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Preparative Gas-Liquid Chromatography of Lipids

R. S. HENLY, Applied Science Laboratories, Inc., State College, Pennsylvania and The Pennsylvania State University

Abstract

Applications of preparative gas-liquid chro-
matography of lipids are presented and dis-
cussed. Various designs of preparative units are
reviewed, including those commercially available.
A general discussion of preparative gas-liquid
chromatography is presented with emphasis on
the practical problems involved.

Introduction

HE ADVENT OF GAS-LIQUID chromatography (GLC)

presented the field of analytical chemistry with
a unique and valuable tool for the analysis of or-
ganic materials. The uniqueness of GLC lies in the
fact that a highly efficient separation process and a
highly sensitive detection process are combined into
one system allowing the analysis of very small quan-
tities of complex mixtures with relative ease and
speed.

Although conceived as an analytical tool, GLC’s
funection as a separation process naturally led to
interest in it as a preparative tool in the purifica-
tion of relatively large quantities of a mixture. The
range of sample gizes, micrograms to milligrams, for
analytical GLC can not be increased significantly on
analytical size eolumns without an appreciable loss
of resolution. This led to the scaling up of GLC
systems by the use of columns of larger diameter
with proportionately larger vaporizers. However, it
was generally found that the high separating power
of small diameter columns could not be obtained
with large diameter colummns. Despite the drawback
of limited resolution, numerous examples of sueccess-
ful applications of large scale GLC have been pub-
lished. Most of these reports deal with relatively
volatile, stable materials, e.g. low molecular weight

hydrocarbons and fluorocarbons. Relatively little has
been published on the purification of lipids by pre-
parative GLC, and a sizeable proprotion of the pub-
lished work deals with the purification of small
amounts of material on analytical size columns.

The collection of relatively small samples from ana-
Iytical size columns can also be thought of as pre-
parative GLC. This technique is often used in cases
where only small quantities of a compound are re-
quired. There are no serious problems involved in
such an application except in the ecollection system.
The term ‘‘preparative GLC’’ is more commonly used
to denote the purification of relatively large quan-
tities of materials with columns of larger diameter
than normally used in analytical work and as such,
provides the basis for this paper.

Application of Preparative GLC to Lipids

Most of the published reports dealing with pre-
parative GLC of lipids has been with relatively small
scale systems with analytical columns. Kaneshiro and
Marr (15) used small scale GLC with an unspecified
instrument as one of their steps in isolating and
identifying methyl esters derived from bacterial phos-
pholipids. Methyl myristate, palmitate, palmitoleate,
oleate, cis vaccenate, and lactobacillate were sepa-
rated and collected from an 8 ftx 14 in. column con-
taining 25% diethylene glycol succinate (DEGS) on
firebrick., Details of the collection procedure for the
methyl esters were not presented nor was data in-
cluded for the per eent recovery of the methyl esters
by the procedure employed.

Chang and Sweeley (3) used preparative GLC as
part of “their procedure for isolating and identifying
polyenoic acids from canine adrenal glands. Methyl
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eicosatrienoate, eicosatetraenoate, and docosatetraen-
oate were separated and collected from an 8 ftx 34
in, (id.) column econtaining 30% ethylene glycol
adipate (EGA) on 60/80 mesh Celite at 210C in a
Barber-Colman Model 10 gas chromatograph. The
effluent gas from the column was split with 10%
going to the detector and 90% to a collection system
which consisted of 3-4 ft of %4 in. (1.d.) Teflon
capillary tubing. Eight 1 ml injections of a 25%
solution (w/v) of the methyl esters in n-hexane
were made. Each sample injection therefore amounted
to approximately 0.25 g of esters. Only the middle
half of each peak was collected by condensation in
a tube at room temperature. The authors state that
column efficiency was little affected by sample sizes
up to 0.3 ml of hexane solution (~0.075 g esters).
Analytical chromatograms of the substances obtained
showed negligible amounts of impurities. Although
relatively pure esters can be prepared by this pro-
cedure, recoveries are low.

In both of the above applications, stationary phase
which bled from the column was found in the prod-
ucts. Contamination with ‘‘bleed off’’ is especially
pronounced with the high econcentrations of liquid
phase that are needed for preparative work with
small columns. However, in both of the cases cited,
this was readily removed by the use of silicic acid
column chromatography.

Pelick et al. (17) reported the separation and col-
lection (according to carbon number) of milligram
quantities of uniformly labeled C'* methyl esters.
A 9 ft x 14 in. (0.d.) column containing 15% SE-
30 (silicone gum rubber) was used. These authors
stated that the small scale preparative GLC that
they used was convenient sinee only milligram quan-
tities of material were available,

Fales et al. (7) showed the feasibility of purify-
ing milligram quantities of steroids with a 14 in.
diameter column. Their studies were made with 9
ft x 12.4 mm (i.d.) column packed with 0.75% SE-
30 on 100/140 mesh silanized GAS-CHROM P. This
column was found to contain only 900 theoretical
plates as compared to 4200 for a similar 4 mm (i.d.)
column when the comparison was made below over-
load conditions. Best results were obtained with tem-
perature programming. Preparations obtained from
injecting five 50 pl portions of a dilute steroid so-
lution over a 25 sec. period were comparable to those
from a single injection of 50 xl of solution contain-
ing the same fotal amount of steroids.

Ackman et al. (1) deseribed a preparative GLC
unit which ean house up to four 6 ft x 0.72 in. U-
tubes connected in series with 0.25 in. diameter tub-
ing. Using columns packed with 30% (w/w) Dow
Corning high vacuum grease on 40,/60 Chromosorb
the following data were obtained: complete separa-
tion of 2 ml of a mixture of methyl caprate, laurate,
and myristate at 230C; almost complete separations
of 2 ml of a mixture of butyl acetate, propionate,
and butyrate at 100C; and almost complete separa-
tions of 1 ml of a mixture of methyl laurate, my-
ristate, palmitate and oleate. The column was grossly
overloaded with samples of one gram or more, but
this could be tolerated in order to effect practical
separations.

Johns et al. (13) show the complete separation of
4 ml of a mixture of the C4 to €1y even carbon num-
ber methyl esters. They employed the Beckman Meg-
achrom with four 12 ft x 5% in. (i.d.) columns with
Apiezon J as the liquid phase.
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In addition to the previously mentioned prepar-
ative work with milligram quantities of methyl esters,
Pelick et al. (17) also described large scale prepar-
ative GLC under practical conditions. The combi-
nation of analytical GLC and thin layer chromatog-
raphy (TLC) together with preparative GLC and
column chromatography were used to produce gram
quantities of high purity methyl myristoleate. The
charge for the preparative GLC contained approx-
imately 90% methyl myristoleate. The impurities
consisted of approximately equal guantities of methyl
myristate and two unknown compounds. Analysis of
the charge by GLC on an ethylene glyeol succinate
(EGS) column and an SE-30 column showed that
neither stationary phase alone would separate all
three impurities from the myristoleate. Both types
of columns were required in the preparative work.
The separation factors involved were of the order
1.2 and less. Manual repetitive injections of 100 pl
samples of the charge on a 5 ft x 1 in. EGS column
removed two of the impurities. Similar injections
of the product on a 5 ft x 84 in. SE-30 column re-
moved the third impurity. The product appeared
pure by GLC analysis, but TLC analysis showed a
number of minor impurities which were apparently
decomposition products from the preparative GLC
columns. These were removed by chromatography on
a column of silieic acid. The final product was pure
by both GLC and TLC analysis.

Column Designs for Preparative GLC

In the preceding section it was pointed out that
resolution on large diameter columns is inferior to
that obtained under analytical conditions, Frisone
(8) succeeded in improving resolution on a 2 in. di-
ameter column by use of doughnut-like restricting
rings. He postulated that such rings alleviated the
detrimental effect of radial band velocity gradients
by causing a remixing of the various portions of the
band. Sicilio et al. (20) utilized a different approach
to improve the resolution with large samples by using
a column with an expanded section. Comparison of a
12 ft x 0.24 in. (0.d.) column with a eolumn which
was identieal except that the first 4.5 in. consisted
of 0.375 in. (o.d.) tubing containing the same pack-
ing showed that appreciably narrower peaks were ob-
tained with the latter. However, Verzele (23) claimed
that he could not improve results with a 1.0 in. di-
ameter column with either of the above designs but
he was able to improve his results by temperature
programming.

Several preparative chromatographs have been de-
signed to improve heat transfer and to simulate small
diameter column characteristics. These designs in-
clude the use of bundles of parallel small diameter
columns, large diameter columns with internal fins,
and large diameter columns of annular design.

The Beckman Megachrom uses 8 small diameter
columns in parallel. The columns are connected to
manifolds on each end, so that the sample is split
among the columns at the inlets and remixed into
one stream at the outlets. Column efficiencies equiv-
alent to that of one column have been reported (13).
This type of instrument requires careful matching
of each column to insure equal retention times.

Dinelli et al. (6) described a rotating unit, con-
sisting of 100 small diametfer columns with an auto-
matic sampling device. The columns (1.2 em x 6
mm [id.] straight tubes) form the circumference of
a rotating drum which moves between stationary
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plates. The feed plate contains one hole under which
each column passes. The colleeting plate contains 100
holes to which traps are attached. Each column passes
over all the collection traps. A detector is not used
with this unit. Instead, the feed is first analyzed
with a column identical to those in the preparative
unit. Operating conditions, sample size per column,
retention times and peak widths of the components
of interest are determined from this preliminary anal-
ysis. The rotation speed of the drum is then set so
that the sample will be completely eluted from each
column in one revolution. A sample is injected into
each column once per revolution and the various com-
ponents continually collected in the appropriate traps.
One component may collect in several traps but the
same component from each column always collects
in the same traps. From the retention times, peak
widths, and drum rotation speed, the trap positions
for the components of interest can be calculated.
This design also requires that the columns be care-
fully matched and when this is done results equiv-
alent to a single small diameter column are obtained.
Taramasso and Dinelli (22) report that this instru-
ment operated continuously for three months pro-
ducing 99.9+% isoprene monomer at rates of 20 liters
per week. There were no variations in band position
and no problems were encountered. Results were also
presented for a similar unit containing 36 U-shaped
columns 2.4 meters long.

‘Wright (24) deseribed a special design for large
diameter ecolumns which simulates parallel column
designs. The column contains internal fins parallel
to the column axis and extending inwards toward
the center. Thus a number of parallel, interconnected
channels are created. The efficiency of a 114 in. di-
ameter finned column was reported to be 5 times that
of a conventional 1 in. diameter column.

The Nester-Faust Prepkro II uses a biwall or an-
nular column (8% in. [i.d.] and 34 in. [o.d.]). It
was designed for fast and accurate temperature pro-
gramming, as heat is transferred at both the interior
and exterior of the annulus.

Two other commercial preparative GLC units are
the F & M Model 770 (16) and the Wilkens Autoprep
Model A-700 (5). Both of these units have automatic
injection, collection, and temperature programming
systems. The F & M instrument is designed for sev-
eral 34 in. diameter U-shaped columns which can be
connected either in parallel or in series whereas the
‘Wilkens unit is designed for one 20 ft x 34 in. (0.d.)
coiled column and relies on repetitive automatic op-
eration for capacity.

The advantages of automatic operation are obvious
regardless of the scale of equipment. However, the
automatic system must be tested until it is highly
reliable if the instrument is to be left on its own
over a period of time. A single malfunction can
spoil a large amount of product or waste a -great
deal of charge material.

Detailed comparisons of the various column de-
signs are impossible to make from published data.
Generally each design is shown accomplishing sepa-
rations on particular systems, but it is difficult to
find results on the same system for any two different
units. In most cases, it is also difficult to determine
from published results if column performance for
a particular design is really good on an absolute
basis or just an improvement over very poor results
from some other design. The theory of GLC is not well
enough developed to be useful for comparing results
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on various colums under the different conditions for
which the data are available.

Although there has been some successful applica-
tion of preparative GLC to the purification of lipids,
the technique is diffieult. The major factors which
cause difficulty are: 1) produet decomposition, 2)
vaporization of the charge, and 3) equilibrium fae-
tors. These are in turn related to excessive overload-
ing and band spreading as discussed in the lattter
half of this paper.

Product Decomposition

High molecular weight materials of low volatility
require high temperatures for vaporization and GLC.
Substances may be sensitive to these high tempera-
tures and some degree of decomposition may occur.
Vaporizers for GLC are usually operated at higher
temperatures that the column, and thermal decom-
position here may be greater than in the column. The
interior surfaces of preparative scale vaporizers are
often found to be coated with carbon after repeated
use with fatty acid methyl esters. However, prod-
uct decomposition in the column can also be signifi-
cant, for even though thermal decomposition rates
are slower, the products spend more time in the ecol-
umn than in the vaporizer. If decomposition oceurs
to only a small degree, preparative GLC can still be
highly useful. If relatively nonvolatile materials
formed by decomposition contaminate the product
from a GLC preparative column, they may not be
detected by GLC analysis, but are often found by
TLC analysis (17). In such cases the product can
be purified by column chromatography.

Column chromatography can also be used to re-
move stationary phase from the product (3,15).
Although all stationary phases bleed to some extent,
this usually does not cause problems in analytical
GLC. In preparative GLC, however, this factor must
always be taken into account.

In cases where decomposition within the vaporizer
is the main problem, vaporizer temperatures can be
minimized by distributing the sample evenly over a
large surface area. This can be accomplished by
filling the vaporizer with glass beads or stainless stee)
balls.

Vaporization of the Charge

To obtain sharp separations in preparative GL.C,
the charge should be vaporized rapidly to form a
narrow solute band at the column inlet. The vapor
pressures of many lipids are low. The rate of va-
porization of a component into a gas stream is limited
by the vapor pressure of that component. A material
with a low vapor pressure will usually not vaporize
rapidly, even in a vaporizer designed for rapid heat
transfer, if the carrier gas becomes saturated before
vaporization is complete. This occurs with the rel-
atively large samples used in preparative GLC. When
rapid, complete vaporization does occur under such
conditions, a supersaturated gas is formed, and par-
tial condensation and revaporization may occur in
the connecting conduit before the sample enters the
column. This can produce a detrimental increase in
the solute band width at the column inlet. Partial
condensation of the sample may also ocecur before
entering the column when the sample gas phase con-
centration is at or below the saturation point and
if a large temperature drop exists between the va-
porizer and the column.

The detrimental effect of slow vaporization can be
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10 ut. SAMPLE Cy4-Cig METHYL ESTERS
7' 5/8" 1.D. COLUMN AT 184°C., 20 PSIG
26% EGS; 80/100 MESH GAS-CHROM P
1000 ML./MIN HELIUM

Cia
Cis

I mt. SAMPLE Ciq-Cig METHYL ESTERS

9'x (/74" LD. COLUMN AT 18I1°C., Il PSIG
18% DEGS, 80/100 MESH GAS-CHROM P
97 ML/ MIN HELIUM

Ji

0 3 6 ) 12 i5
TIME , MIN,

8

Fig. 1. Chromatograms showing comparigon of a % in. (i.d.)
eolumn and a % in (1.d.) ecolumn under slightly overloaded
conditions.

counteracted if the column is operated under condi-
tions which cause the sample to greatly compress at
the column inlet. These conditions, discussed later,
are not always practical, however.

Equilibrinum Factors

The excellent separation often achieved in analyti-
cal GLC is mainly due to very favorable equilibrium
separation factors that exist at the low concentrations
characteristic of analytical GLC. In preparative
GLC, high concentrations are desirable t¢ maximize
produetivity, but the high eoncentrations sometimes
have major effects on the equilibrium. In some cases,
unfavorable equilibrium factors in preparatve GLC
cause excessive band spreading and far outweigh the
effects of slow vaporization. The ease of separating
two or more components when high solute concen-
trations are encountered is determined by the equi-
librium at both low and high concentrations. The
detrimental effect of relatively small separation fae-
tors (ratio of the retention volumes or retention
times of two components) at low concentrations and
unfavorable equilibrium factors at high concentra-
tions are exemplified by the purification of methyl
myristoleate on a preparative scale EGS column (17).

Ideally for preparative GLC, separation factors
should be large and concentration dependence of the
partition coefficients should be small. However, these
conditions cannot always be found. Many methyl
ester separations of practical interest can only be
made on polyester columns. Unfortunately, the equi-
librium factors for such systems are relatively unfa-
vorable at high solute concentrations. Furthermore
even the separation factors at the lower concentra-
tions involved in practical separations are often not
large.

Column Overloading

A column is overloaded if symmetrical peaks sim-
ilar to Gaussian curves are not obtained. Overload-
ing is a result of unfavorable equilibrium factors at
high solute concentrations and of slow sample vapor-
ization with large samples and is often detrimental
to component separation.
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300 pl. Ciq-Cyg METHYL ESTERS
7'x 5/8"1.0. COLUMN AT

184°¢., 20 PSIG
26% EGS, 80/100 MESH
GAS-CHROM P
1000 ML./ MIN, HELIUM

! 1 1 I L I
3 6 9 12 5 18 2]

TIME, MIN.

Fi1¢. 2. Chromatogram of a 3 in. (i.d.) eolumn under over-
loaded econditions.

The desire for maximum productivity in GLC has
always caused a tendency to overload even the large
diameter columns. There is nothing wrong with this
as long as the desired results are obtained in pre-
parative work. However, in the evaluation of such
columns comparison of an overloaded large diameter
column with an analytical column which is not over-
loaded is rather unfair to the former, and misleading
conclusions can be drawn. This fact has been em-
phasized by Sawyer and Purnell (18) and Henly et
al. (11).

Figures 1-3 exemplify the faet that poor results
obtained with an overloaded large diameter column
can also oeccur with an overloaded analytical small
diameter eolumn. Also, the figures show that good
results can be obtained on both columns when they
are not overloaded. Figure 1A shows an experimental
chromatogram for a 10 ul sample of a methyl myris-
tate-palmitate mixture run on a 7 ft x 3% in. (i.d.)
ethylene glycol succinate (EGS) column, Figure 1B
shows the results for 1 ul of the same mixture run
on a9 ft x 1, in. (i.d.) diethylene glycol succinate
(DEGS) column. Both columns are slightly over-
loaded, but both chromatograms have the same gen-
eral appearance-that of an analytical scale chro-
matogram. Figures 2 and 3 show experimental ehro-
matograms, respectively, of a 300 ul sample of the
methyl myristate-palmitate mixture run on the 54 in.
(i.d.) column and a 25 ul sample of the same mixture
on the 14 in. (i.d.) column. In this case, both col-
umns are extremely overloaded, and again both chro-
matograms have similar appearances. Results are not
as good with a 5 pl sample of the myristate-palmitate
mixture run on the 14 in. (i.d.) column (Fig. 4)
as with a 10 gl sample on the 3% in. (1.d.) colummn.

Columns are often evalnated in terms of theoret-
ical plates or height equivalent to a theoretical plate
(HETP). Theoretical plates and HETP’s caleulated
in the conventional manner from the methyl myris-
tate peaks in Figures 1-4, are listed in Table I. On
this basis, if run 1 is compared with runs 4 and 5
or if run 2 is compared with run 4, it appears that
the 5% in. (i.d.) column is better than the 14 in. (i.d.)
column.

In analytical work, a 1 pl sample size generally
gives good results on 14 in. (i.d.) columns. The cor-
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25 ul. G4 Cg METHYL ESTERS

9'x 144" 1.0, COLUMN AT
181°C., 1l PS16

18% DEGS, BO/100 MESH
GAS~CHROM P

97 ML./ MIN, HELIUM

Cia Cie
i 1 L s X s "
3 6 2 2 i5 i8 21 24
TIME, MIN.

Fig. 3. Chromatogram of a 14 in. column under overloaded
conditions.

respouding sample size for a 1 in. diameter column
is only 16 pl. This would, on the average, be expected
to give results similar to 14 in, (i.d.) columns, since
the sample size is scaled up in proportion to column
cross-sectional area or the square of column diameter.
On the same scale-up basis, the average sample size
for a- 2 in. (i.d.) column could be only 64 xl. To scale
up to a sample size of 1 ml on this basis would re-
quire a eolumn 7.6 in. in diameter. All these scaled
up figures assume that the large diameter columns
have the same operating characteristics as the 14 in.
columns.

Considering the theoretical factors involved in col-
umn overloading, Sawyer and Purnell (18) estimate
28 pl as an average value of sample size for a 1 in.
diameter column containing 100 theoretical plates and
operating under non-overloaded conditions. The cor-
responding average for a 1 in. diameter column con-
taining 5000 plates is 4 pl. Sawyer and Purnell
state that in preparative GLC much larger samples
are commonly used for 1 in. diameter columns and
this can aceount for the poor efficiencies frequently
observed.

It has been shown here that there is not an extreme
difference in characteristics between the 54 in. (i.d.)
and the 14 in. (i.d.) columns, and that in order to
properly compare a large diameter column with an
analytical size column, the sample size for the former
should be scaled up only in proportion to ration of
column cross-sectional areas. If the two columns give
equivalent results under these conditions, then the
limitation on the maximum useable sample size is
due to the GLC process itself and not to a difference
in the characteristics of the two colummns. The scale
up of analytical GLC to practical preparative GLC
often involves operating large diameter columns un-
der overloaded conditions which are detrimental to
the component separations.

Possibilities and Limitations of Preparative GLC

The preceding sections of this paper have indicated
that suceessful large-scale preparative GLC of lipids
is limited by thermal decomposition and column over-
loading. The latter is related to the limitations
imposed by vaporization of large samples and by
equilibrium relations at high solute liquid-phase
concentrations. ’

The remainder of this paper attempts to integrate
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Sul. SAMPLE Ci4-Cjg METHYL ESTERS
9'x 174" 1.0. COLUMN AT (81°C., || PSIG
18% DEGS, 807100 MESH GAS-CHROM P
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TIME, MIN.

F1g. 4, Chromatogram showing the results of a 5 ul sample
on a ¥ in. eolumn.

the various factors that affect results in preparative
GLC by discussion of band spreading. Theoretical
considerations are greatly simplified but the simplified
theory serves as a starting point for discussion. The
main oversimplification of the theory of analytical
GLC is the assumption that the following conditions
are true: 1) the solute partition isotherms are linear,
i.e., the equilibrium partition coefficients and separa-
tion factors do not change as concentration inereases;
2) the volumes of the gas and stationary phases at
any point are not changed by the solute; 3) the sam-
ple is introduced into the first plate only. These
simplified situations are valid only at solute concen-
trations approaching infinite dilution in the station-
ary phase, i. e., with infinitely small samples. This is
exactly the opposite of the actual situation with pre-
parative GLC, where success requires proportionately
larger samples per unit column cross-sectional area
than are used in analytical GLC. The use of larger
samples not only destroys the usefulness of the sim-
plified theory, but the larger samples and higher con-
centrations also cause excessive band spreading.

TABLE T

Theoretical Plates and HETP’s based on Methyl
Myristate Peaks in Figures 1-4

Theo-
. . Sample N HETP
Run TFigure ) Column retical :
size, ul plates & mm P
1A 10 7 ftx 3% in. (I.D.) 635 3.35
2 300 75 28.4
iB 1 1340 2.05
3 25 9 ftx Y% in, (LD.) 87 31.6
4 5 340 8.08

Theoretical plates — 16 (tr/At)?=n

— ——

Sample in

fe— 21—

* Based on Cit peak.
b HETP = L/n, where L = column length,
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F1a. 5. Schematic representation of band spreading due to
a concentration dependence of the partition ecoefficient (K).

The main concern in preparative GLC is limita-
tion of band spreading. In the sharp separations of
good analytical GLC, the bands containing two com-
ponents spread lengthwise due to axial diffusion and
resistance to mass transfer (related to solution and
revaporization of solute in the stationary phase).
The spreading due to these proecesses is limited so
that the difference in rate of band movement causes
the two bands to become completely separated before
they reach the end of the eolumn. Poor separation
oceurs when band spreading is great enough to pre-
vent complete separation of the two bands before they
reach the end of the column.

The cause of excessive band spreading in prepar-
ative GLC can be divided into two main categories.
These are factors due to overloading and factors due
to the column.

Band Spreading due to Overloading

When large samples are used none of the condi-
tions listed in the simplified theory are attained,
and each factor contributes to poor separation of
components.

‘When high solute concentrations exist due to large
samples, nonlinear isotherms cause asymmetrical band
shapes and excessive band spreading. An example of
this is shown in Figure 5. There is also interaction
among solutes at high concentrations. Each solute
increases the non-linear behavior of other solutes.
Thus, the shape and width of the solute band, and
elution time, of any particular solute are affected
by the other solutes present. Calculations for hypo-
thetical but typical mixtures of various kinds (11)
indicate that in some cases this interaction is detri-
mental to separation, but in other cases it is bene-
ficial. This latter gives some hope of finding new sta-
tionary phases that will improve preparative GLC
separations.

It has also been shown (11) that the least amount
of band distortion and spreading due to equilibrium
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{1} ELUTION CURVE FOR ¥p VERY SMALL

4

{2} ELUTION CURVE FOR .VF IN A
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OF PACKING AND SMALL Vg,

Fic. 6. Schematic representation of the effeet of a large gas
feed volume (Vr) on peak width when a column is operated
under conditions resulting in a small V' Partition coefficient
assumed to be independent of concentration.

factors should occur for many solute-stationary phase
systems with negative deviations from Raoult’s Law.
Such systems would be those where the solutes and
the stationary phase are chemically similar. The non-
ideality is caused by the large difference between
molar volumes of the solutes and the stationary phase.
A good example is the separation of low molecular
weight hydrocarbons on a high molecular weight hy-
drocarbon packing. With such systems, the partition
isotherms will remain nearly linear at higher con-
centrations than with systems with positive deviations.

Extreme band distortion and spreading of the type
shown in Figure 5B occur for nonideal systems with
large positive deviations. These effects are observed
when methyl esters of fatty acids are run on highly
polar polyester stationary phases sueh as DEGS and
EGS (17). These stationary phases give good sepa-
ration factors between saturated and unsaturated
esters at the low concentrations of analytical GLC,
but much of this good separation effect is lost in
preparative GLC.

‘When a column is overloaded, the high concentra-
tion of solute causes the volume of the liquid phase
to increase and thus the volume of the gas phase de-
creases. This amounts to an increase in adsorptive
capacity of the stationary phase in the regions of
high solute concentrations. Therefore, even if the
partition coefficient were independent of concentra-
tion, the solute band in regions of high concentration
moves slower than in regions of low concentrations.
The results of this are band asymmetry and excessive
band spreading.

It is practically impossible to introduce an entire
sample into the first plate of a column when large
samples are used. Some insight into the resulting
effects can be obtained from simplified theory of the
effect of large sample sizes. When highly nonlinear
solute equilibrium relations occur, the simplified the-
ory is not applicable but in such cases the effect of
the inability to load into the first plate is overshad-
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Fie. 7. Schematic representation of the effect of a large
gas feed volume (Vy) on peak width when a column is
operated under conditions resulting in a large V'n. Partition
coefficient is assumed to be independent of conecentration.

owed by the non-linear equilibrium at high concen-
trations. The simplified feed volume theory is still
worth careful review because in any case the feed
volume has some effect, even when overshadowed by
the equilibrium effect. In addition, when a column
is operated at a high enough temperature to cause
small retention times, then liquid phase solute con-
centrations are relatively small, Over such a rela-
tively small concentration range nonlinear effects are
likely to be limited, but large gas feed volume will
have a sizeable effect. Van Deemter et al. (4) have
shown that for linear isotherms the width in terms
of volume, AV, of a solute peak is a funetion of the
gas feed volume, Vy. The gas feed volume is the
volume of carrier gas which initially contains the
solute vapor at any concentration. For liquid sam-
ples it is the volume of gas into which the sample
is vaporized. As Vy increases the solute peak remains
symmetrical, but the peak width inereases. For very
large values of Vyp, the peak maximum becomes flat.
It has also been shown (4) the effect of Vg on AV
is negligible when:

Ve < 05V% /1 [1]

where V% is retention volume as measured when Vg
is very small, and n is the number of theoretical
plates in the column. The latter is calculated from
a solute peak (small sample) on a chromatogram
using the formula at the bottom of Table I. Thus
larger gas feed volumes can be handled by increas-
ing retention volumes.

The important factor is the initial solute band
width inside the column relative to the column length
and relative to the width of the band as it emerges
from the column. Large retention volumes are pro-
duced by high absorptive capacities of the packing.
This causes the solute feed band to compress as it
enters the column. This phenomenon and the effects
of it are shown schematically in Figures 6 and 7. Fig-
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(1) ELUTION CURVE FOR VERY SMALL Vg

(Veda
(2} ELUTION CURVE FOR LARGE vg

NO. OF THEORETICAL PLATES = n

(V2 (VA

P N

{3) ELUTION CURVE FOR VERY SMALL Vg

(VH)g=(VFla
(4) ELUTION CURVE FOR LARGE Vg

NO. OF THEQRETICAL PLATES = n'<n

ALL CONDITIONS IN A ANDB ARE THE SAME
EXCEPT FOR THEORETICAL PLATES.

Fia. 8. Schematic representation showing the effect of a
large gas feed volume for the case of (A) a relatively large
number and (B) a relatively small number of theoretical plates.

ure 6 represents the case of low absorptive capacity of
the packing which results in low retention volumes.
In Figure 6A, the gas feed volume, Vg, is shown
entering the column where it is compressed only
slightly into V’p. (If there were no absorption of
the solute in the packing, there would be no compres-
sion.) Chromatogram 1 in Figure 6B represents the
elution curve for the solute when Vy is very small.
In this case band spreading is due only to the nor-
mal column processes of axial diffusion and resistance
to mass transfer. Chromatogram 2 represents the
elution curve for the solute when the sample enters
as in Figure 6A. The eluting solute band is appre-
ciably wider because V’p represents an appreciable
portion of the spreading process. As the solute moves
through the column V’y does not compress and band
spreading still ocecurs due to the normal column
processes.

Figure 7 is similar to Figure 6 but represents the
case of high absorptive capacity of the packing which
results in large retention volumes. In this case Vp
is greatly compressed, and V’g is much smaller, while
band spreading due to normal processes is greater.
Therefore V’p represents only a small portion of the
spreading process and its effect on band width is
small.

It should not be concluded that fhe inequality ex-
pressed by relation 1 indieates that better results can
be obtained with large gas feed volumes by using
less theoretical plates. This obviously is not true.
What relation 1 does show is that the results from
a column with a large number of theoretical plates
degrade more rapidly with increasing gas feed vol-
ume than the results from a column with a small
number of plates. This is represented schematically
in Figure 8. In Figure 8A (large number of plates),
comparison of curve 1 (small Vi) and curve 2 {(large
V) shows that the increase in the band width due
to the large Vg is appreciable. In Figure 8B (small
number of plates), comparison of curve 3 (small V)
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F16. 9. Sehematic representation of transient femperature
changes in a column due to passage of a solute.

and eurve 4 (large Vy) shows that the increase in
band width due to the large Vg is small. However
in the laiter case, comparison is made of two poor
results. Comparison of curves 2 and 4 in Figure 8,
both for the case of a large Vg, shows that better
results are obtained with the greater number of plates.

Relation 1 can be expressed in units of time as:

tg < 05t°% / y 1 {21
where: tp = time required for gas feed volume to en-
ter the column
t% = solute retention time when ty is very
small.
If a liquid sample is injected into a vaporizer, tp is
the time required to vaporize the sample. The gas
feed volume can be minimized by concentrating the
sample vapor as much as possible upon vaporization.
However even a plug of pure solute vapor oeccupies
a finite volume and this volume becomes appreciable
at large sample sizes.

Some data are available on the way large samples
vaporize. Sumantri (21) measured methyl linolenate
peak shapes leaving a preparative seale vaporizer for
a liquid sample size range of 50 to 1000 ul. The
vaporizing chamber was filled with 14 in. steel ball
bearings. Inecreasing sample size by a factor of 20
increased the vaporization time by a factor of ap-
proximately three. The vaporization profiles ex-
hibited tailing. For a 1 ml sample, about 80% of
the sample was vaporized in 1 minute, the remainder
tatling off over a period of 2 more minutes. If the
absorptive capacity of a column is low, a tailing
vaporization profile could be associated with tailing
of the elution band. However, under conditions of
high column absorptive capacity where the gas feed
volume is greatly compressed inside the column, the
shape of the vaporization profile should not signifi-
cantly affect the shape of the elution band.

High adsorptive capacity of a packing, required
to lessen the adverse effect of large gas feed volumes,
can be obtained by the use of high liquid-phase load-
ings and low eolumn temperatures. High liquid-phase
loadings also lessen the adverse effect of nonlinear
isotherms, because the solute liquid-phase concentra-
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tions are decreased. However, the use of low col-
umn temperatures result in high solute-liquid-phase
concentrations, and nonlinear isotherms become sig-
nificant. For any two components which emerge from
the column adjacent to each other, there is an opti-
mum temperature which minimizes the adverse effects
of both large gas feed volumes and nonlinear iso-
therms. For this reason, temperature programming
is advantageous when a sample contains three or
more components with a wide boiling point range.
Each adjacent pair of components essentially moves
through the column at an optimum mean temperature.

Band Spreading Within the Column

There is some loss of separation upon increasing
column diameter even when columns are not over-
loaded. This appears to be due to factors other than
the normal eolumn processes of axial diffusion and
resistance to mass transfer. These factors have been
discussed by (iddings (10), but will be reviewed
briefly here.

Frisone (8) has presented data indicating the ex-
istence of a radial solute band velocity gradient in
a 2-inch diameter column. The solute moves faster
near the wall than along the axis of the column. If
a band moves at different rates in different parts of
the eolumn ecross-section, the results are equivalent
to excessive band spreading.

Radial band gradients can be caused by a number
of factors. These are: 1) radial gas velocity gra-
dients, 2) nonuniform stationary phase gradient, and
3) radial temperature gradients. The published data
on these factors and their effects are sparse and not
conclusive. Huyten et al. (12) measured point gas
velocities from the center to the wall in a 3-inch di-
ameter column. They found that the gas velocity
increased from the center to the wall. This is at-
tributed to the particle size variation of the packing
from the center to the wall and the effect of the wall
itself. Giddings and Fuller (9) made a study of par-
ticle size distribution in a column and found the
larger particles tended to accumulate near the wall.
Huyten et al. found that the gas velocity gradient
and the column HETP varied with mode of packing.
However, according to their results the packing
methods that gave the lowest HETP (2 mm) also
gave the most extreme gas velocity gradient (ve-
locity near the wall was 1.5 times as fast as at the
center). Their HETP data were obtained with 1 ml
samples of n-pentane.

Bayer et al. (2) also found that the HETP of large
diameter columns varied with the mode of packing
the column. They obtained their best and most con-
sistent results by filling their columns while mounted
on a specially designed rocking table. They obtained
HETP’s of 2 mm for a 1 em diameter column and
3 mm for a 10 cm diameter column. Their HETP’s
were determined from 140 mg/cm? cross-sectional
area samples of n-pentane.

If a column contains bends, a gas velocity gradi-
ent will exist across the column from the inside
of the bend to the outside. This gradient becomes
worse as the column diameter is inereased (10).
Therefore the use of straight columns appears to be
advantageous.

Non-uniform stationary phase gradients arise if a
column ecross-section contains a nonuniform distribu-
tion of particle sizes. A difference in packing den-
sity is expected. This causes the amount of station-
ary phase to vary over the column cross-section. If
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a support is not coated uniformly, the particles with
more stationary phase may accumulate in a partie-
ular part of the column due to the increased weight.
A non-uniform distribution of the stationary phase
causes a non-uniform solute band veloeity.

The rate of heat transfer to the center of a col-
umn decreases with larger column diameters. A tem-
perature gradient between the center and the wall
creates a solute band velocity gradient. Both gas
velocity and solute partition coefficient vary with
temperature. The two effects oppose, but not nee-
essarily cancel, each other. A radial temperature
gradient occurs when a large diameter column is
temperature-programmed. With isothermal condi-
tions, an axial temperature gradient along a column
will produce a radial temperature gradient. If the
carrier gas enters the column at a temperature above
or below the column temperature, a radial tempera-
ture gradient will be set up in the first part of the
column.

Another factor which is important in large diam-
eter columns and with the use of large sample sizes
is transient temperature changes caused by the sol-
utes themselves passing through the column. Such
temperature changes are due to latent heats of va-
porization of the solutes. As a solute band enters a
plate or section of a column, a net condensation proe-
ess occurs accompanied by the evolution of heat. After
the band maximim passes, the net process is that of
vaporization, and heat is absorbed by the solute. If
a column were adiabatic with no heat loss to or gain
from the surroundings, heat would be transferred
to the packing as the solute band condensed in a see-
tion, and the packing temperature would rise. As
the solute band evaporates from the section, the same
amount of heat is transferred from the packing and
its temperature returns to the base level. Assuming
a symmetrical solute band, a temperature curve of
the type shown in Figure 9A is expected. In an
actual eolumn, with finite rates of heat loss and gain,
as the temperature rises, some of the heat evolved

Isolation and Characterization of

MARTIN JACOBSON, Entomology Research Division,

Abstract

Isolation and characterization of the naturally
oceurring sex attractants of the silkworm moth
(Bombyx mort), gypsy moth (Porthetria dispar),
cotton leafworm (Prodenia litura), American
cockroach (Periploneta americana), an introduced
pine sawfly (Diprion similis), and mating attrac-
tants of the honey bee {(Apis mellifera) and
bumblebee (Bombus terrestris) are discussed.

08T INVESTIGATIONS of insect attractant lipids

have been concerned with insect sex attractants.
Other insect attractant lipids will therefore be treated
in this presentation in only a minor way. The sex
attractants of only two insect species have thus far
been identified, namely those of the silkworm moth
and gypsy moth., The sex attractant of the American
cockroach has not as yet been prepared synthetically.
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upon solute condensation is lost to the earrier gas and
to the surroundings. As the solute is revaporized
from the packing, all of the heat originally evolved
is not available in the packing and the temperature
falls below its base value before returning to steady
state as shown in Figure 9B. Scott (19) has calecu-
lated, from theory, temperature curves of the types
shown in Figure 9 and has experimentally measured
temperature changes of the order of one degree in
an analytical column. The experimental curves were
of the type shown in Figure 9B.

These temperature changes due to the solutes them-
selves canse the band maximum to move faster than
the rear of the band, thereby producing a tailing
effect and band spreading.
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Insect Attractant Lipids
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The Sex Attractants
Silkworm Moth (Bombyx mori)

Isolation. Isolation of the silkworm moth sex at-
tractant was begun by Butenandt (7) in 1941 and
completed 19 years later (18,9). The early work
was done with a benzene extract of the last two ab-
dominal segments from 7,000 virgin female moths;
the 1.5 g of extraect obtained was freed of acidic and
basic substances, esterified with suceinie acid, and
the resulting esters saponified. Sublimation at 60—
70C of the neutral product obtained gave 100 mg
of an impure, waxy, crystalline substance reported
to be a diol of approx composition C¢HgoOo.

In 1956, Makino et al. (30) described a purification
procedure, including column and paper chromato-
graphy, that gave a substance designated as ‘‘bom-
bixin.”” An ethanolic extract of the abdomens of
60,000 females that had previously mated was evapo-
rated to a small volume, treated with sodium hy-
droxide at below 40C, freed of solvent, extracted with



