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SUMMARY 

Extensive details are presented for the laboratory prep
aration of specific glass capillary columns for the gas 
chromatographic analysis of various phenolic and acidic 
compounds of leaf and smoke. The chromatography of 
derivatized and underivatized mono- and dihydroxy
benzenes, volatile acids, phenolic acids, and fatty acids 
is evaluated on both Pyrex glass and fused silica col
umns prepared by our methodology. The stability, effi
ciency, and low surface activity of columns prepared 
from different liquid stationary phases (SE-54, Su
perox-4, SP-1000, Silar tOC) are illustrated by numer
ous separations. 

ZUSAMMENFASSUNG 

Es wird ausfU.hrlich dargestellt, wie spezielle Glaska
pillarrohre zur gaschromatographischen Bestimmung 
verschiedener phenolischer und saurer Blattabak- und 
Rauchbestandteile im Laboratorium bergestellt werden 
kOnnen. Das TrennvermOgen von nach der beschrie
benen Methode angefenigten Pyrex- und Quarzglas
sii.ulen wird durch die Chromatographic von derivati
sierten und originaten Mono- und Dihydroxyben
zolen, von fliichtigen Siuren sowie Phenol- und Fett
sii.uren gepriift und bewertet. Unter Verwendung ver
schiedener stationiirer fliissiger Phasen (SE-54, Su-

* Presented in part at the 184d! National M~eting of die American cmmical So
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perox-4, SP-1000, Silar 10C) werden in Chromato
grammen an einer Reihe von Trennbeispielen Stabilitii.t, 
Leistungsfihigkeit und Oberflichenaktivitit der Sii.ulen 
gezeigt. 

RESUME 

L'artide expose dans le detail la manihe dont des 
tubes de verre capillaires speciaux peuvent etre 
fabriques en laboratoire pouc !'analyse en chromato
graphic gazeuse de differents composants phenoliques 
et acides de la fumee et de la feuille de tabac. Le pou
voir de separation des tubes de pyrex et de quarz, 
confectionnes selon la methode decrite, est etudie et 
juge d'apres la chromatographic de mono- et dihy
droxybenzols derives et non-derives ainsi que d'acides 
volatiles, acides phenoliques et acides gras. En utilisant 
differentes phases liquides stationnaires (SE-54, Su
perox-4, SP-1000, Silar lOC), une s6rie d'exemples de 
separations chromatographiques sont presentes pour il
lustrer la stabilite, l'efficacite et l'activite de surface de 
ces colonnes. 

INTRODUCTION 

In recent years, we applied capillary gas chromatogra
phy (GC-2) to the separation, identification and quan
titation of constituents of numerous complex mixtures 
contained in fractions of tobacco leaf, smoke, and 
pyrolyzates (1-13}. In order to achieve the full power 
of this analytical technique, we also developed method
ology for the rapid laboratory preparation of both Py
rex• and fused silica (FS) wall-coated open-tubular 
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(WCOT) capillary columns with liquid stationary 
phases representing the entire range of polarities 
(11, 14-17). The ability to produce stable, efficient, 
low surface activity capillary columns allows greater 
flexibility in the application of GC-2. Columns can be 
quickly and easily produced and are tailor-made for 
specific samples or classes of compunds. A chromatog
rapher may approach the application of GC-2 with less 
regard for the fate of the column because a replacement 
column can be rapidly obtained. On the other hand, a 
chromatographer using a purchased capillary column 
may become reluctant to try new ideas for fear of dam
aging an expensive purchased column. This tends to 
suppress innovative application of this powerful tech
nique. Also, the ability to prepare columns insures 
availability of a wider variety of liquid phases and a 
wider range of liquid phase film thickness. These con
siderations will be covered later in detail. 
Tobacco leaf and smoke contain a variety of acidic con
stituents, some of which possess important health im
plications, while others contribute to the flavor and 
aroma of tobacco smoke (18-25). Mono- and dihy
droxybenzenes, contained in a weakly acidic fraction of 
cigarette smoke, are tumor promoters, especially dihy
droxybenzenes like catechol and its derivatives (18-
24). Phenols also contribute significantly to the aroma 
of smoke (25). Polyphenols, which are considered to be 
important precursors of the smoke phenols, can be 
readily analyzed by high pressure liquid chromatogra
phy (26). The volatile fatty acids (C2-C10) are respon
sible for the characteristic flavor and aroma of Oriental 
tobaccos. Acidic constituents in smoke and leaf repre
sent a wide variety of structures and volatilities, rang
ing from the volatile acids and phenols to the large, rel
atively non-volatile long-chain fatty acids and poly
phenols. Efficient, rapid, and reproducible GC-2 analy
ses require careful consideration of liquid stationary 
phase, film thickness, column length and diameter, and 
proper injection techniques. Thus, the separation and 
quantitation of acidic constituents of tobacco and to
bacco smoke present the chromatographer with chal
lenging problems. 

EXPERIMENTAL* 

Preparation of Wall-Coated Open-Tubular (WCOT) 
Capillary Columns 

Before the introduction of fused silica (FS) capillary 
tubing, most columns were made from Pyrex (borosil
icate) or soda lime glasses. During this time, commer
cial columns were lacking on variety of stationary 
phases and film thicknesses and were of generally lower 
quality than those available today. Under the circum
stances, we were compelled to produce our own col
umns and now reap the benefits of this decision. Our 
methodology for the preparation of capillary columns 
with Pyrex glass (14, 15) was readily adaptable to the 
preparation of ·FS columns, which are now exclusively 
employed in our capillary GC work (11, 16, 17). 
Methods for the laboratory preparation of columns 
should adhere to the following criteria: 1. the tech
niques must be simple so that technical personnel can 
quickly master them, 2. the methods must be rapid so 
that time and materials can be efficiently utilized, 3. the 
procedure must consistently produce columns of good 
and sometimes excellent quality. Our methodology ful
fills all of these criteria ( 11, 14-17). 
The many advantages of columns constructed of FS 
tubing over traditional Pyrex or soda lime glass col
umns are well documented in the published literature 
(27-31). Our general scheme for the preparation of FS 
capillary columns is shown in Figure 1. Practical details 
of our column preparation and evaluation procedures 
may be found elsewhere (11, 16, 17). Other techniques 
for capillary column preparation may also be found in 
the published literature (27, 31 ). 

* Reference to a company or product name does not imply approval or 
recommendation by the United States Department of Agriculture. 

Figure 1. 
Preparation of fused slllca (FS) glass wall-coated open-tubular (WCOT) caplllary columns 
using the Superox-4 pretreatment and deactivation procedure. 
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Table 1. Stationary phases. 

McReynolds' constants * 
Liquid phase Description 

benzene I butanol I 2-pentanone I nitropropane I pyridine 

SE-54 5% phenyl, 1% vinyl, methyl silicone 033 

OV-1701** 1% phenyl, 7% cyanopropyl, methyl 067 
silicone 

OV-17 50% phenyl, methyl silicone 119 

Superox-4 polyethylene glycol (4 x 108 molecular 296 
weight) 

Carbowax polyethylene glycol (2 x 104 molecular 322 
20M weight) 

OV-351+ 335 

SP-1000+ terephthallc acid, derivative of Carbo- 322 
wax20M 

Silar 10C 1 00% 3-cyanopropyl silicone 520 

* J. Chromatogr. Sci. 8 (1970) 685-691. 

+ AT-1000 is similar to OV-351 and SP-1000. 

Stationary Phase Selection 

In general, the polarity of the stationary phase should 
match that of the sample components; therefore, the 
number of phases need only be a few, providing they 
span the entire polarity range. Table 1 contains descrip
tions and McReynolds' constants for the stationary 
phases used in our laboratory. 
Tobacco and tobacco smoke contain many components 
with varying degrees of acidity. Many mildly acidic 
components, occurring in steam volatile extracts of to
bacco and smoke, can be analyzed underivatized on any 

· of the acidic polar liquid phases, such as SP-1000, 
OV-351 or AT-1000. Flavor chemists often character
ize components in volatile flavor extracts on both polar 
and non-polar phase columns such as SP-1000 or 
SE-54. Other phases, such as the medium polarity 
OV-1701 and OV-17, may also be useful for GC analy
ses of volatile flavor and aroma compounds. Volatile 
fatty acids, with chain lengths from 1-10 carbon at
oms, may be separated underivatized on SP-1000 col
umns (16). Long-chain fatty acids are most effectively 
analyzed as their methyl esters, using very polar cya
nopropylsilicone liquid phases, like Silar 10C (11). For 
this reason, we developed the method for preparing FS 
Silar 10C WCOT capillary columns, which are espe
cially useful for the separation of cis-trans isomers of 
unsaturated fatty acids, as methyl esters (11). We have 
found that Superox-4 columns can also be used to sep
arate fatty acid methyl esters (FAME), although their 
selectivity is lower than that of Silar 10C columns 
(15, 16). Some acidic components are difficult to chro-
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555 393 583 546 
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** Supelco, Inc., Belefonte, Pa., 16823. 
(Catalog No. 21, 1983) 

matograph as underivatized compounds, because of the 
complex nature of the samples and labile character of 
the components. Phenolics from cigarette smoke are a 
good example and are most easily analyzed as their 
trimethylsilyl (TMS) derivatives ( 4) on non-polar phase 
columns such as those coated with SE-54. Derivatiza
tion (TMS) of acidic constituents provides the follow
ing improvements in capillary gas chromatography: 
1. increased component volatility, 2. decreased compo
nent polarity, 3. separation on higher efficiency non
polar phase columns, based on the aromatic or aliphatic 
portion of the molecule, and 4. increased response to a 
flame ionization detector (FID). 

Stationary Phase Film Thickness 

One often neglected aspect of GC-2 is the film thick
ness of the stationary liquid phase. The magnitude of 
the film thickness has drastic effects on many charac
teristics of the column. It has been shown that doubling 
the film thickness can increase the elution temperature 
of components by as much as 20 °C (32). Thin film 
capillary columns have the highest efficiencies and the 
shortest analysis times. Increasing the film thickness in
creases the capacity, decreases the surface activity, and 
increases column lifetime. Thus, the film thickness 
should be optimized for the particular application of 
the column. Thin film columns should be used for high 
molecular weight materials which are relatively non
volatile, while thick film columns are useful for low 
molecular weight, highly volatile components. Routine 



analyses can be made more efficient by simply reducing 
the film thickness, which in turn reduces analysis time. 
Non-polar gum phases, like SE-54, have the greatest 
range of film thicknesses. We have utilized SE-54 col
umns for analyses of tobacco leaf and smoke compo
nents, ranging from highly volatile, low molecular 
weight to high molecular weight, low volatility materi
als (1, 4, 6-8, 10, 12). · 

Column Length and Inside Diameter 

The efficiency of a capillary column (per unit length) 
depends mainly on three factors, other than carrier gas 
velocity: 1. the stationary phase film thickness (the 
thinner the film the higher the efficiency), 2. the uni
formity of the stationary phase film, and 3. the inside 
diameter of the capillary column (the smaller the dia
meter the higher the efficiency). Most columns used in 
the early days of GC-2 were in excess of 50 m in length 
and of small bore (0.2-0.25 mm inside diameter). This 
restriction arose from an early fixation for achieving 
maximum efficiency from capillary columns. The pres
sure drop across long, ·narrow bore capillary columns is 
quite large and requires relatively high carrier gas head 
pressures. This places a strain on seals, making leaks 
more probable. The flow through a long narrow bore 
(0.2-0.25 mm) column is low, even with high head 
pressures, making transfer of sample components to the 
column more difficult with traditional split-splitless in
let systems. Narrow bore capillary columns, even those 
with thick liquid phase films, contain very little liquid 
phase and, therefore, have a low sample capacity and a 
narrow dynamic range of component concentration. If 
a desired separation cannot be achieved with a 25-
30 m column, we have found that a 50 m column will 
probably not improve it greatly. 
Shorter (10-30 m), wider bore (0.3 mm inside diame
ter) capillary columns possess most of the advantages 
and few of the disadvantages of long, narrow bore col
umns. Shorter columns have almost the same usable ef
ficiency as the longer columns, but with a lower pres
sure drop across their length. Wider bore columns also 
have a lower pressure drop and a higher sample capac
ity than narrow bore columns. We have seen this evolu
tion in column dimensions in our own laboratory. Our 
average column now is 25 m X 0.3 mm inside diameter. 
Two other factors have increased our use of 0.3 mm in
side diameter glass capillary columns: 1. sample capac
ity requirements for capillary GC/MS analyses and 
2. the development and refinement of cold on-column 
capillary injection techniques (33-35). 

Capillary Inlet Design and Injection Techniques 

As with the capillary columns themselves, early com
mercial capillary inlet systems were of poor quality, as 
measured by today's standards. Because of unaccept-

Flgure2. 
Converted, all-glass capillary Inlet system, based on 
standard packed column Injection port. 
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*Scientific Glass Engineering· Ply., Ltd., Melbourne, Australia. 

able results obtained with commercial inlet systems, we 
were forced to develop our own inlet design. A dia
gram of the capillary inlet system used for the vast ma
jority of our work (36) is shown in Figure 2. This capil
lary inlet system was developed in our laboratory using 
the normal Hewlett-Packard 5700-5800 packed column 
injection port; a glass insert, made from standard Pyrex 
glass tubing (1/4 in. outside diameter, 2 mm inside di
ameter); an SGE* 1/4 in. X 1/16 in. tee joint; 1/4 in. X 
1/16 in. stainless steel tubing; and a needle valve for 
control of the split vent. For splitless injection, the 
buffer volume should be replaced with 1/16 in. stainless 
steel tubing. This capillary inlet system was designed 
for easy disassembly by the use of graphite ferrules for 
all connections. The glass inserts are made in a glass 
shop and ~e very inexpensive when compared with 
glass inserts purchased for commercial capillary column 
inlet systems. In almost all instances, glass inserts for 
commercial inlets can be manufactured in a glass-blow
ing shop at substantial cost reduction over commercial 
prices. Advances in theory and design of inlets and the 
advent of fused silica capillary tubing have made the 
use of capillary columns the mainstay of gas chroma-

* Scientific Glass Engineering Pty., Ltd., Melbourne, Australia. 
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Flgure3. 
Gas chromatogram of a gel chromatography fraction (GF-40) of tobacco smoke [mono· and dl· 
hydroxybenzenes as their trlmethylsllyl (TMS) derivatives]. Conditions: wall-coated open-tubular 
(WCOT) capillary column (Pyrex glass SE-54); 4Q-200 ·cat 2"/min; 32 cm/sHe flow; split Injection 
mode; FID; 30 m x 0.25 mm Inside diameter. 
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tography. Several good quality inlet systems for GC-2 
are now commercially available. However, most first 
hand information concerning equipment of this nature 
is presented by sales representatives who are often un
informed or unqualified to rationally discuss inlet the
ory, design and application. Thus, as in all cases, the 
consumer should beware. Recent studies have further 
explained and refined the splitless and cold on-column 
injection techniques (34, 35). We have recently modi
fied our inlet system (Figure 2) to allow cold on-col
umn injection and details will soon be available (33). 

RESULTS AND DISCUSSION 

The non-polar stationary phase, SE-54, was found to 
be the most useful liquid phase for analyses of tobacco 
and smoke components (1, 4, 6, 7, 9, 10, 12). The 
trimethylsilyl derivatives (TMS) of the mono- and di
hydroxybenzenes from tobacco smoke and the phenolic 
acids of leaf and smoke can · be readily analyzed on 
fused silica SE-54 wall-coated open-tubular columns 
( 4 ). There are many advantages to analyzing phenolics 
(as TMS) on these non-polar columns. These com
pounds occur in the very complex matrix of cigarette 
smoke and attempts to isolate and purify these labile 
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components often result in serious losses, especially of 
the important dihydroxybenzenes, catechol and hy
droquinone. Thus, direct analysis of these compounds 
from whole cigarette smoke condensate (CSC) was a 
logical approach, but GC-2 analysis of underivatized 
CSC was very difficult. The dihydroxybenzenes sepa
rated poorly or not at all. The capillary inlet glass liner 
became rapidly contaminated with other non-volatile 
smoke components and required replacement after vir
tually every injection. 
On the other hand, analyses of total CSC constituents 
as their TMS derivatives was a relatively simple proce
dure. The CSC phenolics were derivatized by treatment 
with a silylating reagent to form the non-polar TMS 
ethers, which were then separated on SE-54 columns 
like paraffinic hydrocarbons (4). The elution order of 
components was more predictable and the TMS phe
nolics were stable and less likely to adsorb onto dirty 
injection port liners. The addition of the TMS groups 
also increased the flame ionization detector (FID) re
sponse to phenolics by decr~asing their carbon/hy
drogen ratio, which in effect lowers the detection limit. 
Peaks were sharp and separation efficiencies were 
higher, as non-polar phase capillary columns are inher
ently more efficient than polar columns. 
Snook et al. have made extensive use of gel permeation 
chromatography to isolate and identify phenols and 
phenolic acids from tobacco smoke (37, 38). GC pro-



Flgure4. 
GC-2 chromatogram of a trlmethylsllyl-derlvatlzed phenolic acid fraction from tobacco smoke 
on a fused silica SE-54 wall-coated open-tubular (WCOT) capillary column. 

Conditions: 60-280 ·cat 4•/min; 30 cm/sHe flow; split injection mode; FID; 20 m x 0.3 mm inside diameter. 
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files of a gel fraction of mono- and dihydroxybenzenes 
(TMS) (Figure 3) and of phenolic acids (TMS) (Figure 
4) were obtained on fused silica SE-54 capillary col
umns. Due to high polarity, low volatility and severe 
decomposition, phenolic acids are very difficult to ana
lyze by GC without derivatization. However, their 
TMS ethers chromatograph well on SE-54 columns. 
The procedure for TMS derivatization of mono- and 
dihydroxybenzenes and phenolic acids is given else
where (4). 
Steam volatile fractions of tobacco and smoke contain 
acidic components as well as bases and neutrals. These 
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fractions can be separated on SP-1 000 capillary col
umns or columns with equivalent phases, such as 
OV-351 or AT-1000. A chromatogram of the steam 
distillate fraction of NC-95 tobacco is shown in Fig
ure 5. Volatile fatty acids (C2-C10) are known to be re
sponsible for the characteristic flavor and aroma of 
Turkish tobacco (12, 39-41). The acidic SP-1000 capil
lary column can be used for the separation of these vol
atile fatty acids (16). These volatile acids are also part 
of the sucrose esters that have been recently found on 
the surface of green leaves of Turkish-type tobaccos 
(12). A pure fraction of sucrose esters was also ob-

191 



I 
I 

0 

Figure e. 

4 

FigureS. 
Chromatogram of a steam distilled fraction of NC-95 tobacco on a fused silica SP-1000 wall
coated open:bJbular (WCOT) capillary column. Conditions: 45-250 ·cat 4•tmin; 30 cm/s H2 flow; 
splltless Injection mode; FID; 40 m x 0.2 mm inside diameter. 
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from the saponHicatlon of a sucrose ester fraction using a 
Pyrex glass SP-1000 wall-coated open-tubular (WCOT) capil
lary column. Conditions: 12o-220 ·c at s•tmin; 30 cm/s H2 flow; . 
split injection mode; FID; 30 m x 0.25 mm inside diameter. 
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Flgure7. 
Chromatogram of the tobacco leaf surface wash acids (fatty acid methyl esters (FAME)) and the 
whole green leaf acids (fatty acid methyl esters (FAME)) from NC-2326 tobacco on a Pyrex glass 
Superox-4 wall-coated open-tubular (WCOT) capillary column. Conditions: 150-250 ·c at 4"/min; 
25 cm/s He flow; split injection mode; FID; 25 m x 0.25 mm inside diameter. 
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tained from leaf surface washes and subjected to sapon
ification with 2 N KOH in a 80 % methanoVwater mix
ture to release the volatile acids. The acids after adjust
ing the pH to 2 with coned. HCl were chromato
graphed on an SP-tOOO capillary column (Figure 6). 
Large amounts of isovaleric and ~-methylvaleric acid, a 
major contributor to the Turkish tobacco smoke 
aroma, were found. 
Tobacco leaves also contain long-chain fatty acids. Sub
stantial amounts of these fatty acids are transferred to 
tobacco smoke during the smoking process (42). Fatty 
acids are normally chromatographed as their methyl es
ters (FAME) (11) and can be separated on Superox-4 
capillary columns (t5). Two GC profiles of FAME 
from green tobacco leaf and from a tobacco leaf surface 
wash are given in Figure 7. Note the differences in dis
tribution of the fatty acids in these samples. In the total 
green leaf acids isolate, the normal plant fatty acids 
predominate, while in the leaf surface wash acids isola- . 
te, another series of acids are pres~nt, which are de-

t94 

FigureS . 
Chromatogram of the fatty acid methyl esters (FAME) from 
cigarette smoke on a fused silica Sllar 1 OC capillary column. 
Conditions: 150-240 ·cat 4"/min; 30 cm/s H2 flow; split injection 

mode; FID; 25 m x 0.25 mm inside diameter . 
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rived from cuticular wax esters (t2) and are discussed 
below. 
The very polar liquid phase, Silar toe, is excellent for 
separating fatty acid methyl esters (FAME). However, 
until recently, no commercial fused silica (FS) Silar toe 
capillary columns were available. We modified our Su
perox-4 pretreatment and deactivation procedure to 
successfully prepare FS Silar toe capillary columns in 
the laboratory (11). The fatty acids from tobacco 
smoke were isolated in a subfraction (F-6t) (43, 23) as 
previously described. Using gel p~rmeation chromatog
raphy, Snook et al. isolated a fatty acids fraction from 
Fraction F-61. The acids were converted to their 
FAME (11) and separated on a FS Silar toe capillary 
column (Figure 8). Studies have shown that about t4% 
of the major plant fatty acids (C14-e18) transfer to the 
smoke of a non-filter cigarette, with palmitic acid (e16) 

having the highest transfer rate (t7.6 %) and the e 18 

unsaturated isomers (oleic, linoleic, and linolenic) hav
ing the lowest (t2.2 %) rate of transfer (42). 
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Recently, Se'Oerson et al. reported on the discovery of a 
series of high molecular weight wax esters found on the 
surface of green tobacco (12, 44). These esters were 
composed of C12-C30 acids bound to C18-C30 alco
hols. Saponification of a pure isolate of wax esters with 
2 N KOH in 85 o/o ethanol/water yielded the acid salts 
and alcohols. The ethanol/water mixture was extracted 
with hexane to remove the alcohols followed by adjust
ment of the pH to 2 with coned. HCl to yield the free 
acids. The acids were extracted into chloroform, blown 
to dryness with dry N2, and converted to their methyl 
esters (FAME) as previously described (11). The separ
ation on an FS Silar 1 OC column of the derivatized 
FAME from the wax esters is shown in Figure 9. This 
GC-2 analysis assisted in characterizing the wax esters 
by identifying and quantitating the acid portions of 
these molecules. 

Flgure9. 
Chromatogram of the fatty acid methyl esters (FAME) fraction 
from the hydrolysis of wax esters on a fused silica Sllar 10C 
wall-coated open-tubular (WCOT) capillary column .. Condi
tions: 140-240 ·c at 4"/min; 28 cm/s H2 flow; split injection 

mode; FID; 25 m x 0.25 mm inside diameter. 

30 40 

(min) 

CONCLUSIONS 

Glass capillary gas chromatography is a powerful ana
lytical tool and is well suited to analyses of biologically 
significant acids and phenolics of tobacco and tobacco 
smoke. Successful application of GC-2 methodology 
requires careful consideration of each facet of the 
chromatographic process. Over the last few years, we 
have demonstrated that the development of method
ology for the laboratory preparation of glass capillary 
columns is well worth the effort. Our research goals of 
developing tobacco with good flavor and aroma, but 
with reduced health hazards, will require further inno
vative applications of state-of-the-art analytical 
methodology. Capillary gas chromatography will most 
certainly be a major factor in this research effort. 
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