified 10% 

FFAP colunn (colunns No« 2 and Noo 2B) were longer than those for the 

same test mixtures under the same operating conditions on 10% FFAP 

column alone0 
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Table 4 

RETENTION TIMES FOR FREE FATTY ACIDS 

ON A COLUMN OF 10% FFAP PLUS 0o2% H^PO^ 

Colunn? 10 feet colunn of 10% FFAP and 0o2% ortho=phosphoric acid 
coated on 40/60 mesh Teflon 6 

Sample sizes 4°vl 

Compound Retention times ̂  minutes a 

Water 
Acetic acid 
Formic acid 
Propionic acid 
n-Butyric acid 

Isothermal operation 

2o89 
14.15 
18.85 
20o30 
29o75 

Linear temperature 

.c 

Water 
Acetic acid 
Formic acid 
Propionic acid 
n-Butyric acid 

3.72 
ISoOl 
19o29 
21o30 
31o40 

^asures from injection point to appearance of peak maximun height 

^Temperatures 150®C; Heliun flow rate? 75 ml/min 

linear heating rates ll'^C/min from 75°CJ Heliun flow rates 
50 ml/min 
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Ethofat 60/25 Colunns 

A colunn of 10% Ethofat 60/25 (colunn No^ 3) was used as this 

confound had been reported (15^42) as a particularly useful liquid 

phase for sample systems containing water and as satisfactory for the 

analysis of aldehydes and watero Better peak shapes were obtained 

for each test mixture than on the FFAP colunns o Ghosting and tailing 

were observed in the analysis of free fatty acids o A further 

disadvantage was that this colunn was restricted to operation below 

140®C^ after v^ich colunn bleeding might become serious o After 

evaluating the retention time data, it was decided that no successful 

separation of oxygenated organics excluding free fatty acids could be 

made with colunn NOo 3o 

0o5% i4K>phthalic acid was added to 10% Ethofat 60/25 in order to 

reduce the fatty acid tailing and to overcome the maximun temperature 

limit of 140^Co As would be expected^ resolution was much improved 

and the tailing of free fatty acids was remarkably reducedo It was 

found that this isophthalic acid°treated Ethofat 60/25 colunn could be 

operated up to 175®C without the colunn bleedings Ihe best isothermal 

separation of free fatty acids was obtained at ISÔ 'C and 100 ml He/min 

as shown in Figure 6o Of particular interest was the fact that formic 

acid was eluted after acetic acid with a small amount of peak overlap. 

Several linear time-temperature programmed separations were tried 

using this modified Ethofat 60/25 (colunn NOo 22) to overcome the above 

problem0 Improved results were obtained with a linear heating rate of 

21®C/min and a heliun flow rate of 100 ml/min starting from 75"C as 
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shown in Figure 7 c This linear tonperature progranming technique 

resulted in the tremendous reduction of the ghosting effect in the 

separation of free fatty acidsc Colunn No. 22 proved to be satisfac

tory for the analysis of free fatty acids ̂  although an adequate 

separation of other oxygenated organic compounds could not be achieved 

However, it should be noted that column NOc 22 produced better results 

with respect to complete separation of components in the same class 

than did any of the other colunns. 

Trimer Acid Colunns 

Since dinonyl naphthalene disulfonic acid had been reported (6) 

as a highly polar tailing reducer for Trimer acid colunns © 0.8% 

dinonyl naphthalene disulfonic acid was added to 10% Trimer acid 

Good results were obtained using this modified Trimer acid column 

(column NOc 5) for the analysis of the test mixtures. As presented m 

Table 6» colunn No. 5 was the first to be successful in making the 

separation between acetone, ethyl fonnate and methyl acetate More 

over J good resolution of volatile free fatty acids was obtained at 

150®C and 75 ml He/min ̂  even though ghosting occurred before the 

elution of water, Colunn No. 5 showed improved resolution of formic 

acidc Fomic acid was the first acid to be eluted. as shown in 

Figure 8. 

Ihe separation of free fatty acids made on column No SB was a 

duplicate of that used by Averill (6). Exceptions were made for the 

duplicate colunn in that 40/60 mesh Teflon 6 was used instead of 

30/60 mesh and that a 10-foot columi was used. No improvement t̂ as 

obtained over colunn No. 5 
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Table 5 

RETENTIC»^ TIMES FOR FREE FATTY ACIDS 

ON AN ETHOFAT 60/25 ISOPHTHALIC ACID COLIWN 

Colunns 10 feet colunn of 10% Ethofat 60/25 and 0c5 isophthalic acid 
coated on 40/60 mesh Teflon 6 

Sample sizes 4=wl 

Compound Retention times j minutes' 

Water 
Acetic acid 
Formic acid 
Propionic acid 
n-Butyric acid 

Isothermal operation 

lc88 
9c 70 
11.80 
15,26 
23o90 

Linear temperature 

Water 
Acetic acid 
Foimic acid 
Propionic acid 
n-Butyric acid 

programnim 

3c 50 
10,50 
11,80 
13o90 
19o50 

^Measured from injection point to appearance of peak maximun height 

^Temperature? 150**C; Helium flow rate? 100 ml/min 

linear heating rate? 21°C/min fr:>m 75*C; Heliun flow rate? 
100 ml/min 
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Table 6 

RETENTION TIMES FOR OXYGENATED ORGANIC COMPOUNDS 

ON A MDDIFIED TRIMER ACID COLUMN 

Colunn? 10=foot colunn of 10% Trimer acid and 0,8% dinonyl naphthalene 
disulfonic acid on 40/60 mesh Teflon 6 

Compounds 

Free fatty acids 

Water 
Formic acid 
Acetic acid 
Propionic acid 
n»Butyric acid 

Others^ 

Fonnaldehyde 
Methyl foxmate 
Acetaldehyde 
Methanol 
Ethyl foimate 
Water 
Propionaldehyde 
Methyl acetate 
Acetone 
Ethanol 
Ethyl acetate 
n=Propyl formate 
n»Butyraldehyde 
Methyl ethyl ketone 
Methyl propionate 
n°Propanol 
n°Propyl acetate 
Ethyl propionate 
Methyl n-propyl ketone 
n^Butanol 
n=>Propyl propionate 
n-Butyl acetate 
Methyl n=butyl ketone 

Retention times | minutes^ 

lo40 
4o00 
6c 70 

lie 76 
19 c 30 

lc90 
3o91 
4,05 
6o28 
6,68 
7o40 
7o41 
7o75 
8oOO 
10,60 
13c21 
13,47 
14,33 
15,55 
16,20 
22o64 
27c00 
27,53 
29,90 
52,28 
57,20 
58o70 
65,70 

^ a s u r e d from injection point to appearance of peak maximum height 

^Temperature? 150°C, Helium flow rates 75 ml/min; Sample Sizes 
4 = P 1 

temperature? 75**C; Helium flow rate? 50 ml/min 
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Mixed^Bed Colunns 

As mentioned previously, foimic acid was eluted after acetic 

acid with peak overlap on column No, 22, and with incomplete separa

tion from propionic acid on colunn NOo 2B, In order to solve this 

peak overlapping problem, the two packings used in colunns No, 2B and 

No, 22 were mixed in an equal proportion by weight in one colunn. 

The results showed no improvement over those obtained with colunns 

NOo 2B and No, 22, The resolution of foimic acid was poorer on this 

mixed-bed colunn (colunn NOo 23) o Of the other test mixtures ̂  

colunn Noo 23 failed to separate aldehydes. 

Another mixed»bed colunn (colunn No, 24) was tried to solve the 

above problem, Colunn No, 24 was prepared in the same manner as for 

colunn NOo 23 using the two packings used in colunns No, 5B and 

NOo 22, The results were no better than previously obtained with 

colunns No, 5B and No^ 22, Foimic acid appeared as a hump on the tail 

of acetic acid peak which corresponded to a large amount of peak over° 

lap with acetic acido 

Blended-Bed Colunns 

Several isothermal separations of the test mixtures (excluding 

free fatty acids) were made on colunn NOc 9 which was a duplicate of 

one used by Gatrell (31) who had analyzed lacquer thiraiers containing 

about ten oxygenated organic compounds. Exceptions were made for the 

duplicate colunn in that 30/60 mesh acid^washed Chromosorb P was 

replaced by 60/80 mesh acid=washed and EMCS-treated Chromosorb W and 
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that a 10-foot colunn of stainless steel tubing was used. It gave 

satisfactory peak shapes in the analysis of the test mixtures except 

for water. The results showed no improvement over the separations 

obtained with column No, 2, After examining the retention time data^ 

it was decided that this blended=bed colunn could not be satisfactory 

for the separation of complex mixtures containing more than twenty 

oxygenated organics because many peak overlaps were obtained. 

Other Colunns 

With other columns^ undesirable leadings, tailings^ many peak 

overlaps, or longer retention times were obtained^ Unexpected results 

were observed in the colunns prepared from various Porasils and porous 

polymers (columns No 17, No 18 No 19^ No 20, Noc 21, and NOc 25) 

In other words, these colunns failed to separate the test mixtures 

Before using^ each Porasil colunn was heated to 230*C in the oven for 

one hour and porous polymer columns were heated up to llO^C to remove 

any adsorbed materials in the bead: It was thought that this treatment 

in an atmosphere might oxidize these packing materials causing 

considerable loss in the ability of separation. Thus it should be 

noted that this treatment should be done in an inert atmosphere before 

using. 

After evaluating the data gathered^ other colunns were eliminated 

from consideraton because no successful separations could be achieved: 



CHAPTER V 

SUMMARY AND CO^aUBION 

Gas dircmatographic techniques were used to analyze complex 

mixtures composed of water and more than twenty oxygenated aliphatic 

compounds. It was originally anticipated that no single column could 

separate these complex mixtures,. However^ attempts were made to seek 

colunns whidi would separate the complex mixtures c This work confirmed 

that no single colunn could solve problems in the analysis of complex 

mixtures of oxygenated organics in the presence of watero 

As a result of investigating the ability of various colunns to 

separate complex test mixtures j, it was concluded that? 

lo In the analysis of free fatty acids^ 

(a) Satisfactory separaticms of free fatty acids were 

obtained with? a colunn of 101 FFAP and 0,2% ortho=phosphoric acid 

coated on 40/60 mesh Teflon 6; a colunn of 10% Trimer acid modified 

with 0,81 dinonyl naphthalene disulfonic acid on 40/60 mesh Teflon 6; 

or a colunn of 40/60 mesh Teflon 6 coated with 10% Ethofat 60/25 and 

0cS% isophthalic acidc With these colunns,, the best temperature and 

helium flow rate used for separation of free fatty acids were 150°C 

and 7S-100 ml/min o 

(b) The best separation of free fatty acids was obtained 

using linear temperature programming with a column of 10% Ethofat 

60/25; and 0.5 isophthalic acido Using this technique,, the ghosting 

effect in the analysis of free fatty acids was tremendously reducedu 

A linear heating rate of 21**C/min was used from 75°C with a heliun 

flow rate of 100 ml/min. 
64 
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2. The addition of 2% ortho-phosphoric acid to a 10% FFAP 

Colunn gave acceptable separations in analyzing other oxygenated 

aliphatics although acetone, ethyl formate and methyl acetate could 

not be satisfactorily separated from each other. A colunn of 10% 

Trimer acid and 0.8% dinonyl naphthalene disulfomic acid coated <m 

40/60 mesh Teflon 6 was found to be useful for the separation of 

acetone^, ethyl formate and methyl acetate: An operating t^perature 

of 75''C and a heliun flow rate of 50 ml/min were fairly satisfactory 

3 It was confiimed that a multi-column system should be employed 

for the satisfactory analysis of these complex mixtures. 



CHAPTER VI 

FUTURE WORK 

A review of the literature revealed that the separation of 

volatile free fatty acids would require high temperature operation and 

a sufficiently polar liquid phase to give symmetrical peaks with 

little or no tailingo Furtheimore, it was thought that a multi=colunn 

system would be required for the analysis of complex mixtures in the 

presence of water because of the wide boiling point range of the 

compounds as well as their physico-chemical propertiesc Since 

investigations on each colunn used turned vp on single colunn that 

could completely separate the complex mixtures, it was concluded that 

a multi-column system is requiredo Evaluation of the data gathered 

during the course of this investigation indicated that only colunns 

No, 2, No, 5, and No, 22 would be effective in a multi*colunn system 

for the analysis of these complex mixtures» The specifications of 

colunns No, 2, NOc 5| and NOo 22 have been given in Table 1, 

A three-colunn system with two ovens and a single detector and 

recorder is proposed for the analysis of complex mixtures. The 

system consists of three colunns in series, Colunn No, 22 separates 

free fatty acids j, and colunns Noc 2 and No, 5 separate the remainder 

of oxygenated organic compounds. Figure 9 shows the schematic diagram 

of the three=column arrangement. The data indicated that colunns 

No, 2 and No, 5 should be maintained at 75**C and that colunn No, 22 

should be kept constant at 150**Co With all three colunns in series 

separation of all components would require a heliun flow rate of 
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50-100 ml/min measured at room temperature and atmospheric pressure 

as indicated by a rotameter. To maintain a constant heliun flow rate 

as the different colunns are switched on line^ a rotameter w i ^ needle 

valve and a differential pressure regulator installed downstream from 

the last colunn can be usedo The heliun stqjply pressiffe shotdd be 

held at 20 psig throughout this system. The heliun flow rate 

indicated above should be verified experimentally. This three-colunn 

system is actually proposed for use under isothermal conditions. 

Howeverp column No, 22 could be tonperature-programned at a linear 

heating rate of 21®C/min from 75*»C for the complete analysis of free 

fatty acids. 

To operate p at precisely the instant the last oxygenated organic 

compound (except free fatty acids) has reached the colunn No, 22 

outlet J) the four^way valve V°2 is turned so that the carrier gas no 

langer flows through colunn NOg 22 but bypasses it^ This traps the 

free fatty acids in colunn No, 22 and allows the remainder to pass 

through to colunn Noo 2o Colunn NOg 2 separates these compounds 

sat is f actor ily 0 After passing through colunn No, 2^ the now 

separated oxygenated compounds bypass column No, 5 and go directly to 

the detector. If undesirable separation of acetone^ ethyl formate 

and methyl acetate is obtained in columi No, 2, they are trapped on 

column No, S by proper manipulaton of the valves V°3 and V"4 for 

subsequent analysis. 

For quantitative analysis^ multiple samples are suggested in 

order to avoid the problems resulting from the use of the four-'way 

valves with an appreciable dead volume and in order to retain as much 
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resolution as possible, Ihe combination of internal standard and 

normalization of areas (or peak heights) can be used for accurate and 

reproducible quantitative analysis o 

1 
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/t I'ENDIX A? NOMENCLATURE 

A^ * Peak area of component i^ cm^ 

\ ^ Peak area of internal standard^ cm^ 

C^ ^ Concentration of component i^ mole fraction or weight 
fraction 

Cĵl * Concentration of a solute in the mobile phase5 mole/an^ 

Cg a Concentration of a solute in the stationary phase g mole/cm^ 

AF e 

e 

^ Excess partial molar free energy of mixing at infinite 
dilutiong cal/mole 

a 0 
AF^ - Standard partial mole free energy of a solution^ cal/mole 

« Excess partial molar enthalpy of mixing at infinite 
dilution, cal/mole 

HETP « Height equivalent to a theoretical plate, an 

K^ ^ Partition coefficient of component Ig, dimensionless 

L ^ Colunn packing length, cm 
0 

P^ ^ Vapor pressure of component 1, mm of Hg abs. 

R ^ Universal gas constant^ cal/(gm-mole)(®K) 

Ro = ^ Peak resolution beti\reen adjacent peaks9 dimensionless 

AS "* ^ Excess partial molar entropy of mixing at infinite dilution, 

® cal/C'K)(mole) 

(SoF,)o » Sensitivity factor of component i@ dimensionless 

tp-j « Apparent retention time of component Ij, min, 

tw » Observed retentiin time of an unabsorbed gasg min, 

u * Average linear gas velocity in colunn^ om/mino 
3 

Vj « Volume of liquid phase in column ̂  an 
3 

Vj^ « Dead volune in GLC system 5 cm 
W. ^ Weight of component i, gm 
1 
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Wj^ « Weight of an internal standard, gm 

W ^ Total weight of the sample mixture, gm 

^tl "̂  l^esk width of component Ip retention dimension between 
intersection of baseline with tangent to the points of 
inflection on the front and rear sides of any single-
solute peakp min. 

a Relative retention, separation factorj, or ratio of 
partition coefficients, dimensionless 

Activity coefficient of solute 1 in the substrate at 
infinite dilutionn dimensionless 



.^PENDIX B? TABLE 7, CGMCRICAL SOURCES OF LIQUID H1/6ES.^ SOLID 
SUPPORTS AND PACKING MATERIALS 

Name 

Liquid Phase 

FFAP 

Ethofat 60/25 

STAP 

Trimer Acid 

Di°n=decylphthalate 

UCON 50HB 2000 Polar 

OV-1 

Carbowax 20M 

Solid Support 

3L 

Chromosorb T 
(Teflon 6) 

Chromosorb 

Packing Material 

Par°l^ 

Polypak°1 

Porapak Q 

e 
Porasil B 

Cato NOo 

82=1350 

82=1320 

82-1603 

08153 

82^1230 

82-1675 

08242 

82«1115 

82-0112 

82-0052 

A-71 

A-70 

8501-5012 

110^ 

Connercial Source 

Varian Aerograph 

Varian Aerograph 

Varian Aerograph 

Applied Science 
Laboratories J Inc 

Varian Aerograph 

Varian Aerograph 

Applied Science 
Laboratories 5 inc. 

Varian Aerograph 

Varian Aerograph 

Varian Aerograph 

F ^ Scientific Div, ̂  
Hewlett Packard Co, 

F^i Scientific Div,^ 
Hewlett Packard COo 

Waters Associates ̂, Inco 

Waters Associatesp InCo 
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Table 7o (Continaed) 

&0 

Name Cato No, Conmercial Source 

Padcing Material 

Porasil C lOlS Waters Associates 5 Inc. 

Porasil QS' Waters Associates; InCc 

40/60 mesh Chromosorb T 

b 60/80 mesh, acid-washed and EMCS treated Chromosorb W 

d 

'80/120 mesh 

100/120 mesh 

®100/150 mesh 

^60/80 mesh 

^Batch nunber 




