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1 GENERAL INTRODUCTION 

"In most instances mixtures obtained from 

biologica!, environmental, or industrial 

processes cannot be analyzed by capillary 

gas chomatography without some preliminary 

sample preparation. Although one could 

enumerate many reasens for this the most 

common findings are that the sample is too 

complex, too dilute, or incompatible with 

the chromatographic system. Thus, sample 

preparatien techniques exist from need and 

not from desire." 

C.F.Poole and S.A.Schuette, 

HRC&CC, ó <1983) 526 

Analytica! chemistry is the science in which optimal 

strategies, methods and procedures required to obtain and 

process relevant information about the chemical 

composition of materials, products and systems, are 

studied, developed and applied. This maans the 

determination, both quantitative and qualitative, of the 

composition of unknown samples or the quantitative 

determination of one or more particular analytes. lts work 

is guided by the demands from other chemica! disciplines, 

industries, medical institutions, etc. 
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The development of new processes and materials, new 

legislations with respect to environmental proteetion and 

health control demand a better knowledge of chemica! 

campositon of materials and products. The samples become 

more complex and concentratien levels decrease. Analyses 

at ppb, and even ppt levels are not exceptional. On the 

ether hand improved precision and accuracy are required 

while waiting periods between delivery of the sample and 

reporting should be as short as possible. This implies the 

combined effort of highly skilied personal, sophisticated 

instrumentation, and a great variety of methods for sample 

pretreatment, enrichment and analysis. 

Many different separation, spectroscopie and immunological 

analysis techniques are used in the laboratories all over 

the world. Among them capillary gas chromatography is one 

of the most powerful because of the high separation 

efficiency and the availability of sensitive detectors. It 

has proven to master many different and difficult 

applications throughout the last two decades: pesticides 

in blood, food and soil<1>, quantitative urinary 

steroid-profiling<2>, the detection of the abuse of 

forbidden anabolics<3>, poly-cyclic hydrocarbons<4>, 

dioxines(5) and other pollutants<6>, to name a few. 

Using gas chromatography quantitative and qualitAtive 

information is obtained. On-line coupling of capillary gas 

chromatography with mass-spectrometry or infra-red 

spectroscopy enables the colleetien of specific solute 

information in addition to chromatographic retentien 

information. 

The limitations of gas chromatography are partly 

determined by the sample: the concentratien range, the 
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volatility, polarity and thermostability of the analytes. 

On the ether hand instrumental contributions restriet the 

use of gas chromatography: the temperature stability of 

the stationary phase, adsorption characteristics of the 

injector, column and detector. The development of better 

deactivated columns, new types of stationary phases with 

improved thermostability and improved instrumentation is 

still in progress. Particularly in trace analysis, because 

of the small amounts of analyte, adsorption must be 

avoided. 

Capillary gas chromatographic analysis of trace amounts of 

organic components in complex sample matrices requires a 

sequence of steps: sampling, separation, detection, data 

aquisition and handling. Sampling is referred to as the 

necessary actions between the colleetien of the sample and 

the analysis itself~ The following steps can be 

distinguished: 

sample collection, 

with respect to its significanee for the final 

conclusions the colleetien of a representative sample 

from the bulk is very important. Inhomogenity of the 

bulk makes sample colleetien a complex proces. A second, 

identical sample is nat always available once the 

colleetien is completed; 

sample preparation, 

which includes all the treatments necessary to make the 

sample compatible for gas chromatographic analysis with 

respect to solvent, concentratien (enrichment 

techniques>, isolation from the matrix, impravement of 

chromatographic behaviour and detectability 

(derivatisation>; 
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sample introduction, 

the injection of a representative part of the sample as 

such ar after pretreatment into the capillary column as 

the start of the analysis. 

Interpretation of the results follows the analysis. 

Quantitative information is obtained from the peak areas 

with the aid of several calibration methods(7) and 

qualitative from retentien times ar derived quantities 

preferably retentien indices<B> and for detectors which 

provide selective ar specific information<9>. 

The minimum sample amounts which can be accurately 

analysed by means of capillary gas chromatography are 

determined by the sensitivity, linear range and the noise 

for a given detector and the peak width. It is generally 

assumed that a peak can be distinguished from the noise 

when the height is at least four times the standard 

deviation of the noise. A survey of detector 

characteristics and the corresponding, approximated 

minimum detectable amounts is given in Table.3.1. Whether 

enrichment of the analytes is required is determined by 

the combination of the injected volume, the sample 

concentratien and the minimum detectable amount for the 

selected detection and chromatographic system. The sample 

leads for capillary columns are limited for various 

reasons. 

Various methods, procedures and devices for trace analyte 

enrichment have been described in the literature. A brief 

survey of methods for sample introduetion and trac• 

enrichment is given in chapter 2 of this thesis. 

Unfortunately, little has been reported on evaluation and 

camparisen of these methods and systems for different 
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classes of substances and varying concentratien levels. 

The syste~atic study of the performance of various methods 

for the isolation or enrichment of traces of organic 

compounds for gas chromatography is a major subject of 

this study. Theoretica! models describing the effects of 

experimental conditions on the recovery are presented and 

evaluated in chapter 3. Chapter 4 gives an extended 

experimental evaluation and a discussion on possibilities 

and limitations. The treatment includes the influence of 

process variables and physical properties of the 

components studied. The theoretica! models tagether with 

the experimentally obtained results facilitate the 

selection of the correct enrichment procedure for a given 

analysis problem depending on the nature and concentratien 

of the analytes. 

Ouantitative analysis is restricted to the components for 

which the identity is known. Therefore, a qualitativ• 

analysis very often preceeds quantitation. For the 

identification with capillary gas chromatography on-line 

coupling with mass-spectrometry <GC-MS> or fourier 

transformed infra-red spectroscopy <GC-FTIR> is of great 

value. With respect to the appropriate sample amounts for 

GC, GC-MS would be the best choise. GC-FTIR requirs larger 

amounts of sample which exceed the sample capacity of 

capillary columns normally used. The large investments 

however restrain a lot of laboratories the use of these 

techniques. Therefore, specific retentien variables can be 

applied for the identification if only gas chroaatography 

is available. 

For both isothermal and temperature programmed eperation 

appropriate retentien properties have been defined. An 
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additional effect of temperature programming is the alma&t 

identical peak width over the complete length of the 

chromatogram. Specially for components with relatively 

large retentien times detectability will be improved. 

Furthermore, retentien properties like the retentien 

indices are complementary to GC-MS or GC-FTIR results. 

In the daily practice most samples are complex and cover a 

large volatility range. Therefore, most of the gas 

chromatographic analyses today are performed under 

temperature programmed conditions. 

In isothermal gas chromatography the relative retention, 

being the ratio of retentien factors, was the most widely 

used variabie for the identification until the Kovats 

retentien index was introduced in 1958(10). The main 

additional advantages of Kovats' concept are that the 

retentien behavier of the compounds is expressed on a 

uniform scale, that the retentien index depends in a 

linear way upon the column temperature and that the 

position of a compound in the chromatagram is known by its 

retentien index. By definition this system can only be 

applied to isothermal analyses. Therefore, Van den Dool 

and Kratz<11) proposed and defined a system for 

temperature programmed retentien indices. 

Temperature programmed retentien indice• depend on much 

more process factors than isothermal indices: column 

length, inner diameter, phase ratio, carrier gas velocity, 

initia! temperature and the programming rate. Therefore, 

their applicability for library searching with compiled 

libraries is impracticle. Compiled libraries would imply 

standardisation of all factors determining the temperature 

programmed index. Libraries of isothermal indices are 
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available. Therefore the conversion of isothermal to 

temperature programmed indices would be a favourable way 

in obtaining libraries of temperature progra.med indices. 

with little effort. Many publications deal with this 

subject. However 9 in this thesis it is dermonstrated that 

because of the complex dependenee of the temperature 

programmed index from chromatographic conditions a direct 

conversion is nat possible. 

It will be shown that the predietien of temperature 

programmed indices using isothermal retentien data is only 

possible when first the retentien temperatures in the 

temperature programmed analysis are calculated. In chapter 

5 a methad is introduced which enables this calculation. 

The variables which have to be known from isothermal 

analysis in advance to calculation are: the column dead 

time as a function of temperature, the measured retentien 

data of the normal alkanes and retentien factors for th• 

components of interest. The latter can be measured or 

calculated from compiled data. These variables must be 

determined within a temperature range in which the 

components elute during temperature program.ed 

chromatographic analysis. The concept includes the effect 

of different column properties <length, inner diameter, 

phase ratio) and different temperature conditions <initia! 

temperature, programming rate>. Therefore, the applicatian 

of calculated programmed retentien data for identification 

by means of library searching is nat restricted to 

specific chromatographic conditions or a single column. By 

means àf intermediate component and stationary phase 

specific variables, linear programmed temperature 

retentien indices for ether columns having the same 

stationary phase can be calculated. The results of these 
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calculations and the applicability in practice are 

discussed in chapter 6. An accuracy better than 0.5 

index-units is obtained not only for a single column but 

also after transfer of data to another column. 
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2 SAMPLE INTRODUCTION AND ENRICHMENT 

2. 1. 

"lf the column may be described as the 

heart of chromatography, than sa~le 

introduetion may, with some justification, 

be referred to as the Achille& heel! Sample 

introduetion is, arguably, the least 

understood and most confused aspect of 

modern gas chromatography. That the 

performance of a lamentable proportion of 

otherwise excellent capillary columns is 

ruined by poor sample introduetion is a 

distressing consequence of this fact." 

Victor Pretorius and Wolfgang Bertsch, 

Journalof HRC&CC., 6 <1983) 64. 

INTRODUCTION. 

The aim of any sample introduetion in gas chromatography 

is the transfer of a defined representative part of the 

sample into the column. Since the introduetion of a sample 

has always been a weak point in capillary gas 

chromatography, it has been an ever returning topic in 

chromatographic literature. The sample introduetion 

process must be reliable, accurate and fast. 
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A sample introduetion system should meet the following 

demands: 

na discrimination: 

systematic errors due to differences in concentration, 

volatility and polarity which will cause discrepancies 

between the amount of a component present in the sample 

and the amount detected should be avoided; 

small initial band width: 

this is necessary in order to avoid losse& in efficiency 

and resolution. The effect of the initial band width is 

more significant with shorter retentien times. Therefore 

it plays an important rele in high speed gas 

chromatography with either short columns ar columns with 

a small inner diameter ar a combination of bath; 

a large linear dynamic range: 

this is essential especially in simultaneous and accurate 

quantitative determination of traces and main 

components; 

ease of operation; 

possibility of automation: 

especially in a routine analysis and when large amounts 

of samples have to be analysed, the use of an automatic 

sampler is desirable; 

introduetion of a quantity of sample which is compatible 

with the column and the detection limits of a given 

detector. 

The maximum sample volume which can be loaded onto a 

capillary column is limited and normally, hardly exceeds a 

few microliters. Because the major part of the injected 

volume is vented, split injection(12> is nat suitable in 

trace analysis. With the ether techniques: <solid> 

moving-needle<13l, splitless<14,1S>, on-column(16,17> and 
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the programmed temperature injector(18,19>, the amount of 

sample introduced into the sample introduetion syste. i5 

transferred into the capillary column more or less without 

losses. Under special conditions on-column systems are 

suitable for larger sample quantities. It should be noted 

however that adsorption in the first part of the coluan 

may cause significant losses of either strongly adsorbed 

substances or components Hith a high boiling point. 

In case the sample concentratien is too loH to exceed the 

lower detection limit of the detector sample enrich.ent 

becomes necessary. On the other hand, the direct analysis 

of aqueous samples requires very special quality capillary 

columns and thus isolation and/or enrichment combined with 

the transfer of the sample components into an organic 

solvent is preferred. Various enrichment techniques are 

available: liquid-liquid or gas-liquid extraction, 

distillation, head-space and pre-colusn techniques. For 

all these techniques many procedures and experimental 

hard-ware have been reported in the literature. Preferably 

the enrichment device is on-line coupled Hith the gas 

chromatographic equipment. In case of on-line coupling the 

enrichment device is simultaneously the sample 

introduetion device. The previous requirements have to be 

met. 

Otherwise the analytes are transferred into an orQanic 

solvent from which an aliquot is injected by one of the 

conventional sample introduetion techniques. 

In this chapter a brief survey of some methods and 

techniques for sample introduetion and enrichment will be 

presented. With respect to sample introduetion only 

splitless and on-column injection Hill be discu5sed for 

they make use of on column concentratien techniques. 
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2.2. SAMPLE INTRODUCTION TECHNIQUES 

2.2.1. Splitless injection 

The splitless sample introduetion techniqua was introduced 

by Grob and Grob(14,15) in 1969. The design of a splitless 

injector is essentially similar to a split injector. The 

sample is evaporated in a heated glass liner while the 

split valve is closed or the splitflow bypasses the 

injector. The sample vapour is transported into the column 

with a low speed, being equal to the column flow rata. The 

column oven is cooled down to a temperature about 

20°C below the boiling point of the solvent. The 

sample entering the column condenses temporarely in the 

first part of the column. After the major part of the 

sample <>907..> has entered the .column the split is opened 

and the liner is flushed with carrier gas. In order to 

avoid contamination during sample transfer into the 

column, a continuous septurn flush is recommandable. 

Considering the length of the period of sample transfer 

into the column C20-40sec.) a relatively broad injection 

band may be expected. Fortunately, two different band 

focussing or concentratien effects contribute to 

correct the input bandwidth: the solvent effect and 

cold-trapping. 

Due to the solvent effectC20,21,22) a thick solvent 

filmC23> exists in the first part of the column which 

acts like the stationary phase. The volatile sample 

coaponents will be retained in this solvent film and thus 

be concentrated during the evaporation of the solvent. The 

solvent effect is active when the initial oven temperature 

is about 20 degrees below the boiling point of the 
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solvent. The processis visualised in Figure.2.1. 

Cold-trapping is the recondensation of sample co~onants 

in a negative temperature gradient at a temperature about 

100 to 150 degrees below their boiling points and is only 

important for relatively high boiling co~onents (c.f. 

Figure.2.1>. The cold-trapping region is between the 

heated injector body and the recondensed solvent. In this 

region a temperature gradient exists. Because of the 

necessary low initia! oven temperature (below the boiling 

point of the solvent>, to facilitate the solvent effect, 

splitless injection is performed in combination with 

temperature programming. 

In order to obtain accurate and precise results with the 

splitless injection technique, the optimization criteria, 

like initia! oven temperature and splitless-periad, have 

to be properly set. The extensive optimization of 

splitless sample introduction, as discussed by F.Yang et 

al. (22> is a serieus disadvantage of the technique. 

Because of the prolonged residence time of the 5ample in 

the heated injector zone, the formation of aerosols is 

largely diminished. Splitless injection will be less 

discriminative compared to split injection<12>. Because 

injection is carried out by means of a syringe into a 

heated zone, preferent evaparatien from the syringe needle 

still occurs. Another drawback with an evaparatien 

injector is the breakdown of heat sensitive components. 

With the necessary precautions splitless injection is 

suitable for trace analysis. Almast the complete injected 

volume (1-3ul, dependent on the glass-liner volume) is 

transferred into the column facilitating detection below 

the ppm concentratien level. 

The glass-liner must be clean and free of septum particles 
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Figure 2.1 
On column concentratien after splitless sample 
introduction. For explanation see the text. 
TxNJ, Tov~N : temper-ature of injector and GC-oven 
respectively. 
TaP : boiling point of the solvent. 
e: low boiling solutes; A: high boiling solutes. 
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Figure 2.2 
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On column concentratien after on-column sample 
introduction. For explanation see the text. 
Notatiens as in Figure 2.1. 
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which may cause adsorption of some components in the 

sample. Often adsorbed components will be released with 

subsequent injections thus ruining quantitative 

performance in an other way. 

2.2.2. On-column injection 

The on-column injection technique was introduced in 1977 

by Schomburg<lá) and Brob<17,24>, although the idea was 

already given by Desty<25) in 1965. The sa~ple is 

introduced, at a low column temperature, as a liquid 

directly into the column. This way of sample introduetion 

and splitless injection became possible only after the 

developement of immobilised (chemically bonded) stationary 

phases<2á) to prevent phase stripping. 

As in splitless injection the solvent effect is active as a 

means to concentrate the injected solutes. In contrast to 

splitless injection, the spreaded solvent contains bath 

low boiling and high boiling sample constituents. Compared 

to split injection under identical temperature conditions 

relatively high boiling compounds initially showed an 

increased peak width and irregular peak shape after 

on-column injection, indicating insufficient and irregular 

concentration. These effects were shown to come about by 

incorrect injection conditions. With growth of the 

knowledge about the solvent effect as a means to 

concentrate, the instructions on how to carry out adequate 

on-column injection were changed several timas(27). The 

nature of the solvent effect in on-column sampling wa• the 

subject of a great number of articles published by only a 

few authors, among others Grob jr.<2B-40>, Pretorlus and 

Bertsch(41-49>, Jennings et al. (23,27) and Knaus 

-23-



et a1.(50,51). Pretorius presented a fundamental treatment 

of the observed phenomena, whereas Brab's articles were 

more descriptive. Although there are some differences in 

opinion, essentially bath authors come to th• same 

conclusions. 

According to Pretorius et al. (42) hydrocarbons with carbon 

numbers up to 50 may be focussed with the solvent effect 

on a well deactivated surface. Solute lagging, solutes 

evaporating at the rear edge of the solvent film are nat 

carried forward but deposited behind the film, arises from 

adsorption on active surface sites. It is not expected to 

be important in non coated capillaries. The presence of a 

stationary phase film may cause lagging specially if the 

solutes partition ratio between the gas phase and the 

stationary phase is small<47). 

Grob's band broadening in space(31> is explained by 

spreading of the solvent plug over several tens of 

centimeters of the column inlet (flooded zon•>. Volatile 

sample constituents are concentrated but relatively high 

boiling compounds remain deposited when the solvent 

evaporates, as illustrated in Figure 2.2. Consequently, 

severe peak distartion and peak splitting will occur. As a 

salution tothese peak deformation phenomena, Grob jr.<32) 

suggested the use of a 'retention gap'. In front of the 

column a fused-silica capillary is mounted, about 1 meter 

in length only deactivated ar coated with a very thin 

film, creating a zone of practically zero retention. The 

speed of transport in this ·retention gap• compared to the 

velocity in the coated column is enlarged proportionally 

to the ratio of the filmthicknesses. The final peak width 

will be reduced although the deformation can not be 

eliminated. 
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In case of solute escape, solutes escaping from the 

solvent effect region, Pretorius et al.<45> suggest tha 

use of an extra solvent plug in front of the sample to 

recapture these solutes. It is compared to ba a &i•ilar 

process as in splitless injection. In practice, however, 

this is complicated. Grob<40) and Jenkins<52) studied 

co-injections of two solvents. But it seemed only 

promising if the added solvent prevents solute escape or 

introduces phase soaking, a process of retainment by the 

stationary phase. 

According to Grob(54), the optimum initia! oven 

temperature is slightly below or equal to the solvents 

boiling point and below the solvents boiling point 

according to Pretorius et al.<42>. With bath authors the 

injector temperature is ambient or even subambient. 

For the injection of large sample volumes, more than a few 

microliters, Pretori us et al,(41 > recommend the use of a 

precolumn packed with diatomaceous earth or small glass 

beads (about lOOum>. For the sama purpose Grob(53) uses 

long, wide bare retentien gaps. Sample volumes of lOOul. 

and more can be properly injected. 

With the on-column injection the sample is introduced as a 

liquid directly into the column. Discriminatien effects 

due to volatility are avoided. This makes the technique 

suitable for extremely high boiling compounds up to the 

normal alkane C-54<55>. The methad is highly reproducible 

and accurate <56> if run under optimal conditions avoiding 

peak deformation. Under normal operatien the sample volume 

hardly exceeds 1 ul, with a minimum concentratien down to 

the ppm and sub ppm level. 

Because of non-volatile compounds and/or inorganic 
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material possibly present in the sample the first part of 

the column can become contaminated. Activity is thus 

introduced deteriorating column performance. Remaval of 

the first meter will normally restare the original 

quality. 

Recently an automated version of the on-column injector 

has been introduced by Sisty et al. (57). It has to be 

considered a valuable contribution to automation of 

quantitative capillary gas chromatography. 

2.3. ENRICHMENT TECHNIQUES 

2.3.1. Liquid-liquid extraction. 

Liquid-liquid extraction is the ~ost simple and most 

straightforward technique. The. liquid or solid sample i& 

extracted with a suitable organic solvent. For aqueous 

samples the extracting solvent must be insoluble in water. 

Solvent polarities ranging from the normal alkanes such as 

pentane or hexane to nitrobenzene and n-butanol, provide 

the analyst the necessary flexibility. Methylene chloride 

is an efficient solventfora wide range of solutes(58>. 

Although direct liquid liquid extraction is mainly 

considered an isolation technique, enrich~ent is achieved 

by evaparatien of the extracting solvent. However, this 

additional, time consuming treatment will result in a loss 

of the volatile constituents<S9> and accumulation of 

impurities present in the solvent. Besides the 

concentratien effect, liquid extraction is aften used 

solely as a clean up or an isolation of a specific 

component or a class of components from its ma~rix. 

The final enrichment and the efficiency of the extraction 

-26-



preeedure depends en the volume ratio of the sa~le and 

the extracting solvent and en the distribution 

ccefficient. The sample/solvent volume ratio .ay not be 

chosen tco large for it has an effect en the quantitative 

accuracy<óO>. The distribution constant can be positively 

effected by the pH of the sample, desalting, the use of 

ccunter-icns, etc. Continuous extraction techniques 

imprave the enrichment<ól-63). 

Fcr applications and methods is referred to the 

literature<SB,ó4-ó9). 

2.3.2. Head-space analysis. 

Head-space analysis is referred to whenever in stead of 

the sample itself, the vapor phase above the sample is 

analysed(70). The compcsiticn of the vapeur phase depends 

on the activity coefficients and the saturated vapeur 

pressures of the pure compounds. It is obvious that 

temperature has a great effect on the concentratien i ·n the 

gas phase. Two methods of head-space analysis can be 

distinguished, static and dynamic head-space 

<c.f.Figure.2.3>. 

In the static methcd a defined volume of the vapeur phase 

which is in thermadynamie equilibrium with the liquid 

sample is analysed. Sample introduetion into the gas 

chrcmatcgraph can be cff-line er, semi-automatic, 

on-line(71). If, fcr reasens of detectability, 

introduetion of large gaseaus sample volumes is required, 

on column crycgenic fccussing either or net in cOMbination 

with an adsorption trap serves as an effective means for 

reducing the injection width. Rijkset al.<72> analysed 

ppb concentrations of crganics in aqueous samples 
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employing bath reconcentration techniquea. After 

introduetion of the required amount of the equilibrated 

gaseaus sample, the organic constituents were firstly 

adsorbed on a Tena>:-trap. Then desorbed by heating and 

focussed again on a cold, capillary trap. Nowadays the 

technique is known as thermal-desorption cold trapping, 

for which the equipment is commercially available. 

Several calibration and quantification methods concerning 

static head-space analyses have been introduced. 

McAuliffe(73l and Kolb(74> proposed multiple 

equilibration, standard addition was introduced by Khazal 

et al.(75l. The sample addition methad was firstly 

reported by Drozd and Novak<76). 

Many applications can be found in the literature, for 

example: the identification of residu~l organics in food 

packages<??>, on-line head-space sampling of tobaccos and 

herbs<7B>, the analysis of halocarbonsin drinking 

water<79> and the determination of the solubility limits 

of organic priority pollutants<BO>. Furthermore, static 

head-space sampling is successfully used in 

polymer-chemistry<70l. 

Dynamic head- space sampling is the continuous remov•l of 

the head-space vapeur above the liquid or solid sample by 

means of an inert gas flow ,if possible bubbling through 

the sample, with subsequent trapping of the sample 

components by adsorption or cold trapping. Dynamic 

head- space sampling is also referred to as gas-liquid 

extraction ar stripping. The technique was introduced in 

the early sixties by Swinnerton et al.(81,&2>. All kinds 

of applications using different instrumental set-ups can 

be found(83-85) in the literature. The closecl-loop 
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stripping technique described by Grob<B6> is most probably 

the most powerful enrichment methad, however. Enr-ichlllent. 

factors up to 50000 can be obtained. Using only a small 

amount of charcoal as the sarbent and a small volume of 

extracting sol vent, concentr·ations as low as 0. 1 ppt in 

water ware determined. 

Because of the high temperature stability, Tenax is very 

pQpular as a sorbent. Other materials used for adsorption 

are charcoal, XAD-resins, poly-urethane foa111s, etc. Fora 

complete selection of sarbents and more detailed 

information is referred to the literature(87-8~). Normally 

off-line desarptien is executed by means of extraction 

with a suitable solvent. The extraction efficiency and the 

selectivity<90) are the main selection criteria in the 

choice of the solvent. 
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Static <A> and dynamic <B> head-space. 
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Dynamic head-space sampling is aften referred to as purge 

and trap sampling. Equipment is commercially available, 

on-line coupled with the gas chromatograph, eperating 

fully automated(91). In the automated equipment thermal 

desarptien is employed. 

The methad is used in the analysis of EPA priority 

pollutants(92>, the analysis of trace organics inriver 

water(93>, volatile aromatics in groundwater<94). 

Quantitative results can be obtained using the standard 

addition method(95). 

A reversed head-space sampling technique is proposed by 

Ioffe(96).The Components present in astreamof gas are 

adsorbed by a suitable solvent which is sub&equently 

analysed. The determination in air of aromatic 

hydrocarbons and carbonyl compounds at the sub-ppm level 

is reported. 

2.3.3. Steam distillation-extraction. 

Among other distillation techniques<64) steam 

distillation-extraction, introduced by Likens and 

Nickerson in 1964(97>, is the most popular. In a 

continuous process, illustrated in Figure.2.4. the 

condensing water vapour is extracted by condensing solvent 

vapour, yielding a high extraction efficiency. Both the 

water and the solvent are recirculated. The device of 

Likens and Nickerson was modified by Maarse and 

Kepner(98). Godefroot et al. (99,100) developed a micro 

version for analytica! applications and reported 

recoveries of 80-100% for compounds such as alcohols, 

ketones, and chlorinated pesticides within 1 houre of 

processing. Comparative studies of different 
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Figur-e 2.4 
Appar-atus for- steam distillation-extr-action. 
water- flow 
solvent flow : - - - - -
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preconcentration techniques(101,102) have shown that steam 

distillation-extraction is a uniform, useful and 

representative method. As the volume of the aqueous sample 

is much larger than the volume of the extracting solvent, 

enrichment upto a factor 200 can be achieved. Beside the 

sample/solvent volume ratio, enrichment depends on the 

solute polarity, the partial vapeur pressure of the pure 

solute and the extraction efficiency(103). Obviously 

thermolabile sample constituents can be troublesome using 

distillation techniques. 

Additional advantage of the steam distillation-extraction 

is the possibility of processing solid samples after 

suspending in water; involatile components are not 

transferred to the extracting solvent. Injector 

contamination is thus prevented. 

Applications reported in the literature using the steam 

distillation extraction tecnique are: phenols in 

water(104>, volatile componentsof grapefruit juice(105>, 

C-4 to C-12 fatty acidsin water and sludge(106>, 

chlorinated pesticidesin water<lOO>. 

SAMPLE 

gaseous 

liquid 

Figure 2.5 

-~ PRE-COLUMN ~
_., 1...---------' -

DESORPTION 

thermal 

liquid extraction 

Application of pre-columns as a preconcentration 
technique of organics in gas chromatography. 
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2.3.4. Pre-columns. 

The use of pre-columns as a means for enrichment or 

isolation prior to gas chromatographic analysis may be the 

most extended and most varied. The dynamic head-space 

sampling technique is one of them. Figure.2.5. visualizes 

the different ways a pre-column can be implemented in a 

scheme for sample pretreatment and for sample 

concentration. The sample may be either gaseaus or liquid. 

The pre-column dimensions range from long to short and 

from wide to narrow. Numerou5 different packing materials 

are available. Desarptien prior to gas chromatographic 

analysis can be done on-line by thermal desorption, or 

off-line by extraction. 

As already described the gaseaus sample can be a dynamic 

head-space, but also an atmospheric sample sucked through 

the pre-column by a syringe or by ether means. Liquid 

samples are pushed through the pre-column using a syringe, 

an inert gas pressure or an LC <liquid chromatography) 

pump. 

Whether and which components are adsorbed depends on the 

choice of the pre-column packing material. A recent 

survey, referring to water analysis, is given by 

Dressler<107>. The amount of analyte adsorbed is 

determined by the amount of serbent and the distribution 

coefficient. The breakthrough volume is introduced as a 

measure of the sample volume from which a specific 

compound can be fully adsorbed. Unless column overlaad 

occurs the breakthrough volume is independent of the 

concentration. The sampling process can be compared to a 

frontal analysis technique. 

The most popular sarbents are Tenax and charcoal. Tenax 
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has a lew affinity for water and an excellent temperature 

stability.<108>, which makes it suitable for ther~al 

desorption. Because of the lew specific surface area of 

Tenax, large column volumes are necessary. 

Charcoal is a very active serbent and has a large surface 

area <S00-2000m2 /gl. Only small amounts are required. 

Because charcoal is an active serbent thermal desarptien 

is hard to execute. Colenutt et al.(109) used a Curie 

point pyrolyser for this purpose. 

Whenever capillary columns are used in combination with 

thermal desarptien of a pre-column cold trapping ar 

cryogenic focussing as a means for on column concentratien 

is necessary to obtain a sufficiently narrow injection 

width. An illustration of the effect on the peak width 

with cold trapping is given by Noij et al. <110>. Although 

the construction of a cold trap can be very simple, 

equipment for on-line thermal-desorption cold trapping is 

commercially available. 

The on-line preconcentration in liquid chromatography 

using pre-columns<111,112> has proven to be a powerful 

enrichment technique. In gas chromatography an analogon is 

the two dimensional packed-capillary configuration(113). 

The high sample laad of a packed column is combined with 

the high separation efficiency of a capillary column. 

After a pre-separatien on the packed column, a part of tha 

sample is transferred to the capillary with use of the 

cryogenic focussing technique. Direct analysis on the 

sub-ppm concentratien level is possible. On-line couplin; 

of liquid and gas chromatography has been atte•pt•d 

several times<S3,114,115>. The main problem is the 

transfer of large, liquid sample volumes into the 

capillary column. 
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3 THEORETICAL TREATMENT OF ENRICHMENT PROCESSES 

3.1. 

"Chromatography is included in an analysis 

scheme when it is necessary to separate the 

components prior to detection. However, a 

price is paid for this added step - a 

poorer dateetion limit - for the components 

undergo dilution in thier transport through 

the chromatographic column. The best 

dateetion level is obtained when no column 

is used, but, of course, all separation is 

then lost. Consequently, a campromise must 

frequently be struck between the desired 

dateetion level and the required 

resolution." 

Barry L.Karger, et. al. 

Anal.Chem., 46 <1974> 1640 

INTRODUCTION 

Theoretica! models, descrihing enrichment processes, are 

derived in order to be able to predict the applicability 

and the effects of various process- and analyte-dependent 

factors on the recovery. The recovery, RE, is defined 

as the ratio of the analyte amount in the extract and the 

amount originally present in the sample-volume. The 
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enrichment factor, E, is defined as the ratio of the 

analyte concentratien in the final extract and the 

original sample concentration. Both the recovery and the 

enrichment factor serve as a measure for the 'efficiency· 

of a procedure. The recovery can be high, although no 

enrichment is achieved. On the ether hand even a lew 

recovery can yield enriched extracts. Whether a methad is 

efficient depends on the purpose of the pretreatment: 

isolation and/or concentration. 

Factors determining the efficiency are, process dependent 

factors such as temperature, type of solvent, 

process-time, (sample-> flow, etc. and analyte dependent 

factors: volatility, polarity and concentrati~n. Polarity 

and/or volatility largely determine the distribution 

constants between two phases. The distribution constants 

determine whether ar nat a procedure is succesfull. 

The sample enrichment procedure, on-line or off-line, the 

volume injected into the gas chromatograph and the 

selected detection system have an effect on the final 

sensitivity of the complete analysis procedure, as will be 

discussed below. 

In the remaining part of this chapter the emph•sis will be 

on the processing of aqueous samples. 
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Table 3.1 
Detector sensitivities and approximated mini•um 
detectable amounts. 
<TCD : thermal conductivity detector; FID : fla.e 
ionisation detector; ECD : electron c~pture detector; 
FPD : flame photometer detector> 
a~ = 1sec; F = 1cm3 /min. 

Detector s 

TCD 10"-4 V.cm3 .g-1 5.10"--6 
FID 15.10"'-3 A.sec.g-1 5.10"'-1:5 
ECD 40 A.cm3 .g-1 2.10"'- 12 
<aldrin) 
FPD 500 A.sec.g-1 2.5.10"--10 

3.2. BASIC ASPECTS OF ENRICHMENT 

V 
A 
A 

A 

Wo 
<g> 

5.10""-9 
3.3.10"- 12 

5.10""-13 

3.10""-12 

In gas chromatography dateetion limits depend on the 

sensitivity of the detector, the signa! to noise rAtio and 

the peak width. The peak width depends on the retentien 

time and the efficiency of the column. In practice, often, 

another important factor is the influence of the input 

bandwidth caused by the sample introduetion on the colu•n 

efficiency. This can be calculated according to the rule 

of addi t ivity of variances: 

a~:z <3.1> 

The minimum detectable amount for a mass-flow sensitive 

detector, like the flame ionisation detector, i s defined 

by: 

<3. 2> 
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2 j: 
C 0 (x1o-9) 

(g /cm3) ~ 
~ ~ 0 .64 F(ml/min) 

/// 
1 

4 
A / / / / 

0.25 0.5 dc(MM). 

250 500 t R(SEC). 

Figure 3. 1. 
The minimum detectable amount Wa <A> and the minimum 
analyte concentratien Ca <B> in relation to column inner 
diameter de, carrier-gas flow-rate F and retentien time tft, 
assuming the use of a Flame Ionisation Detector <FID>. 
RN = 5.10A-15 A; S = 15.10A-5 A.sec./gr; Nt = 10A5; k = 2. 
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In case of a concentratien s•nsitive detector equation 

<3.2> has to be multiplied by the carrier gas flow-rate F. 

Table.3.1 summarizes the sensitivities and approximated 

minimal detectable amounts for several det•ction systems 

and chromatographic conditions. 

The minimum detectable amount can be decreased by 

impravement of detector sensitivity either or not in 

combination with a decrease of the noise level. 

After Insertion of an expression for a~ into equation 

<3.2>, the minimum detectable amount reads: 

Wo <3.3> 

N~ is the plate number including the effect of sample 

introductionl 

(3.4> 

It was shown by Schutjes et.al<llb) that under resolution 

normalised conditions (discussed later in this chapter> 

the retentien time decreases at least proportional to the 

column inner diameter. Accordingly, the minimum detactable 

amount is proportional to the column inner diameter. The 

minimum detectable amount is related to the analyte 

concentratien in the sample by: 

(3.5> 

The combination of equations <3.1> and <3.3> yields an 

expression for the minimum analyte concentratien in the 

sample introduced into the column: 
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Ca 

-- RN V2:n:. 4. S-. a~ 
V:tN.:J 

Increase of the sample volume, V:rN.,, as a means of 

<3.6} 

decreasing the minimum analyte concentratien is restricted 

by the maximum sample laad of a capillary column. 

Assuming a Gaussian input band, V:rN.:J can be written 

as: 

VxNJ <3.7 > 

Substitution of equation <3.7 > in equation <3.6 > , yields 

an expression for the minimum concentratien of the sample 

to be introducad: 

Ca <3.8) 

In order to campare the behaviour of the minimum 

detectable amount and minimum sample concentratien in 

relation to the column inner diameter resolution 

normalised conditions are assumed. This implies identical 

stationary phase, phase ratio, plate number and analysis 

temperature. Because a specific plate number is required 

for a given resolution, the column inner diamater 

determines the length of the column. 

Figure.3.1.A shows the relation between the minimum saMple 

concentratien and the the column inner diameter with 

varying carrier gas flow-rate, taking into account a loss 

in efficiency of abaut 20% and a loss in resolution of 

about 10% <a~lac = 1.1>. The lewest sample 

concentratien can be handled when a large inner diameter 
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column is used and a high carrier gas velocity. On the 

contrary, the minimal detectable amount decreases 

proportionally with decreasing column inner diameter as 

illustrated in Figure.3.1.B <equation <3.3>, the retentien 

time being proportional to the column inner diameter). The 

detection of a given component is best performed using 

small inner diameter columns, however, a relatively high 

sample concentratien is required. 

Rs MAX 

0.5 

1.0 1.1 1.2 1.3 1.4 

Figure 3.2. 
The injection band width and the coherent loss in 
resolution in relation to the extra peak broadening 
relative to the chromatographic width. 
Conditions as in Figure.3.1. 
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An advantage in reducing the column inner di•meter is the 

reduction of the peak width under resolution normalised 

conditions<116> and the increased speed in analysis for 

bath isothermal and temperature programmad analyses. 

However, the sample laad, which is roughly proportional to 

the third power of the column inner diameter(117), is 

rapidly decreased. 

Equation <3.8> can be rearranged to give: 

Co <3.9> 

Co(1o-12) ~ g /CM3 

~ 200 

100 ~/// 
1.0 1.1 1.2 1.3 1.4 1.5 Ut 

Uc 

Figure 3.3. 
The minimum sample concentratien in relation to the 
extra peak broadening relative to the chromatographic 
width. Conditions as in Figure.3.1. 
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The minimum sample concentratien decreases with An 

increase of the injection width ar Uz/Uc. Under 

these conditions, however, the peak width a, 

increases also. The coherent loss in resolution is 

determined by Ut/Uc. The resolution is defined 

by: 

<3.10> 

The relation between these variables and the loss in 

resolution is presented in Figure.3.2. At the right hand 

side from the vertical dotted line na further gain in the 

sample concentratien is obtained. The ratio of inlet and 

outlet concentratien at the peak maximum is 1. The sa~le 

concentratien has reached the minimum value. Figure.3.3 

shows the decrease in the minimum sample concentratien in 

relation to Ut/Uc, reprasenting the loss in 

resolution. If a loss in resolution is permitted the 

minimum analyte concentratien can be substantially 

decreased by an increased injection band width. The gas 

chromatographic analyses of sample concentrations in the 

shaded areasin Figures 3.1 and 3.3 are only possible 

after enrichment of the analytes. 

The above treatment only holds for analyses perfor.ad 

isothermally. In temperature programming additional 

effects influence peak broadening. Temperature programming 

may be a means for on column concentratien <cold trapping, 

cryogenic focussing). Sample introduetion techniques as 

splitless and on-column injection make use of 

concentratien mechanisms as the solvent effect. A decrease 

in the minimum analyte concentratien in the sample 

introduced will be the result. 
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The approach for highly diluted samples, the shaded areas 

in Figure.3.1 and 3.3, is the injection of large &ample 

volumes combined with on column concentratien and/or the 

preconcentration of the components of interest prior to 

GC-analysis by enrichment processes. 

AQUEOUS SAMPLE: 

EXTRACT : 

Figure 3.4. 
Schematic representation of a single batch 
liquid-liquid extraction. 

3.3. THEORIES OF ENRICHMENT PROCESSES 

3.3.1. Extraction 

Two different extraction processas will be distinguished, 

the batch-wise extraction and the continuous extraction. 

Batch extraction is the shaking of the sample tagether 

with extracting solvent in a saparatien funnel. The 

analytes distributs between the two liquid phases 

according to the distribution constant (c.f.Figure.3.4)1 
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c. 
K = 

Cw 
<3.11 > 

Another basic equation is the mass balance befere and 

after extraction: 

ma: + mw = -....o <3.12> 

Combination of equations <3.11> and <3.12> leads to an 

expression for the recovery valid for a single batch 

liquid-liquid axtraction: 

R.,. <L.U 
K 

K + V 
V 

1- K + V 

with V=Vw/V., Cthe volume ratio) 

(3.13> 

For a multiple batch extraction of the sama sample with n 

equal volumes <=V.,> of extracting solvent the 

recovery reads: 

(3.14> 

Although multiple batch extraction impraves the recovery, 

enrichment is decreased, without implementing an 

evaparatien &tep, because the final volume of the extract 

is enlarged too. 

In a continuous extraction a flow of extracting solvent 

continuously extracts a sample flow. Several experimental 

set-up·s have been described<130). Continuous liquid 

extraction <CLE> will be evaluated usinQ a modification of 

the steam distillation-extraction device as presanted in 
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Figure.4.1. Afteraslight modification the device can be 

used for both purposes(63l, continuous liquid extraction 

and steam distillation-extraction. 

A schematical representation of volumes, flows and 

concentrations during the continuous liquid extraction 

process is depicted in Figure 3.5. 

To simplify the mathematica! treatment, the extraction is 

assumed to be a process in a stationary state. The 

concentratien in the sample <=Cw> delivered to the 

extraction campartment is constant and the concentratien 

in the extracting solvent delivered to the condensor is 

assumed to be negligible <c~v=o>, justifying a 

stationary treatment. 

The process of continuous liquid extraction can be 

described by the following basic equations: 

the mass-balance over the extraction/separation 

compartment: 

<3.15> 

- the liquid-liquid distribution constant: 

K <3.16> 

- thR mass-balance over the extracting solvent reservoir: 

<3.17> 

assuming thermadynamie equilibrium, ideal mixing in all 

phases, constant flows and volumes. 

Combination of the equations <3.15> and <3.16> yields an 

expression for c~·. After substitution of this 
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Figure 3.5. 
Schematic representation of continuous liquid 
extraction using the modified steam distillation
extraction device. 
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expression in equation <3.17> and integration, the 

extracted amount can be expressed as: 

<3.18) 

with F = Fw/F~ <the flow ratio> 

The procetis can only last untill the sample has been 

completely delivered to the extraction compartment, so at 

t <3.19> 

the extraction process stops. 

The recovery, defined as the ratio of the amount of the 

component in the extract after completion of the 

extraction and the amount originally present in the 

sample, is obtained after combination of equations <3.18> 

and <3.19>: 

R~ 
c~.v~ --------- K 

K + F 
(3.20> 

The recovery value is, theoretically 1 solely determined by 

the distribution constant <K> and the flow-ratio <F>. 

In case of a normal liquid-liquid extraction a similar 

relation can be derived, as given in equation <3.13>. 

Obviously, equal recovery values are obtained for bath 

techniques if the flow-ratio <F>, for the continuous 

extraction, is equal to the volume ratio <V> for the 

liquid-liquid extraction. 

The relation between the recovery and the flow-ratio, 

according to equation <3.20>, is plotted in Figure 3.6 for 

different values of the distribution constant K. At low 
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flow ratios, e.g. a lew water flow and/or a high flow of 

the extracting solvent, high recoveries will be obtained, 

even for polar compounds. 

Consequently, because the process time is inversely 

proportional to the water flow, long process times will be 

needed. At high flow ratios high recoveries will be 

obtained in a short time for non-polar compounds which 

have relatively large distribution constants. 

The curves of Figure 3.6 are applicable for single batch 

liquid-liquid extraction after exchanging F by V. With 

respect to recovery bath techniques are identical. 

1 2 3 
F 

Figure 3.6. 
Theoretica! recovery after continuous liquid extraction 
versus the Flow-ratio <F> for different values of the 
distribution constant <K>. 
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However, because the Concentratiens in bath the extracts 

differ, nat with respect to enrichment. According to the 

definition the enrichment is expressed by: 

E <3. 21> 

Enrichment and recovery are interrelated through the 

volume-ratio. The volume ratio will normally be higher in 

case of a continuous extraction <volume-ratio 25-100 and 

more) compared to liquid-liquid extraction (volume ratio 

about 10 or less>. Toa large a volume-ratio in 

liquid-liquid extraction has a neoative influence on the 

quantitative performance(60l. So enrichment of the extract 

can more easily be obtained in case of continuous 

extraction. 

3.3.2. Head-space analysis 

In static head-space analysis<SHS) a gas sample is 

withdrawn from the closed system after equilibration 

between the water and the gas phase. The process can be 

compared with the single batch liquid-liquid extraction. 

The gas-liquid equilibrium is described by: 

Kw 
Cw 

c .. 

in its simplest for~. Only volatile and non-polar 

components will be reeavered in the gaseaus phase, 

<3.22> 

dependent on the ratio between the gas and liquid volume. 

The process might be considered a gas-liquid extraction. 

Kw depends on temperature and might be influenced by 

matrix effects. 
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The static head-space analysis primarily is an isolation 

technique. Enrichment can be achieved in coabination with 

on-column cryogenic trapping ar adsorption on a pre-coluan 

as in dynamic head-space. 

The complete process of dynamic head-space sa•pling (DH5) 

can be divided into the stripping (gas extraction> of the 

sample components with subsequent trapping on an 

adsorption trap and desorption, either by solvent 

extraction ar by thermal desorption. Ta permit a 

~========~ 

Figure 3.7. 
Schematic representation of dynamic head-space 
sampling. 
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mathematica! treatment with respect to the trapping 

procedure of DHS the following assumptions are made 

<c.f.Figure 3.7>: 

a state of thermodynamica! equilibrium exists; 

<at high gas flow rates, this assumption will not hold; 

the gas will be under-saturated, resulting in slower 

extraction>; 

the composition of the gaseaus phase and the liquid 

phase is homogeneous; 

the gas flow-rate is constant; 

the gas and liquid volumes are constant; 

the temperature of the sample is constant; 

no breakthrough of the adsorption filter occurs. 

Starting from the gas-liquid distribution, equation 

<3.22>, and the mass balance: 

<3.23> 

tagether with some simplifications following from the 

assumptions mentioned above, the trapped amount can be 

expressed as: 

l -Fa.t 
mA = Vw.Cw.o 1 - exp. ---------Kw.Vw + Va 

Fa.t represents the stripping gas volume. This 

<3.24> 

equation is in full agreement with the equation given by 

Novaket al.<llB>, whofoliowed a slightly different 

derivation. 

The recovery defined as the mass ratio of a compound 

adsorbed on the trap and initially present in the sample 

can be expressed as: 
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Vw.Cw.o 
-F.,.t 

1 - exp. ----------Kw.Vw + V,.. 

Note that equation <3.25> only describes the recovery 

after stripping and trapping. After solvent •xtraction or 

thermal desarptien of the adsorption trap multiplication 

with the extraction or desarptien efficiency gives the 

recovery for the complete procedure. The enrichment factor 

depends on the sample volume and on the desorption 

technique chosen. Enrichment factors of 500 and more are 

easily achieved. 

1.0 

0.5 

10 30 50 70 

Figure 3.8. 
The recovery after dynamic head-space sampling versus 
the stripping gas volume for different values for 
Kw.Vw+V,... 
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The dependen~e of the re~overy ~al~ulated from equation 

<3.25> on the volume of the stripping gas is shown in 

figure.3.8. for different values of Kw.Vw+Va. Obviously 

the stripping time will decrease for decreasing values of 

The gas-liquid distribution constant can be expressed by 

(119): 

<3.26> 

For volatile non-polar compounds both YA and pAo will be 

large, resulting in small value& of Kw. Therefore, Kw.Vw 

will be small compared to Va and the recovery can be 

approximated by: 

R~ 
-Fm.t 

1 - exp. <3.27> 

This means that for volatile non-polar compounds the 

recovery becomes independent of vapour pressure. Within a 

short period of process-time, irrespective of the sample 

volume, a high recovery is achieved which is determined by 

the stripping gas volume and the volume of the gaseaus 

phase. With actual values for Fa <e.g., 330ml/min> 

and Va <e.g., 150ml.> a 997. recovery is achieved 

after 2 min. of processing. 

On the ether hand, for non-volatile polar compounds, yA and 

will be small and thus Kw will be large. Now the recovery 

can be approximated by: 

-Fa.t 
1 - exp. K V 

W• W 
<3.28> 
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Obviously a large stripping gas volume will be required to 

achieve a reasonable recovery for non-volatile polar 

compounds <Fe.t has to be large in order to 

counterbalance a large value of Kw>. With increased 

sample volumes the process-time is proportionally 

enlarged. For components with a small distribution 

coefficient, however, the stripping time increa&es less 

than proportional to increasing sample volume. This offers 

the possibility of processing large volumes of water 

within a reasanabie time. 

3.3.3. Steam distillation-extraction 

The process of steam distillation-extraction <SDE> is 

schematically depicted in Figure.3.9.A, <cf. also 

Figure.2.4). Because of the different simultaneous 

equilibria involved, the mathematical treatment is 

complex. 

The initial assumptions made are: 

all volumes and flows of liquids and vapeurs remain 

constant during SDE processing; in practice no losses 

occur via the top of the condensation tube KJ 

thermadynamie equilibrium between phases exists; 

liquid-liquid extraction takes place at the cold-finger, 

and no further exchange of solutes occurs in the 

separation campartment C. 

Using the assumptions mentioned above the following 

mass-balances describe the SDE process: 

dCw 
dt 
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Figure 3.9. 
Schematic representation of steam distillation
extraction: A = dynamic representation, 

B = static representation. 
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dC~~: ~!! c.· F..,v C~~: 
dt v .. • v .. •i(; <3.30> 

dCw• -~~- <Cw.c Cw•) -
dt Vw.c 

<3.31> 

dC8 • -~~- <C •• c c .. ·> = -
dt vll!!:.c 

<3.32> 

<3.33> 

Note that the distribution constants have to be taken at 

different temperatures, the current temperatures at their 

specific location. 

The extraction equilibrium is described by: 

K <3.34> 

The vapeur flows of water and extracting solvent, Fw" and 

F..,", can be transformed to liquid flows by: 

v ... 
Fw" = Fw·v: Fw.B <3.35> 

As the salution of this set of equations, <3.29> ta 

<3.34>, wauld result in a fourth-order differential 

equation, two further simplifications are introduced. Bath 

the liquid-liquid distribution constant K and the 

gas-liquid distribution constant K.., are assumed 

infinite. These assumptians hald for companents with a 

large affinity for the extracting solvent. 

lf K does not approach infinity, the transport of the 

sample constituents will be delayed. If K. does not 

approach infinity, the maximum achievable recovery will be 

less than lOO'Y.. 

The salution of the remaining 4 basic equations is given 
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in reference(103>; the recovery can be expressed as: 

<3.36> 

The first term in parenthesis of equation <3.36> only 

describes the transport of sample constituents to the 

extraction compartment. The second term, which is small in 

comparison to the first, describes the delay in the 

separation compartment. If the remaining components in the 

separation campartment after expirement of time t have to 

be recovered, an extra term describing the process of 

additional solvent reflux should be added to the recovery 

equation <3.36>. This extra term, dependent on the extra 

time of solvent reflux and the solvent flow, approaches to 

the second term in parenthesis of equation <3.36>. 

The recovery equation is valid only for components with a 

large affinity to the extracting solvent. 

Considering the extraction and phase separation a 

stationary process, as was done with the continuous liquid 

extraction <section 3.3.1>, enables the derivation of a 

recovery equation also valid for components with finite K 

values. The schematic representation is given in 

Figure.3.9.B. 

The remaining basic equations are: 

dC.., 
dt 
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dCw 
dt 

dC.: 
dt 

K 

= ij~.c ..... 

F.: -- c ... v.· 

c.· 
c .. • 

Fw"' c.., 
v ... -~ 

Solving c.., .. by combination of the equations 

<3.38> 

<3.39> 

<3.40> 

<3.41> 

<3.35>, <3.40> and <3.41>, foliowed by substitution in 

equation <3.38> and integration gives an expression for 

Cw: 

c .. 

Tagether with equation <3.41> an expression for 

CE• is obtained. After substitution of this 

expression in equation <3.39> and integration ~ 

reads: 

The recovery can thus be expressed as: 

c •. v. -------
Cw.a.Vw 1 - exp (- --~--.!-) <F+K> A1 

Vw. Kw 
Fw.B 

<3.42> 

<3.44> 

Because the equation obtained does not account for 

circulation of components by means of the evaporation of 

the extracting solvent <KE infinite>, the maximum 

recovery at inf.inite process time is 1 Ci.e.100'X>. 
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Whenever KE has a finite value, the recovery can 

never be 1007.. 

After insertion of infinite K into equation <3.44> the 

recovery is described in the same way as the first term in 

parenthesis of equation <3.36>: 

<3.45> 

descrihing the transport of sample constituents fr-om the 

water sample to the extraction compartment. The stationary 

treatment implicitely assumes Az, the residence time 

in the extraction compartment, to be zero. 

Steam distillation-extraction can be considered a 

combination of two separate processes, steam distillation 

as a farm of dynamic head-space sampling and continuous 

extraction. The recovery expression for continuous 

extraction is found in the exponential function of 

equation <3.44>. The recovery expression for dynamic 

head-space sampling is similar to equation <3.44>. 

0.01 

0.1 

0.5 

10 30 50 

Figure 3.10. 
The recovery after steam distillation~xtraction 
versus process-time for different values of Kw/B. 
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Obviously it is net a simple multiplication of the 

separate expressions to obtain the recovery equation for 

steam distillation-extraction. The limiting factor in the 

recovery-rate, especially for relatively polar and high 

boiling compounds is the gas-liquid distributton constant 

Kw, the distillation step. Figure.3.10. presents the 

recovery versus process-time for varying Kw/B vAlues; 

the ether variables are givan practicle values. 

3.3.4. Pre-columns 

As already stated in chapter 2 the use of pre-colu.ns aay 

be the most extended and the most varied. Therefore only 

some general theoretica! considerations will be presented. 

Two different trapping modes can be distinghuished, 

conservation-trapping and equilibrium-trapping. Nhich mode 

is appropriate depends on the occurrence of breakthrough. 

In the conservation mode the solutes delivered to the trap 

are adsorbed and no breakthrough occurs. The trapped 

amounts are proportional to the concentrations in the 

original sample. 

The sampling process is a frontal analysis. In case of 

breakthrough, equilibrium trapping, the trapped amounts 

are ultimately proportional to the distribution constant& 

of the different sample constituents. Overloading effects 

will be neglected. Both modes are visualised in 

Figure.3.11. fora closed loop stripping process(Bb). 

In case of total adsorption, conservation-trapping, the 

amount adsorbed is given by: 

<3.46) 
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After complete extraction, the concentratien in the 

extract is expressed by: 

cl!: <3.47> 

As discussed with dynamic head-space sampling, the 

extraction efficiency has to be taken into account. 

There are two ways to extract a pre-column, solvent 

extraction and thermal desorption. When solvent extraction 

is performed, there is a finite volume of extracting 

solvent. An aliquot of which is analysed. With a 100% 

extraction efficiency a 100% recovery is obtained. 

Enrichment can be calculated according to equation <3.20>. 

After on-line thermal extraction the total of the desorbed 

components is transferred into the gas chromatograph, in 

contrast to solvent extraction. 

8 

Figure 3.11. 
Visualisation of: 
A conservation trapping, 
B equilibrium trapping. 
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The pre-column can be considered a chromatographic colu.n, 

therefore, breakthrough can be expressed in terms of 

chromatographic properties: 

<3.48> 

The retentien volume v"~ and the band width av under the 

sampling conditions, temperature, type and amount of 

sarbent have to be determined whenever these conditions 

change. 

3.3. DISCUSSION 

Examining the derived recovery expressions, given in 

Table.3.2, a camman nature becomes obvious. Similar 

expressions are derived for the extraction processes. 

Steam distillation-extraction is a combination of 

continuous liquid extraction and dynamic head-space 

sampling. 

In the recovery equations the sample concentratien is nat 

included. This does nat mean that recoveries are 

independent of the sample concentration. The most 

important parameters, the gas-liquid and liquid-liquid 

distribution constants, are assumed independent of 

concentration. The activity coefficients are taken at 

infinite dilution which is reasanabie in trace analysis. 

From the presented equations some conclusions with respect 

to the applicability of the techniques can be drawn. 

Consider a hypothetical sample with a sample volume of 

50ml. containing two solutes, one relatively polar and one 

non-polar. Their theoretica! reeoverfes and enrichment 

factors after processing with the different enrichment 
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techniques can be calculated. Methylene chloride is 

assumed the extracting solvent. 

Table.3.2. 
Survey of recovery expressions as derived in this 
chapter. 

Extraction: 

single batch 

multiple batch 

continuous 

Head-Space: 

Dynamic 

R~ 
K 

K + V 

Re 1 - 1K-~-vJn 

Re 
K 

: = K + F 

-F •• t 
: Re = 1 - exp ---------

Kw.Vw + Va 

Steam distillation-extraction: 
-K.t 

Re= 1 - exp <F+K>.~~-~~ 
Fw B 

The results tagether with the different experimental 

conditions, are given in Table.3.3 for the polar and in 

Table.3.4 for the non-polar solute. Extraction yields high 

recoveries, but the enrichment factors are about unity. 

Decreasing the volume of the extracting solvent has a 

positive effect on enrichment, as does continuous 

extraction. Dynamic head-space analysis is only suited for 

the non-polar solute and reaches high enrichment factors. 

Steam distillation-extraction is, only after a relatively 

long (60min.) process-time, efficient for the polar 
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Table.3.3. 
Theoretical recoveries and enrichment factors for 
a hypothetical polar compound. 
Sample Vw.o=50ml. 
Solute: K=3, KWM=2000 (at 25°C>, 

Kw=lSOO (at 100°C, 8=5.6.10~-3) 

extraction, 
V.,.=50 V=l n=l Re:=0.75 
Vl!!:=lO V=5 n=l Re:=0.37 

n=5 R"'=0.90 
V..=5 V=10 n=l Re:'*0.23 

n=10 R•=0.93 
continuous extraction, 
v .. =t 

' 
F=l 

dynamic head-space, 
V"'=O.l, t=lO<min) 

t=30 
t=60 

R..=0.75 

<VC!J=30ml/min) 
Re:=O 
R.=O.Ol 
R"'=0.02 

steam distillation-extraction, 
v.=t t=to R .. =o.13 

solute. 

t=30 
t=60 

R .. =0.33 
R-==0.55 

E o::0.75 
E =1.87 
E =0.90 
E =2.30 
E =0.93 

E =37.5 

E = 5 
E =10 

E = 6.3 
E =16.6 
E =27.7 

In addition to recovery and enrichment the final 

concentratien in the extract combined with the sa•ple 

introduetion technique determine the applicability of the 

methad for a given analytical problem. Assuming a 1-ppm 

concentratien in the extract the minimum concentratien 

necessary to perferm an adequate spl i tless ·injection. The 

concentratien in the original sample for the non-polar 

compound in combination with extraction would be 

0.5-1-ppm, whereas continuous liquid extraction or steam 

distillation-extraction are able to analyse 20-ppb 

concentrations. The most sensitive is the dynamic 

head-space technique with a minimum sample concentratien 
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of 2-ppb. For the hypothetical polar component these 

concentrations are slightly higher or doubled, except for 

the dynamic head-space technique which is nat efficient 

for the polar solute. 

Table.3.4. 
Theoretica} recoveries and enrichment factors for 
a hypothetical non-polar compound. 
Sample Vw.o=50ml. 
Solute: K=25, Kw"=1 (at 25°C), 

Kw=0.5 <at 100°C, 8=5.6.10~-3> 

extract i on, 
V""=50 V=1 n=1 R""=0.96 E =0.96 
V""=10 V=5 n=1 R""=0.83 E =4.17 

n=5 R .. =l E =1 
V""=5 V=10 n=l R .. =0.71 E =7.14 

n=10 R~~:=l E =1 
continuous extraction, 
V""= I • F=1 Rae:=0.96 E =48 

dynamic head-!ipace, <Vm=30ml/min> 
V""=O.l, t=lO(min) R~~:=0.98 E =490 

t=30 R~~:=l E =500 
t=bO R""=l E =500 

steam distillation-extraction, 
V .. =1 , t=lO R~~:=l E =50 
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4 EXPERIMENTAL EVALUATION OF 

ENRICHMENT PROCESSES 

4.1. 

"Trial and error is time consuming and even 

impossible if only a limited amount of 

sample is available. Therefore, a set of 

guidelines directing to the most suitable 

methad for sample enrichment is a valuable 

tool for the chromatographer." 

I NTRODUCT ION 

Several liter-ature surveys<120) dealing with isolation 

and/or enrichment techniques are published. These surveys 

mainly deal with the possible applications reported, 

limitations however are only seldom discussed. 

Nevertheless, these limitations are of great importance in 

the process of selecting an ~dequate enrichment technique 

for a given trace analytica! problem. Trial and error is 

time consuming and even impossible if only a limited 

amount of sample is available. Therefore, a set of 

guidelines directing to the most suitable methad for 

sample enrichment would be a valuable tool for the 

chromatographer. 

In this chapter an experimental evaluation with respect to 
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the different enrichment techniques is presented. The 

effects of several experimental factors on the recovery 

are studied using aqueous model mixtures with constituents 

covering a wide range of volatilities, functional groups 

and concentrations. Camparisans are made with the 

theoretica! models as derived in the previous chapter . If 

necessary, recommendations with re~pect to equipment and 

procedures are given. Finally a diagrammatical 

representation, concluding from both experi~ental and 

theoretica! results is presented. These diagrams enable 

the choice of the enrichment technique dependent on the 

nature and concentratien of the analytes. 

4.2. GENERAL, EXPERIMENTAL INFORMATION 

The various solvents used during this study, although 

analytica! grade, are redistilled in all glass equipment 

to obtain a sufficiently pure grade. All ether chemieals 

are also analytica! grade. Several stock solutions of 

synthetic mixtures are prepared in methylene chloride as 

the solvent: 

1 - the "hydrocarbon-mix", 

a mixture of normal hydrocarbons with carbon number 

ranging from 7 to 26, boiling points between 98°C and 

400°C and at concentrations of about 100 ppm <wlv>; 

2- the "volatiles-mix", 

a mixture of relatively volatile components with 

boiling points between 56°C and 111°C and at 

concentrations of about 4% <wlv>; 

3- the "phenolic-mix", 

a mixture of phenol and the mono- , and di~thyl 
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substituted phenols with boiling points between LBODC 

and 225°C and at concentrations of about 0.27-<wlv> 

per component; 

4 - the "mul ti mix", 

a mixture which contains substances with different 

functional groups, normal alkanes, alcohols, ketones 

and aromatics, with boiling points between 111°C and 

223°C and at concentrations of about 17. (w/v) per 

component. 

Aqueous sample solutions with different concentrations are 

obtained by addition of an appropriate volume of the 

original or diluted stock salution to a volume of doubly 

distilled water. 

After processing by one of the enrichment techniques and 

gas chromatographic analysis the recovery is calculated as 

the ratio of the corresponding relativa peak areas in the 

extract and a raferenee solution. The raferenee salution 

is an appropriate dilution of the same stock salution in 

the extracting solvent which already contains the internal 

standard. Depending on the mixture n-octylchloride ar 

n-undecane serve as an internal standard and is usually 

added to the extracting solvent prior to processing. 

In order to enable the comparison of the theoretica! and 

experimental recoveries numerical information about the 

different distribution coefficients is obligatory. 

Unfortunately only little can be found in the literature. 

The liquid- liquid distribution coefficients of the 

phenolic compounds are determined experimentally as 

fellows. Equal volumes ClOml.) of doubly distilled water 

and extracting solvent are given toa 50 ml. separation 

funnel, tagether with an appropriate aliquot of the 
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phenolic sample to reach a concentratien of about 1-ppm 

after complete extraction. The extracting solvent already 

contained n-C11 as an internal standard in a 1ppm 

concentration. The solubility of this internal standard in 

water is extremely low so the distribution coefficient is 

assumed to be infinite. 

Table.4.1. 
Measured K-values of the phenolic compounds for 
water and different solvents. 

component Solvent: 

methylene ethyl- n-pentane 
chloride acetate 

phenol 3.0 >25 0.16 
o-cresol 10.5 >25 0.98 
m/p-cresol 7.7 >25 0.48 
2,6-dimethylphenol 27.6 >25 11.70 
2,5-dimethylphenol 14.6 >25 3.61 
3,5-dimethylphenol 12.5 >25 1. 78 
2,3-dimethylphenol 15.1 >25 2.92 
3,4-dimethylphenol 11.6 >25 1.37 

------------------------------------------------

The organic layer is analysed after intensive mixing and 

equilibration. After analyses the distribution 

coefficients are calculated according to: 

c.., 
K = ---------

Cft..,.. - c"" 
<4.1> 

The results for methylene chloride, ethylacetate and 

n-pentane as the extracting solvents, are given in 

Table.4.1. The accuracy, specially for larg• K-value& 

<>5>, is fairly low <RSD=5-201.>. When the difference in 
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concentratien betNeen the reference salution and the 

extract is small, the calculated distribution constant 

becomes less accurate. 

For the system Nater/ethylacetate no significant 

differences are measured betNeen the reference salution 

and the extract for all test compounds. Hence, the 

distribution coefficients are assumed to be large. 

Although the accuracy is limited, the given values serve 

Nell in the camparisen betNeen theory and experiment. 

For a feN components approximate values of activity 

coefficients are calculated either from their solubility 

in water, determined from phase diagrams, or by 

extrapolation to infinite dilution from tabulated activity 

coefficients given by Landalt and Bornstein(121). 

Saturated vapeur pressures are obtained according to the 

equation of Clausius-Clapeyron using tabulated values for 

the heat of vaporization<122) and the boiling point. From 

these data gas-liquid distribution constants are 

calculated. The results of these calculations are 

presented in Table.4.2. 

Table.4.2. 
Approximate values of activity coefficients, saturated 
vapour pressure, and gas-liquid distribution constants. 

Component 

toluene 
1-heptanol 
o-dichlorobenzene 
phenol 
o-cresol 

3.9 
S7S 
14 
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Bas chromatographic analyses are performed u&ing several 

different instruments and different capillary columns. 

Helium is used as the carrier gas. In most cases splitless 

injection is used. The chromatographic data are processed 

by a SP-4000 data system <Spectra-Physics, Santa Clara, 

CA, USA>. Specific chromatographic conditions will be 

given in the text ar in the legends to the Figures. The 

reproducibility of the SC analysis, the preparatien of the 

sample and the reference mixtures is found to correspond 

to a relative standard deviation of about 4%. M-, and 

p-cresol could nat be separated under the chro~atographic 

conditions used, sa they are treated as ene component. 

4.3. EXPERIMENTAL EVALUATION 

4.3.1. Continuous liquid extraction 

The apparatus used for this study, which is a modification 

of the device presented by Rijkset al.(103>, is shown in 

Figure.4.1.A The condensor is provided with a glass helix 

in order to enlarge the contact time and contact surfAce 

between the condensed solvent and the sample. The aqueous 

sample is introduced onto the top of the condensor. The 

sample container<A·> is equiped with a teflon lined 

stopcock to allow an adjustable small sample feed. The 

device presented here is specially constructed for this 

study. Nevertheless, the steam distillation-extraction 

device <Fig.4.1.B> can also be used by simple exchange of 

the sample flask by a glass beaker for colleetien of the 

extracted sample. Vent H has to be modified as shown in 

Figure 4.1.A. 

The procedure for continuous extraction is described in 
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Figure.4.1 
A: Design of the continuous liquid extraction device. 

The glass helix around the condensor is enlarged in 
an exposed vieuw. 

B: Design of the original steam distillation-extraction 
device. 
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reference (63). The appropriate internal standard is added 

to the extracting solvent. 

Adsorption of phenolic substances on the boiling chips and 

the glass surfaces of the extraction apparatus is found to 

be negligible. Blank runs indicated the process to be very 

clean; no artifacts are seen. 

The overall reproducibility of the continuous liquid 

extraction is determined, using bath methylene chloride 

and ethylacetate as the extracting solvents. The 

concentratien of the aqueous phenolic sample is 33 ppb per 

component; the sample volume 30 ml. The total extraction 

time is 45-50 minutes eperating at a water flow-rate of 

about 0.75 ml/min. 

Table. 4.3. 
Reproducibility of the continuous liquid extraction. 
RSD.= relative standard deviation <n=5>. 
Vw=30ml; Fw=0.75ml/min; Cw.a=33ppb. 

component Extracting solvent: 
methylene chloride ethylacetate 

phenol 
o-cresol 
m/p-cresol 
2,6-dimethylphenol 
2,5-dimethylphenol 
3,5-dimethylphenol 
2,3-dimethylphenol 
3,4-dimethylphenol 

average RSD. 
<exp> 

73.3 3.1 
81.7 4.4 
85.3 2.1 
89.7 3.8 
92.0 6.2 
89.0 1. 8 
90.9 1.6 
89.8 4.1 

theory average RSD. 

85 101. 1 1. 6 
86 92.0 2.2 
91 90.9 2.1 
92 81.2 2.9 
95 88.8 2.2 
93 93.2 3.3 
94 89.3 3.7 
94 89.3 3.7 

----------------------------------------------------------
average: 3.4 average: 2.6 

The average recovery values and their corresponding 
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relative standard deviations are given in Table.4.3. The 

overall standard deviation includes errors du• to sa.ple 

preparatien and the extraction process and is found to be 

in the order of 3%<RSD>, which indicates the continuous 

extraction process using the modified steam distillation 

extraction device to be very reproducible . 

The consistency of the theory with practice and the 

applicability of the continuous liquid extraction under 

several eperating conditions will be demonstrated. 

Recoveries for some phenolic compounds using methylene 

chloride as the extracting solvent, measured at different 

flow rates and concentrations, are gathered in Table.4.4. 

The largest difference between calculated and experimental 

recoveries is only 10%. The highest recoveries are 

nbtained at the lewest flow-ratio. An average recovery of 

94% for all eight phenolic compounds is measured in series 

3. This is roughly 97% of the theoretica! value. It can be 

concluded that at toa high a water flow rate the system is 

far from equilibrium and toa low recoveries relative to 

the theory are established. In practice the flows cannot 

be varied unlimited, but are controlled by the extraction 

time or by the stability of the extraction process. A 

practical range for the flow-ratio is between 0.25 and 

2.25, with the water flow varied between 0.5 and 4 

ml./min. No significant concentratien effect could be 

observed in the ppb and tens of ppb concentratien range. 

The effect of the water flow rate on the recovery of the 

phenolic compounds using ethylacetate as the extracting 

solvent is shown in Table.4.5. The distribution 

coefficients for all the phenolic compounds in the system 

water/ethylacetate are found to be high <c.f.Table.4.1>, 
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Table 4.4. 
Recoveries for some phenolic compounds under different 
experimental conditions with methylene chloride as the 
extracting solvent. 

series Vw Cw.o Fw F .. F recovery ('l.) 

phenol 2,6-dmf 
<mi> <ppb) <ml/min) m/p-cresol 

------------------------------------------------------------
1 30 33 0.6 1. 3 0.5 73 85 

Theoret i cal : 86 94 
2 30 33 3.0 1. 3 2.3 53 65 

Theoretica!: 57 77 
3 30 33 0.6 2.2 0.3 82 92 

Theoretica!: 91 96 
4 100 10 3.0 1. 3 2.3 44 52 

Theoretica!: 58 78 
5 100 10 0.9 1. 3 0.7 80 80 

Theoretica!: 81 88 

Table.4.5. 
Effect of the water flow on the recovery ('l.) of some 
phenolic compounds using ethylacetate as the extracting 
solvent for continuous liquid extraction. 
Sample volume: 30 ml.;sample concentration: 33 ppb(w/v). 

component water flow-rate<ml/min.> 

2.0 1. 0 0.7 0.5 

phenol 78.6 82.4 101.1 100.2 
o-cresol 74.1 85.0 92.0 101.4 
m/p-cresol 75.4 85.0 90.9 98.9 
2,6-dimethylphenol 76.9 77.2 81.2 100.5 
2,5-dimethylphenol 75.9 82.1 88.8 99.4 
3,5-dimethylphenol 75.7 80.0 93.2 102.5 
2,3-dimethylphenol 72.6 78.6 87.2 97.8 
3,4-dimethylphenol 72.7 80.4 89.3 99.0 

-------------------------------------------------------
average 75.2 80.9 90.5 100.0 

RSD. 2.7 3.0 6.2 1. 5 
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se that the ~ecove~ies fo~ the phenols a~e net 

significantly diffe~ent. A high wate~ flow ~ate leads to 

dec~eased ~ecove~ies. Howeve~, because the effect is the 

same fo~ all components <with a high K-value> this can be 

easily co~~ected. Again the lewest wate~ flow ~ate gives 

the highest ~ecove~ies, about 100% fo~ all phenolic 

compounds. 

Application 

Fe~ the detection of the abuse of fo~bidden anabolic 

ste~oids ethyl acetate is aften used fo~ the ext~action of 

non-conjugated u~ina~y ste~oids(123,124>. Ext~action is 

pe~fo~med afte~ hyd~olysis using Helix-Pomatia juice. A 

disadvantage of this p~ocedu~e is the la~ge volume of 

ethyl acetate (twice the u~ine volume of 10 to 30 ml.>, 

which has to be evapo~ated to d~yness p~io~ te 

de~ivatisation. This evapo~ation step is time consuming. 

Afte~ continuous liquid ext~action the final ext~act has a 

volume of about 1 ml., evapo~ation is completed in a much 

sho~te~ pe~iod. A numbe~ of non-de~ivatised ste~oids can 

be analysed di~ectly afte~ ext~action without fu~the~ 

p~et~eatment p~io~ to capilla~y GC-analysis. 

U~ine samples a~e hyd~olysed prior to the continuous 

liquid extraction according to ref. (123>. After 

hyd~olysis, 30 ml. urine is ext~acted with ethyl acetate 

at a sample flow rate of 0.5 ml/min. Representative 

chromatog~ams of such a sample befo~e and afte~ 

de~ivatisation a~e shown in Figu~e.4.2. De~ivatisation is 

pe~fo~med acco~ding to the fast p~ocedu~e desc~ibed by 

Cu~ve~s et.al. (125). 

The obse~ved ext~action efficiency is less than expected, 
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Figure.4.2 
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either because of the proteins <Helix-Pomatia) in the 

sample or due to adsorption of free steraids in the 

non-deactivated extraction equipment. The results until 

now are rather promising. The procedure, however, has to 

be further optimised. 

4.3.2. Dynamic head-space sampling 

A schematic representation of the equipment is shown in 

Figure.4.3 It is equivalent to the closed-loop stripping 

device according to Grob and Zurchner<126). Closed-loop 

experiments could nat be performed, however, because of 

the contaminants released by the <inexpensive> pump <KNF 

No.22.AN.18, membrane pump; Verder, Vleuten, The 

Netherlands). A clean-up filter, 4, was placed between the 

pump, 5, and the sample flask, 1, in order to remave 

impurities in the stripping gas. The clean-up filter and 

the adsorption filters, 2 - 3, are filled with charcoal 

<Activkohle nach Grob, 0.05 -0.lmm; Dr.Benderand Dr.Hobein 

AG, Zurich, Switserland>; na special pretreatment is used. 

The adsorption filters are constructed of glass tubing 

according to Figure.4.4. The charcoal is positioned 

between two glass frits <porosity 30-50um, thickness 

0.5mm, outer diameter 3.Bmm>. The inner diameter of the 

glass tubing is adjusted to the diameter of the frits in 

order to prevent losses of the charcoal particles. After 

the frits are placed in position the glass tube is 

slightly constricted just above the secend frit to keep 

the filter discs in position. Two adsorption filters are 

placed in series behind the sample flask, the first to 

adsorb the stripped organics and the secend to check 

whether breakthrough of the first occurs. 
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Figure.4.3 
Schematic representation of the equipment used for 
dynamic head-space sampling. 
1: sample flask; 2 and 3: adsorption filters; 
4: clean-up filter; 5: pump; 6: flow-meter; 
7: capillary resistance. 

5 0 •o 

Figure 4.4 
Schematic representation of the charcoal filter. 
Sizes in mm. 
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The sample flask is filled with 1 litre of doubly 

distilled water and placed in a water bath for about 15 

minutes to reach the desired temperature. An appropriate 

volume <a few microlitres) of one of the stock solutions 

is added by means of a syringe below the water level. The 

flask is immediately steppered and placed in the closed 

circuit. To avoid leakage the ground-glass joints are 

wetted with doubly distilled water and secured with clips. 

The glass joints have to be rewetted every 30 minutes. The 

stripping procedure is started by recirculating a volume 

of laboratory air of about 200ml., the void volume of the 

equipment, with a flow rate of 300-350ml/min, which is the 

maximum pump capacity. After passage of the required 

volume of stripping gas the pump is stopped and the 

adsorption filters are extracted. 

An appropriate amount of a standard compound is added to 

the filter prior to extraction. The filter is extracted 

using four portions of methylene chloride of 50 ul. each 

by passing the solvent up and down the filter five times 

by means of pressurized nitrogen. The extract is 

transferred into a 1.5ml vial steppered with a PTFE cap. 

Extraction characteristics will be discussed in sectien 

4.3.4. 

The overall reproducibility of the dynamic head-space 

sampling as described is determined for stripping gas 

volumes of 10 and 20 litres. The concentratien of the 

aqueous "multimix" samples is about 200ppt for each 

component. The sample temperature is 25°C. Average 

overall recovery values are given in Table.4.6. Note that 

the overall standard deviation includes errors due to the 

sample preparation, the stripping process, the extraction 
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step and the GC-analysis. The 20-1. stripping volume 

results in slightly better reproducibility than the 10-1. 

stripping volume. 

For components of the aromatic type that will only be 

partly extracted from the trap Csee sectien 4.3.4> the 

overall recovery is corrected for this effect. 

Table.4.6. 
Average overall recovery and relative standard deviation 
of dynamic head-space sampling for stripping gas volumes 
of 10 and 20 litres <n=5>. 
sample volume=l liter; sample concentration=200ppt. 

Component 

toluene 
n-octane 
n-hexyl chloride 
3-heptanone 
p-chloro-toluene 
1-heptanol 
1,2,3-trimethylbenzene 
o-dichlorobenzene 
2-nonanone 
n-undecane 
1-nonanol 
benzylacetone 

Sample volume: 
10 1. 20 1. 

average RSD<%> average 

93 6.1 106 
88 13 99 
99 9.2 107 

7 11 13 
80 13 97 

0 0 
85 19 97 
61 16 82 
16 15 29 
BB 13 98 

1 4 

0 0 

RSD<%> 

1. B 
1.9 
3.0 

14 
3.6 

5.5 
7.9 
8.5 
5.1 

31 

According to the theoretica! model, sectien 3.3.2, among 

other variables the stripping gas volume greatly 

influences the recovery. This is illustrated in Table.4.7, 

where experimental results obtained with "multimixu 

solutions with a concentratien of 200ppt per coMponent are 

presented. The temperature and the stripping gas flow-rate 

are the same as for the reproducibility measurements. The 
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Table.4.7. 
Effect of stripping gas volume on the recovery (7.) 

sample concentratien 200ppt. ('multimix') 

Component Stripping volume (1) 

0.3 3 10 20 40 80 

----------------------------------------------------------
toluene 38 69 93 106 106 
n-octane 74 82 88 99 106 111 
n-hexyl chloride 63 87 99 107 107 111 
3-heptanone 0 7 7 13 18 46 
p-chloro-toluene 28 56 80 97 102 108 
1-heptanol 0 0 0 0 2 2 
1,2,3-trimethylbenzene 34 61 85 97 99 103 
o-dichlorobenzene 17 41 61 82 104 105 
2-nonanone 2 9 16 29 60 79 
n-undecane 72 84 88 98 104 104 
1-nonanol 0 2 1 4 15 20 
benzylacetone 0 0 0 0 0 0 

----------------------------------------------------------

breakthrough filter, placed in series with the adsorption 

filter, is extracted after each experiment. For the 

'multi-mix' components it is observed that no serieus 

breakthrough problems arise if less than 80 litres of the 

stripping gas have passed the adsorption filter. 

The overall recoveries appeared to be independent of 

concentratien within the limits of the experiment (ppb to 

tensof ppt level>. The results presented in Table.4.7 

agree fairly well with the theoretica! model presented, as 

can be seen in Figure.4.5. For small stripping gas volu.es 

toa low experimental values are found. 

Non-polar substances are efficiently stripped with only 

small volumes of the stripping gas, whereas compounds of 

intermediate polarity such as alcohols yield low 

recoveries even after prolonged stripping. Considering the 

behaviour of weakly polar compounds such as 3-heptanone 
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Figure.4.5 
Camparisen between theory and experiment after dynamic 
head-space sampling. 
1: toluene; 2: o-dichlorobenzene; 3: 1-heptanol. 
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Figure.4.6 
Recovery versus carbon number for "hydrocarbon-mix' 
components after dynamic head-space under different 
experimental conditions. 
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Table.4.8. 
Stripping recoveries ('l.) at different temperatures and 
different stripping gas volumes. 
Sample concentratien 200-ppt ("multimix") 

Component 10 1 20 1 

temperature (DC): 
25 35 45 25 35 45 

----------------------------------------------------------
toluene 93 103 107 106 
n-octane 88 93 99 99 
n-hexyl chloride 99 103 103 107 
3-heptanone 7 14 26 13 26 45 
p-chloro-toluene 80 101 102 97 99 102 
1-heptanol 0 5 6 0 2 5 
1,2,3-trimethylbenzene 85 101 102 97 99 102 
o-dichlorobenzene 61 99 82 99 111 
2-nonanone 16 32 48 29 48 70 
n-undecane 88 101 100 98 99 98 
1-nonanol 1 14 17 4 6 16 
benzylacetone 0 0 0 0 0 0 

----------------------------------------------------------

and 2-nonanone, apparently the vapeur pressure and the 

activity coefficient bath play an complementary role 

during the stripping process <see eqn<3.26> ). 2-Nonanone, 

although less volatile than 3-heptanone, can be extracted 

<stripped) much more easily from the aqueous sample, 

probably owing to its larger activity coefficient; 

2-nonanone is less polar, it has a langer aliphatic chain. 

The higher stripping recovery of 1-nonanol compared with 

1-heptanol may be explained in a similar way. From the 

stripping recoveries of n-octane and n-undecane no boiling 

point effect can be observed, as predicted by the 

theoretica! model. 

The stripping recoveries are expected to imprave at higher 
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temperatures owing to the increased vapour pressure. 

According to the Clausius Clapeyron equation, a 

temperature increase of 10°C will result in about 

double the vapour pressure for compounds with a boiling 

point between 400 and bOOK and a heat of vaporization 

varying from 40 to 60 kJ/mol. It fellows from the 

theoretica! model that a 10% increase in temperature will 

have approximately the same effect on the stripping 

recovery as stripping twice as long. 

In Table.4.8 stripping recoveries, obtained at different 

temperatures and for different stripping gas volumes, are 

given. Camparing the effects of the increase in 

temperature and of the stripping gas volume <e.g., 

temperature 2~-35°C and stripping gas volume 10-20 

litres>, it can be concluded that the results agree 

rea:sonably with the theory. This is particularly true for 

components with moderate polarity, with exception of the 

alcohols. For less polar compounds the effect is similar 

but the agreement with theory is less obvious. 

The effect of the vapour pressure on the overall recovery 

is shown in Figure.4.b. For a diluted "hydrocarbon-mix" 

with concentrations of about 200ppt per component, 

recoveries of 90% and more are achieved for n-alkanes with 

up to 13 and 17 carbon atoms with 10 and 40 litres of 

stripping gas, respectively, and a temperature of the 

sample of 25°C. As expected, the limiting boiling 

point could be only slightly improved to normal-C-18 by 

increasing the temperature of the sample to 45°C. 

Limitations of the dynamic head-space process with respect 

to the polarity of the compounds are investigated by 
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processing a "phenolic-mix" salution with ·a concentratien 

of about 200ppt per component. The stripping gas volu.e is 

40 litres and the temper-ature of the sample 45°C. 

None of the components are detected after gas 

chromatographic analysis of the final extract. After 

substitution of the distribution constants as given in 

Table.4.2. into the recovery equation <3.25>, it fellows 

that for a lOX recovery of phenol and o-cresol stripping 

gas volumes of 1800 and 800 litres, respectively, would be 

required. It may be concluded that DHS is not suitable in 

the enrichment of medium polar to polar solutes. 

- ---- -- -1 

- - - ---- 1: 
- ----- b 

' 
Figure.4.7 
Schematic design of the separation chamber and the 
water and solvent overflows of the steam 
distillation-extraction device. 
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4.3.3. Steam distillation-extraction 

A representation of the steam distillation-extraction 

device as used during this study is presented in 

Figure.2.4. In order to make processing more convenient 

and reliable, the SDE apparatus as originally described by 

Godefroot et al. (127> is slightly modified. The distance 

between containers A and B is enlarged to 90mm to 

facilitate their heating. The return tube is broadened to 

6mm at the steam distillation side, to allow backflow of 

the water without staggering. The length of the 

condensation tube <cold finger K> between the two vapor 

inlets is increased to 75mm, to minimize possible losses. 

An enlarged view of the separation chamber overflows is 

presented in Figure.4.7. The distance between these 

overflows is critica!, particularly when unattended 

processing is required. The optima! distance can be 

calculated according to <c.f.Figure.4.7>: 

a - b 
<4.1> 

a - c 

where dw and dE are the densities of water and 

solvent, respectively. The relation fellows 

straightforwardly from the equality of hydrastatic 

pressure at horizontal levels of the liquids in the 

separation chamber and overflows. The position of the 

boundary level between the phases is critical. This 

position depends on the density of the solvent and the 

vertical distance of the sharp edges of the overflows. 

Too large a distance between these edges will cause water 

to press all of the solvent, and finally water, into the 

solvent flask B. The smaller the differences between the 
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densities of the solvent and water, the smaller bec~s 

the toleranee of the distances between the sharp edges of 

the overflows. When dw << dE, this toleranee is 

large. 

The difference in height of the lower edges of the 

overflows can be slightly adjusted by rotatien of SDE 

apparatus out of its vertical position. 

For solvents with a density lower than that of water, The 

sample container A must be connected to the lowest 

overflow. This cannot be carried out simply by changing 

the solvent and sample flask, because the solvent vapeur 

must enter the condensation tube at a higher position than 

the water vapeur in order to achieve an efficient 

extraction and to avoid sample losses (c.f.Figure.2.4>. 

The experimental procedure is extensively described by 

Rijkset al. (103). 

The accuracy of the methad is tested by 30-min. processing 

of aqueous "multimix" solutions at concentrations down to 

20-ppb per component using methylene chloride as the 

extracting solvent. Recoveries approaching 1007. are 

observed for every component in the mixture. These results 

suggest that significant losses due to venting of the 

internal standard ar the sample constituents or adsorption 

on the boiling chips can be neglected. In order to detect 

whether losses via the open air conneetion H take place 

for more volatile substances, aqueous solutions of the 

"volatiles mix" are processed for 30min. at 10-ppm 

concentrations. In the vapeurs vented via the top, which 

are collected in caoled methylene chloride, none of the 

components could be detected. Adsorption on the boiling 

chips, which is determined by addition of 20 chips to a 
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Table.4.9. 
SDE-recoveries (7.) and relative standard 
deviations for mono and dimethyl substituted 
phenols <n=5>. 
processing time, 30 minutes. 
concentration, 20-ppb per component 

Component Recovery<%> 

phenol 17 
o-cresol 56 
m/p-cresol 31 
2,6-dimethylphenol 97 
2,5-dimethylphenol 72 
3,5-dimethylphenol 45 
2,3-dimethylphenol 57 
3,4-dimethylphenol 30 

average: 

RSD<7.> 

12 
6.4 
7.7 
2.4 
5.5 
9.2 
6.1 
8.0 

------
7.2 

1ppm "multimix" salution and GC analysis of aliquots of 

the salution after 10 minutes and 24 houres, appeared 

negligible. 

A 20-ppb concentratien of the "phenolic mix" is selected 

for measuring the reproducibility of the method. This 

mixture covers a wide range of recoveries. As shown in 

Table.4.9, an average standard deviation between 5 and 107. 

can be expected for polar compounds. Variatiens due to the 

preparatien of the sample, the SDE process and the GC 

analysis are included in these figures. 

As expected the reproducibility is considerably better for 

less polar constituents, with a recovery approaching 1007. 

within a relatively short processing time <e.g., less than 

15min.) 

According to equation <3.44> the recovery is independent 
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Figure.4.8 
Recovery versus process time for phenol s and n-alkanes 
after steam distillation-extraction. 
1: n-C-9; 2: n-C-22; 3: n-C-26; 4: 2,6-dimethylphenol; 
5: 3,5-dimethylphenol; 6: phenol. 

-91-

60 

90 



Table.4.10. 
SDE-recoveries of phenol and some mono- and 
disubstituted phenols for concentrations between 
20-ppb and 10-ppm after 30 minutes processing. 

Component Concentration: 

10-ppm 500-ppb 20-ppb 

phenol 21 21 17 
o-cresol 63 63 56 
m/p-cresol 35 34 31 
2,6-dimethylphenol 100 97 97 
2,5-dimethylphenol 79 78 72 
3,5-dimethylphenol 49 47 45 
2,3-dimethylphenol 64 62 57 
2,4-dimethylphenol 35 33 30 

on the concentratien of components in the sample. 

Experimental results with 50-ml aqueous samples of 

different Concentratiens of phenols are presented in 

Table.4.10. In agreement with the theoretica! model, no 

significant effect of concentratien on the recovery can be 

observed for concentrations between 20-ppb and 10-ppm. 

Increasing the sample volume, to decrease the minimum 

concentration, has a negative effect on the recovery 

especially for relatively polar components. According to 

the recovery equation long processing times are required. 

From the theoretica! model, sectien 3.3.3, it fellows that 

the process time has a considerable influence on the 

recovery, particularly for polar substances or compcnents 

with a high boiling point <large Kw>. Long process 

times will be required in order to achieve reasonable 

recoveries. This is investigated and confirmed with 

aqueous solutions of phenols and n-alkanes at 

concentrations of 20-ppb per component. Some 
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Figur-e.4.9 
Recover-y ver-sus pr-ocess time for- "multimix" components 
afte..- steam distillation-extr-action. 
1: 3-heptanone; 2: bezylacetone. 
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t(MIN) 

Compar-ison theory ver-sus exper-iment afte..- steam 
distillation-extr-action . 
1: 1-heptanone; 2: o-c..-esol; 3: phenol. 
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representative results are given in Figure.4.8. 

For volatile and non-polar substances, in agreement with 

the theory, complete recoveries and short processing times 

are established for different classes of components. This 

is illustrated for some representatives of 10-ppm 

"multimix" solutions in Figure.4.9. All the "multimix" 

components reached their maximum recovery <>957.> within 15 

minutes. 

Same comparative figures for theoretica! and experimental 

recoveries are given in Figure.4.10 for components with 

different structures, vapour pressures and polarities. The 

experimental and theoretica! recovery values and profiles 

are in good agreement. The observed differences can be 

explained by errors in the calculated activity 

coefficients and the deviation from thermadynamie 

equilibrium. However, the observed deviations are 

relatively small. The fact that at low processing times 

experimental recoveries are larger than the calculated 

data can probably be explained by the delayed start of the 

time measurement. The transport of the solvent and water 

vapours and, thus, the extraction of the sample 

constituents is already started befare the start of the 

time measurement. The time measurement starts when the 

water vapour front reaches the extraction tube. In spite 

of these differences, the theoretica! model can be used 

for a better understanding of the effects of some 

experimental factors on the recovery. 

As an example, Figure.4.11 shows comparative chromatograms 

of a reference salution of an Eucalyptus oil sample 

without and after SDE-processing for 30 minutes. In 

agreement with the results above, it is hardly possible to 

abserve any difference between the two chromatograms. 
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Figure 4.11 
Comparative chromatograms of a reference salution <A> of 
Eucalyptus oil and the extract (8) of an aqueous sample 
after steam distillation-extraction for 30 minutes. 
5: internal standard, n-tridecane. 
GC-instrument: HP-5880, splitless injection; 
Column: 25mx0.25mm fused silica, CP-Sil-5. 
Temperature programmed analysis, starting at 50°C, 
programming rate 5°C/min. 
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The rate of recovery for polar compounds nat only depends 

on their gas-liquid distribution coefficients, but also on 

their distribution between the two lquid phases. The 

liquid-liquid distribution constant, K, and the gas-liquid 

distribution constant, Ke, will be affected by the 

type of solvent. Diluted "multimix" and "phenolic-mix" 

solutions at concentrations of 200-ppb are SDE processed 

for periods between 5 and 60 minutes. Methylene chloride 

and n-pentane are used as the extracting solvents. From 

the results it can be concluded that for non-polar or 

weakly polar substances, methylene chloride and n-pentane 

do nat yield significantly different recoveries. For 

phenols, however, n-pentane appears less efficient, 

resulting in large processing times as illustrated in 

Figure.4.12. In addition, owing to the large activi ty of 

phenols in the n-pentane, this results in recirculation of 

the phenols with the pentane vapeur so that complete 

recovery will nat be achieved. 

As described before, identical equipment as for steam 

distillation-extraction is used for continuous liquid 

extraction <c.f.Figure.4.1.>. An important difference is 

the glass helix around the condensor. At the time the 

steam distillation extraction experiments were performed 

this condensor was nat available. After applying such a 

glass helix around the condensor in the SDE equipment, an 

impravement of recoveries for relatively polar solutes of 

about 207. are obtained. Representative results obtained 

with phenolic compounds are given in Table.4.11. 
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Tabl e. 4. 11. 
Recoveries of some phenols after steam 
distillation-extraction using different 
condensors. 
Fw = 0.6 ml/min. ; F~ = 1.1 ml/min. 

component 

phenol 
m/p-cresol 
3,5-dimethylphenol 

1.0 

0.5 

Figure.4.12 

Recovery ( 'Y. > 

old 
condensor 

33.2 
46.2 
56.5 

20 

new 
condensor 

44.7 
66.7 
82.1 

o-CRESOL 

--

40 
t(MIN) 

Recovery versus extracting solvent after steam 
distillation-extraction. 

60 

extracting solvent: methylene chloride -------------
n-pentane 
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4.3.4. Pre-columns 

As already discussed, sectien 2.3.4, the use of 

pre-columns in trace organic analysis is widely accepted. 

It is beyend the scope of this thesis to evaluate all 

possible applications. Therefore, only a brief dicussion 

is presented. 

During dynamic head-space sampling charcoal adsorption 

filters were used (c.f.Figure.4.4>. These filterscan also 

be employed for direct adsorption from aqueous samples 

sucked through the filter. A very important step in bath 

sampling procedures is the final extraction of the 

adsorbed components as it has a major influence on the 

final sensitivity of the method. In order to select the 

most suitable solvent, the extraction behavour of five 

solvents is investigated. Four portions, SOul each, of the 

solvents are used for the extraction of the charcoal 

filter, which is loaded with an amount of the "multimix" 

salution corresponding to about 200ng per component. 

Simultaneously, 200ng of an internal standard 

(n-octylchloride) were added. The filter is extracted by 

passing each solvent fraction up and down the filter five 

times by means of pressurized nitrogen. Approximate 

extraction efficiencies are presented in Figure.4.13 for 

each of the solvents. With n-pentane only parafinic 

components are completely desorbed, whereas with methanol 

only alcohols and ketones can be partly extracted. Carbon 

disulphide cannot be used for the extraction of alcohols 

and ketones and ethyl acetata is not suitable for 

extracting aromatics. Methylene chloride appears to be the 

best choice for most substances, although aromatic 

compounds will not be extracted completely, as can be seen 
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Figure.4.13 
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Extraction efficiency <E> of the charcoal filters using 
different solvents. 
1: CS2; 2: CH2Cl2; 3: CH3 0H; 4: EtAc; 5: n-C-5. 
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Figure.4.14. 
Stercid profile afterfast pretreatment procedure <125>. 
SC-instrument: Perkin Elmer F-30 equipped with 
moving-needle. 
Column: 30m x 0.25mm glass, OV-1. 
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Table.4.12. 
Extraction efficiency <%> for different fractions of 
methylene chloride. 
For further explanation: see text. 

Component Fraction no. 

1 2 3 4 tot al 

n-hexyl chloride 78 18 2 98 
3-heptanone 75 18 93 
p-chloro-toluene 28 25 18 13 86 
1-heptanol 69 23 6 1 100 
1,2,3-trimethylbenzene 43 28 16 10 98 
o-dichlorobenzene 10 14 14 15 55 
n-octylchloride <*> 75 21 3 100 
2-nonanone 76 24 3 104 
n-undecane 75 22 4 1 103 
1-nonanol 61 26 9 97 
benzylacetone 55 27 9 4 98 

----------------------------------------------------
(*)= internal standard. 

in Table.4.12. From this Table it can be concluded that 

for most components except the aromatics 100ul is already 

sufficient for complete extraction. The relative standard 

deviation of the extraction process is in the order of 3% 

for loadings ranging from micrograms to tens of nanograms, 

using different 5 mg filters. 

Thermal desarptien in combination with charcoal 

pre-columns requires very high temp.eratures, above 

600°C. The adsorption filters as presented in 

Figure.4.4 are made of soft-glass, therefore they cannot 

be thermally desorbed. 

A kind of pre-column which has become very popular in 

recent years is the disposable adsorption column like 

Sep-pak <Waters Associates, Milford, MA, USA> or 
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Tabl e. 4. 13. 
Recoveries and reproducibility for 'multimix' components for reversed phase 
<C-18) pre-columns:CP-TM-Elut. 
Recovery and RSD in %. 

component extracting solvent 

methylene chloride ethyl-acetate n-pentane 
recovery RSD recovery RSD recovery RSD 

----------------------------------------------------------------------------
butanol-1 97.5 6 83.4 2 96.0 1 
toluene 53.5 26* 96.6 1 111.2 1 
n-octane 11.0 50* 95.8 5 94.7 2 
n-hexyl chloride 80.6 8 95.9 10 99.2 2 
3-heptanone 101.2 7 99.9 2 107.0 1 
n-nonaan 8.9 50* 97.4 1 100.2 1 
p-chloro-toluene 91.2 2 98.4 1 98.9 1 
1-heptanol 107.8 4 98.7 1 16.4 10 
1,2,3-trimethylbenzene 92.5 2 96.5 1 97.7 1 
o-dichlorobenzene 92.5 2 97.8 1 99.2 1 
2-nonanone 97.4 2 97.0 1 99.6 2 
n-undecane 77.3 11 97.2 1 99.9 1 
1-nonanol 96.6 6 96.3 1 30.0 1 
benzylacetone 93.2 3 97.7 1 89.3 1 
----------------------------------------------------------------------------.. coincides with contamination. 



CP-TM-Elut <Chrompack, middelburg, the Netherlands). Tha 

packing materials are normally used in HPLC, so many 

different polarities are available. Many applications have 

already been described. 

The applicability and reproducibility of these cartridges 

with respect to the 'multimix' is tested using CP-TM-Elut 

cartridges containing reversed phase <C-18) material. Same 

results are presented in Table.4.13. The aqueous solutions 

are sampled on the cartridges by suction. Solvent 

extraction using 0.5 ml portions of different solvents is 

performed by means of a syringe. High recoveries are 

yielded for all ·multimix' components except for the 

n-alkanes. 

Reversed phase (adsorption> pre-columns are nowadays, 

among ether applications, routinely used in clinical 

institutions within the procedure for quantitative urinary 

steroid analysis(128). It is possible to do the complete 

pretreatment: isolatiori, hydralysis and derivatisation 

!~ ethoximation and/br trim~thyl silylation> within 8 

hours(125>. A representative urinary steroid profile 

obtained according to this fast procedure, making use of 

Sep-pak cartridges, is presented in Figure.4.14. 

In combination with the results discussed above, on-line 

coupling of liquid and gas chromatographic techniques, a 

small LC pre-column coupled with capillary GC could be of 

great value in trace analysis. However, practicle problems 

still remain. The on-line introduetion of large, liquid 

sample volumes into a capillary column is troublesome. 

Extreme solvent purity is necessary. 

Recently, Sandra(129> introduced a device which enables 

simultaneous extraction and on-column injection. This 
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might be considered LC-GC. A small adsorption filter is 

mounted in the injection syringe. After loading the sample 

components, selective extraction and on-column injection 

is performed on-line. At present, a study on the 

applicability of this device is in progress. 

P,C 

t --------------------------~ 

D.E 

------------------~ 

C.L.E 

t---------------

S.H.S 
t----------------- - ----t 

D.H .S 

t----------------------i 

12 

ppt 

Figure 4.15 

S.D.E 

t---------------~ 

9 

ppb 

6 

ppm 

Approximated werking-ranges for different enrichment 
techniques. 
P.C.: pre-column; D.E: direct extraction; 

3 

C.L.E: continuous liquid extraction; S.H.S: static head
space; D.H.S: dynamic head-space; S.D.E: steam 
distillation-extraction. 
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4.4. DISCUSSION 

After enrichment of the sample the minimum concentratien 

in the final extract should be about 0.1-1ppm (w/v) if 

splitless or on-column sample introduetion is subsequently 

used. This means, that for a 1-ppb sample concentratien an 

enrichment of 1000 has to be obtained. With 1007. recovery , 

processing a 1 liter sample to give 1ml. extract or 

processing a lml sample and injection of the complete 

extract by means of, for instance, thermo-desorption 

units, will lead to the same chromatographic results. For 

ppt concentrations multiplication of these sample volumes 

with 1000 is obvious. Therefore, the sample volume should 

be adapted to the minimum concentratien of interest and 

the sample introduetion technique chosen. The use of 

selective detectors permits the detection of lower 

concentrations for some selected classes of components. 

Figure 4.15. presents the approximate werking-ranges for 

the different enrichment techniques. Note that the 

werking-ranges largely depend on the experimental set-up 

chosen, the sample volume and the nature of the analyte. 

Campa ring the techniques studied in this chapter, dynamic 

head-space sampling is able to concentrate the lewest 

sample concentrations with respect to non-polar, volatile 

solutes. Depending on the sample volume concentrations as 

low as ppt's can be analysed with sufficient accuracy. The 

methad fails however for even slightly polar sample 

constituents. Polar solutes can best be enriched by 

steam-distillation extraction or continuous extraction. 

The difference between these two lies in the volatility of 

analytes and the type of sample. The extract after SDE 
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Figur-e.4.16 

1 2 34 5 6 7 8 s 9 10 11 12 

i 
I i u ·~· '-- -~L _j\,_r~ 
1234 5678 5910 11 12 

c : 
.-·~' 

1 toluene; 
2 n-octane; 
3 n-hexylchloride; 
4 3-hepteno..ne 1 
5 p-chlorotoluene ; 
ó 1-heptanol; 
7 1,2,4-trimethylbenzene; 
8 1 o-dichlorobenzeneJ 
9 2-nonanone; 
10: n-undecane; 
111 1-nonanol; 
12: benzylacetone ; 
S 1 octylchloride 

(internal-standardl 

Compar-ative chr-omatogr-ams of the · multimix' r-efer-ence 
salution and after- enr-ichment using SDE and DHS. 
Conditions as in Figur-e.4.11. 
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does not contain sample components which cannot be 

chromatographed, whereas continuous extraction is non 

selective to volatility. Continuous extraction only 

accepts aqueous samples. SDE is equally suited for aqueous 

samples as for soil, food, etc., as long as the components 

of interest can be suspended in water. Both methods are 

almost equally effective with respect to recovery and 

enrichment. Continuous extraction is slightly better 

suited for polar solutes, as can be seen from the 

recoveries for phenol obtained with both techniques, and 

in principle not restricted to a specific sample volume. 

As an illustration Figure.4.16. presents comparative 

chromatograms of aqueous "multimix" solutions after 

processing with the dynamic head-space technique and 

steam-distillation extraction. The chromatograms of the 

10~ppm reference salution and the extract after steam 

distillation extraction are almast identical. The 

chromatagram after dynamic head-space sampling compared 

with the refence shows that the polar components have 

decreased peak heights or are not detected. Note that the 

original concentratien of the dynamic head-space sample is 

100 times smaller compared to the sample processed with 

steam distillation extraction. 

The use of pre-columns can hardly be compared to the 

previously mentioned techniques. Many sarbents are 

available, each with their particular features. The 

maximum sample load and thus the minimum attainable 

concentratien and/or the maximum sample volume, tagether 

with the desorption characteristics have to be determined 

for all components of interest. Nevertheless, because of 

the many different sorbents, pre-columns are highly 

efficient and selective in isolating sample constituents 
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from the sample matrix. With respect to selectivity 

comparison is possible with liquid-liquid extraction, 

however, enrichment will be in favour of the precolumns. 

Important aspects in the selection of an enrichment 

technique are the minimum concentratien and the processing 

time, both depending on the nature of the solute. For 

non-polar components it is demonstrated that complete 

recovery is achieved in a short time, about 15 minutes, 

for SDE and DHS. With Contineus extraction and the use of 

pre-columns the processing time depends on the sample 

volume and the sample flow-rate. With an increase in 

solute polarity the processing time for SDE and DHS is 

determined by the rate of recovery as demonstrated, both 

theoretically and experimentally. 

Figure.4.17. indicates how the selection criteria: 

concentration, polarity and volatility predict the 

appropriate enrichment technique. The concentratien levels 

are the approximate minimum concentrations according to 

the experimental results presented in this chapter. 

Deviations following individual experimental set-up will 

alter these levels. In stead of continuous liquid 

extraction very often also the use of a pre-column is 

possible. 
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Figure.4.17 
Selecting an enrichment technique. 
Variables: concentration, polarity, volatility. 
n = no; y = yes; SHS = static head-space; 
CLE = continuous liquid extraction; SDE = steam 
distillation extraction DHS = dynamic head-space 
* pre-column in combination with selective detection 

*** = liquid-liquid extraction, pre- columns 
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5 TEMPERATURE PROGRAMMED RETENTION INDICES, 

CALCULATION FROM ISOTHERMAL DATA. 

THEORY 

"The desire to precalculate retentien data 

is almast as old as G.C. itself. The 

results obtained were very significant and 

the regularities ensured the progress of 

this research field for a long time ahead. 

Many variations of such calculations are 

known which proved to be adequate in 

practice. In all instances it is a 

precondition that the calculations should 

be carried out using reliable retentien 

indices." 

M.Budaheghyi, et.al. in reference <B>. 

5.1 INTRODUCTION 

Quantitative analysis is restricted to the components for 

which the identity is known. Therefore, a qualitative 

analysis very often preceeds quantitation. If only gas 

chromatography is available specific retentien variables 

serve the identification. 

From the beginning of gas chromatography numerous authors 

and committees made proposals on the best way to express 

retentien data, to enable the general use of published 
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retentien data for the identification of individual 

compounds and the characterization of stationary phases. 

The Kovats retentien index, which was introduced in 

1958(10>, is widely accepted today. The advantages of this 

concept are that the retentien behavier of the compounds 

is expressed on a uniform scale, that the retentien index 

depends in a linear way upon the column temperature and 

that the position of a compound in the chromatagram is 

known by its retentien index. 

It is evident that the applicability of the retentien 

index as a means for identification greatly depends on the 

availability of reliable retentien data. They can only be 

obtained under the condition of column stability, 

reproducibility of column polarity and sufficient quality 

of sample introduction, detection and interfacing. Much 

progress has been made with peak identification by means 

of compilations of retentien indices in isothermal gas 

chromatography (table matching>. However, as real life 

samples tend to have a complex nature, temperature 

programmed analysis is generally preferred. Therefore, 

there was a great need for developing a practical methad 

for the identification of unknown compouns using a 

temperature programmed retentien index system, a concept 

introduced by Van den Dool and Kratz in 1963(11>. 

Calculation of temperature programmed indices from 

isothermal retentien data which are available in large 

quantities is of course attractive. The first attempts to 

predict programmed indices using isothermal retentien data 

were made by Guiochon(131>, Habgood and Harris(132) and 

Giddings(133>. Their approximations did notaccount for 

the influence of the initial oven temperature, programming 

rate, phase ratio and column dimensions. Golovnya and 
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Uraletz(134) andErdey et al. <135) calculated temperature 

programmed indices taking into account the temperature 

dependenee of the isothermal index <di/dt). Although they 

stated the temperature programmed index to be a complex 

function of experimental conditions, these conditions were 

not accounted for in the calculations. Anders et.al. (136) 

presented an iterative calculation concept. 

Another way of correlating isothermal and temperature 

programmed indices is the predietien of the retentien time 

or temperature in a temperature programmed run from 

isothermal retentien data. Elaborating the model of Grant 

and Hollis(137> a procedure for calculating retentien 

temperatures is presented. 

This chapter describes the development of a theor~tical 

concept for the calculation of temperature programmed 

indices from isothermal data. The concept includes the 

conversion of programmed retentien indices between columns 

of different dimensions (length, inner diameter), 

phase-ratios and different temperature conditions. 

5.2. THEORETICAL 

In first instanee the isothermal retentien index depends 

on column temperature and structure and purity of the 

stationary phase. In practice, however, many other factors 

such as the nature of the carrier gas, the column head 

pressure, the inertness of the column wall and the 

instrument quality may cause secondary but significant 

variations in the retentien index. The temperature 

programmed index is also affected by the initial 

temperature, programming rate, phase ratio, column 

dimensions and the temperature dependenee of both the 
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dist~ibution coefficients and the car~ie~ gas velocity. 

The~efo~e in o~de~ to obtain ~eliable ~etention data, the 

~equi~ements of the GC-equipment with ~espect to the 

accu~acy of the oven tempe~ature and pressu~e cont~ol will 

expectedly be high. Anothe~ basic ~equi~ement is that the 

retentien behaviou~ of the column is sufficiently 

~ep~oducible. 

5.2.1 The ~etention index concept 

The Kovats ~etention index<lO> as a means for the 

cha~acte~ization of the separated substances and the 

column pola~ity is defined as: 

I<iso) 

The ~etention index equals 100 times the ca~bon numbe~ of 

a hypothetical n-alkane with the same adjusted ~etention 

time. The adjusted ~etention times may be ~eplaced by the 

co~~esponding ~etention facto~s. 

The linea~ tempe~atu~e p~og~ammed index was defined by Van 

de~ Dool and K~atz(11> as: 

T~ - Tz 
100z + 100.--------

T.+1 - T. 
<5.2> 

The ~etention tempe~atu~es can be ~eplaced by the 

co~~esponding ~etention times or the ~etention factor. It 

should be noted however, that inserting the retentien 

factor is only possible assuming constant ta during 
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temperature programming. 

To enable a direct conversion of isothermal into 

temperature programmed indices one should consider that 

the isothermal index is a relation between distribution 

coefficients which are constant for a given temperature. 

The temperature programmed index, however, is calculated 

from temperature dependent variables (e.g. distribution 

coefficients and carrier gas viscosity resp. velocity) 

which will continuously change during a temperature 

programmed analysis. Furthermore, the temperature 

variatien of the distribution coefficients is different 

for the n-alkanes and the different types of solutes. 

The isothermal index is a relation between adjusted 

retentien times. The adjusted retentien time, being the 

time period in which the solute is retained by the 

stationary phase, cannot simply be calculated for 

temperature programming because of varying column dead 

time. From the above it can be concluded that a direct 

conversion of isothermal to temperature programmed indices 

is not feasible. For an accurate calculation of programmed 

retentien indices from isothermal retentien data 

(retention time, retentien factor, relative retentien time 

or retentien index) the actual dead times and distribution 

coefficients should be used in the calculations. 

5.2.2. Calculation of the retentien temperature 

The velocity of a specific segment in an open tubular 

column depends on the oven temperature, T, and the linear 

carrier gas velocity, ux. Suppose the segment is 

transportedover a distance of dx cm. in dt sec., then: 
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dt 
dx K<T> 

( 1 + -P..--
Ux 1-' 

<5.3) 

The distribution coefficient can be expressed as: 

K <T> <5.4> 

In isothermal gas chromatography, the mean linear gas 

velocity is u=L/to, L being the column length and 

to the column dead-time. A combined substitution of 

this relation and equation <5.4> in equation <5.3> and 

integration over the column length yields: 

t,.. a .dH 
to ( 1 + ~.exp( RT ) ) 

where a 

This equation can be rearrange to give: 

ln k' 
a H 

ln fJ.. + 
1-' RT 

<5.5> 

<5.6) 

Equation <5.6> describes isothermal gas chromatography in 

terms of the distribution coefficient. Platting the 

retentien factor versus the reciprocal temperatures the 

values for a/{3 and .dHIR can be obtained. 

In linear temperature programmed gas chromatography the 

oven temperature during the analysis increases according 

to: 

T Ta + r.t <5.7> 

Differentiation and substitution in equation <5.3> 
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tagether with equation <5.4> yields: 

dT --------------a .1H 
1 + ~.exp(RT) 

dx r.--
u)( 

(5.8> 

After integration of equation <5.8>, the left hand side 

between the initia! temperature Ta and the elution 

temperature T" and the right hand side over the 

column length L, an expression describing linear 

temperature programmed gas chromatography is obtained: 

~T,. dT ~L dx 
------------- r.--

a .1H u)( 
1 + -.exp<--> 

To ~ RT 0 

<5.9> 

At this1 point various simplifications are introduced in 

literature te allow easy calculation of the retentien 

temperatures. The following assumptions have been 

proposed<9>: duringa period corresponding with the column 

dead time the solute is transported a negligible distance 

along the column and the dead time is assumed constant 

during temperature programming. Clearly the first 

assumption will net held for components with relatively 

short retentien times except when an extremely lew 

<sub-ambient> initial temperature is used. The secend 

assumption is net valid because of changes in the carrier 

gas vi scosi t y and thermal ex pan si on. Here, ·the treatment 

will be continued without any simplification. 

In equation <5.9>, dx/u)(, integrated over the column 

length represents the column dead-time, to, which is 

temperature dependent. Transferring the dead-time te the 

left hand side leads te an equation suitable for 

calculating elution temperatures in temperature programmed 
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Figure 5.1 
Calculated reciprocal retentien times for n-hexane and 
n-undecane as a function of temperature. 
a column dead-time neglected: 
b column dead-time assumed constant; 
c column dead-time as a function of temperature. 

* experimental value. 
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gas chromatography: 

~
T,. dT 
-----------------------a ,1H 

Ta ta(T) ( 1 + ~.exp(~i) ) 

<5.10) 

Note that the denominator of the left hand side represents 

the retentien time under isothermal conditions at 

temper-ature T <c.f.eqn. <5.5) ). Figure.5.1 presents a 

graphical representation of this left hand side function 

of equation <5.10 > against temper-ature for n-hexane and 

n-undecane. The column dead-time is varied according to 

three possible assumptions: 

a the column dead-time is neglected; 

b the column dead- time is assumed to be constant and 

equals the column dead-time of the temper-ature 

programmed analysis; 

c - the column dead-time is a linear function of 

temperature. 

It can beseen from Figure.5.1 that if the column 

dead-time is neglected (assumption:a>, the isothermal 

retentien time at high temperatures approaches zero and 

does not approach the column dead-time. Theoretica! 

considerations predict assumption c to be the most correct 

which is proved by experiment as can be seen in 

Figure.5.1. Calculation of the retentien temperature 

according to the a-curve, neglecting ta, will lead to 

a too low value. 

The column dead-time as a function of temper-ature can be 

determined experimentally or calculated from column 

di mens i ons, the pressure drop. app 1 i ed and the temper at ure 

dependenee of the dynamic viscosity. The mean carrier gas 

-117-



velocity is described (138) by: 

u <5.11> 

Combination with ta=L/u yields an expression for the 

temperature dependenee of the column dead time: 

4.L2.(P~-1) 32 
to<T> = ------------.----.ry<T> 

3.pa. (PZ-1) 2 dc2 
<5.12> 

Ettre(139> reported that the relation between viscosity 

and temperature is linear in the range normally used in 

gas chromatography, so the relation between column dead 

time and temperature may be assumed linear also. The 

applicability of equation <5.12> will be evaluated in 

chapter.6. 

From equation <5.10> the retentien temperature can be 

calculated by computer according to the ' Simpson'-rule, if 

Ta, r, t 0 (T), the entropy-term (a/~) and the 

enthalpy-term (~/R) are known. 

The initial temperature, Ta, and programming rate, r, 

can be chosen in accordance with the required separation 

and the boiling point range of the sample components. The 

colurn dead time as a function of temperature, ta<T>, 

must either be determined experimentally or calculated 

according to equation <5.12>. The entropy-, and 

enthalpy-terms are obtained according to equation <5.6> 

after determi nation of the retentien factors at two or 

more temperatures. 

Finally, after the retentien temperatures of the solutes 

and the appropriate n-alkanes are known, linear 

temperature programmed indices are calculated according to 
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equation <5.2>. 

The applicability of the concept is illustrated in Tables 

5.1 and 5.2. Three main procedures different with respect 

to the manner in which the isothermal retentien 

information is obtained. In all cases the temperature 

dependenee of the column dead time has to be established 

for the very column for which temperature programmed 

indices are to be calculated. This linear temperature 

dependenee is obtained either by experiment or by 

calculation according to equation <5.12>. 

The two procedures given in Table.5.1. refer to one 

specific column for which the linear temperature 

programmed retentien indices have to be calculated. The 

isothermal data needed have to be measured on the same 

column. 

In the first procedure all necessary isothermal 

information, retentien factors, for both the n-alkanes and 

solutes are determined by experiment. The secend procedure 

uses compiled retentien data: relative retentien or 

isothermal index. In addition to the compiled isothermal 

retentien data the retentien times for the n-alkanes have 

to be determined by experiment at two or more temperatures 

to enable the calculation of the retentien factors for the 

solutes. 

Both procedures yield values of the retentien factors at 

two or more temperatures for the solutes as well as the 

n- alkanes. They enable the calculation of the entropy-, 

and enthalpy-terms (eqn.<5.6>.>. Tagether with the 

temperature dependenee of the column dead time and the 

chosen initial temperature and programming rate, the 

retentien temperatures <eqn.<5.10>.> and subsequently 

temperature programmed indices <eqn.<5.2>.> are 
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Table 5.1 
Two procedures for calculating temperature programmed 
indices. Applicable for a given column A. 

Chromatographic- Experimental-
conditions data 
chosen. from A. 

1 : 

To,r 

2: 

To,r 

Table 5.2. 

k n-alkanes 
k solutes 
<at 2 or more 
temperatures> 

to<T> 

t,.. n-alkanes 
(at 2 or more 
temperatures> 

Compiled 
isothermal 
data. 

relative ret. 
or I 

(at 2 or more 
temperatures) 

Calculate 
for A 

LlH/R,a/{3 

' T,..- IT 

Procedure for calculating temperature programmed indices. 
Applicable for any column using entropy-, and enthalpy-terms 
obtaind from column A. 

Chromatographic- Experimental 
conditions data, from 
chosen. any column. 

3. 

To,r 

k for one 
specific 
solute 
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isothermal 
data 
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from procedure 

Calculated 
for 
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calculated. 

The third procedure, presented in Table.5.2, enables 

calculation of temperature programmed indices for any 

column from data obtained on ether columns with the same 

stationary phase. As for the procedures 1. and 2. the 

column dead time as a function of temperature must be 

determined, by experiment ar by calculation. 

The procedure starts with the entropy-, and 

enthalpy-terms, as determined by the procedures 1. ar 2. 

These terms describe the temperature dependenee of of the 

distribution coefficient (eqn.<5.4>.> fora given solute 

and stationary phase. Compiled entropy-, and 

enthalpy-terms obtained by procedure 1. or 2. for one 

column allow direct calculation for ether columns with 

different column dimensions and/or phase ratios. Except 

for the determination of the column dead time as a 

function of temperature the only additional experimental 

effort is the measurement of a retentien factor for ene 

specific component to correct the entropy-term (a/~) for a 

different phase ratio. 

The accuracy of the concept depends on the selected 

temperatures at which the entropy-, and enthalpy-terms are 

obtained. The selection criteria will be discussed in the 

next chapter. 

Tabulated entropy-, and enthalpy-terms can also be used to 

calculate isothermal retentien indices for all 

temperatures within the appropriate temperature range. In 

fact, retentien times ar retentien temperatures can be 

calculated for multi ramp temperature programming by 

addition of the individual isothermal and programmed 

steps. 

Figure 5.2 diagrammatically describes the complete 
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Figure 5.2 
Diagrammatical representation of the concept for 
calculating temper-ature programmed retentien indices. 
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concept, the center of which is equation <5.10>. The 

necessary variables are: the chromatographic conditions, 

the column dead time as a function of temperature and the 

enropy-, and enthalpy-terms as bath solute and stationary 

phase dependent variables. These entropy-, and 

enthalpy-terms are either compiled as such or obtained 

from isothermal measurements or a combination of measured 

and compiled retentien data. The temperature at which the 

isothermal information is obtained and the chromatographic 

conditions are related as will be discussed in the next 

chapter. 
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6 TEMPERATURE PROSRAMMED RETENTION INDICES, 

CALCULATION FROM ISOTHERMAL DATA. 

RESULTS WITH NON-POLAR COLUMNS. 

"Theoretically, the retention index system 

fulfills the task of a universa! data 

providing system. Practically it can be 

realized only in the case of a data-bank 

organized by computer where reliable 

retention indices are stored and which can 

be easily recalled by researchers of all 

the gas chromatographic laboratories of the 

world by telephone and/or satellite." 

M.Budaheghyi, et.al. in reference (8). 

6.1 INTRODUCTION 

In chapter S a concept is presented enabling the 

calculation of line~r temper-ature programmed retentien 

indices fr-om isothermal retentien data, viz. retention 

indices, relative retention, etc. The numerical treatment 

uses isothermal retention factors determined within a 

specific temperature range and the temper-ature dependenee 

of the column dead time. The concept accounts for all 

variables in temperature programmed gas chromatography: 

column length, inner diameter, phase-ratio, carrier gas 

velocity, initial oven temperature and programming rate. 

The temperature dependenee of the distribution 
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coefficients farms the basis of the concept presented. 

Three possible procedures for calculation with respect to 

the manner in which the isothermal data are obtained are 

given in the Tables 5.1. and 5.2., illustrating the 

flexibility and general use of the concept. 

This chapter covers the results obtained. 

6.2 EXPERIMENTAL 

6.2.1. Equipment 

A model 5790 gas chromatograph <Hewlett-Packard, Avondale, 

PA, USA> epuipped with a Hewlett Packard<HP> model 7672 

automatic liquid sampler, is used throughout this study. 

The instrument, tagether with an HP model 3388 computing 

integrator are connected via a. RS-232 interface with a 

Nova 4/S minicomputer <Data Genera!, Westboro, MA, USA> to 

allow completely automatic eperation and the acces to a 

large data-buffer. The GC-firmware provided two point 

temperature calibration, at 130 and 330°C, assuring 

optima! precision in the oven temperature with temperature 

control of better than enetenthof a degreer An external, 

precision pressure-gauge was installed to allow an 

accuracy of pressure readings of 0.001 bar. 

Five crosslinked methyl silicone columns, from the 

·ultra-perfomance· series, were randomly selected over a 

period of six month from production runs at the Hewlett 

Packard facility at Avondale. The column characteristics 

are given in Table.6.4. The ·ultra Performance· series is 

specified to have column to column reproducibility within 

0.5 index units of the retentien indices for dodecanol, 

methyl caprate and acenaphthylene. The value of the 
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retentien factor of pentadecane is specified within 0.2 

units for each phase ratio. 

Helium and nitrogen are used as the carrier gas. The 

average linear carrier gas velocity is set at 25 cm/sec 

(measured at an oven temperature of 60°C> for helium 

and 15 cm/sec for nitrogen. The septum-flush flow is 

3ml/min.; the split is set to 1:150. The injection port 

temperature is set to 250°C, the detector block 

temperature to 300°C. Apart from split, also 

splitless and on-column injection is used. 

6.2.2. Procedure 

The applicability of the concept is evaluated using 

different samples which contained, in addition to 

n-alkanes, several alcohols, ketones, alkyl-benzenes and 

alkenes. A total of 43 components is studied These samples 

are analysed under isothermal (50, 100, 150, and 

200°C>, and temperature programmed conditions 

(initia! temperature 50°C, programming rate 2, 4 and 

8°C/min. until elution is complete>. Both helium and 

nitrogen are used as the carrier gas. The necessary 

calculations are run on an Apple Ile micro-computer. 

The enthalpy <~H/T) and entropy (a/~) terms are calculated 

from the two isothermal runs with the lowest temperatures 

in which the components elute within 75 minutes, according 

to equation <5.6>. The values obtained are inserted into 

equation <5.10>, tagether with the measured or calculated 

temperature dependenee of the column dead time. Using 

Simpson·s rule, the retentien temperature is calculated 

for the selected initial temperature and programming rate 

with a temperature resolution of O.OlK. 
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Table 6.1. 
Temperature dependenee of ~H/R and a/~; 
influence on the calculated retentien temperatures. 
Calculated for n-dodecane 

temperature
range 

373-378 
378-383 
383-388 
388-393 
393-398 
398-403 
403-408 
408-413 

Table 6.2. 

~H/R 

<K> 

5773 
5875 
5799 
5778 
5687 
5657 
5624 
5517 

al~ 

5,33.10"'-7 
4,07.10"'-7 
4,97.10"'-7 
5,24.10"'-7 
6,60.10"'-7 
7, 12. 10"'-7 
7,73.10"-7 
9 , 99. 1 0"'-7 

T,..<calc> 
<K> 

397.5 
397.6 
397.5 
397.4 
397.1 
397.0 
396.9 
396.3 

Selection of the optimum temperature range. 
test component n-undecane. T,..(exp) = 384.0. 

temperature
range 

343 353 
343 - 363 
343 373 
343 - 383 
343 - 393 
343 403 
343 413 
363 - 373 
363 383 
363 393 

~H/R 

<K> 

5741 
5715 
5650 
5602 
5553 
5481 
5451 
5511 
5476 
5429 

al~ 

2.97.10"'-7 
3.21.10"'-7 
3.87.10"'-7 
4.45.10"'-7 
5.14.10"'-7 
6.34.10"'-7 
6.90.10"'-7 
5.62.10"'-7 
6.19.10"'-7 
7.03.10"'-7 
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T,..<calc> 
<K> 

383.7 
383.8 
383.9 
384.1 
384.2 
384.4 
384.5 
383.7 
383.7 
383.7 



6.3 RESULTS AND DISCUSSION 

6.3.1. Selection of the temperature range 

The accuracy of the concept and the considerations in 

choosing the initial oven temperature and programming rate 

are given by the temperature range enclosed by the 

temperatures at which the retentien factors are 

determined. 

By definition, entropy-, and enthalpy-terms depend bath on 

temperature and on the type of stationary phase. For a 

given column and a given component the entropy-, and 

enthalpy-terms depend only upon temperature as does the 

distribution coefficient <c.f. eqn.<5.4> ). As an 

illustration, entropy-, and enthalpy-terms were calculated 

over a wide temperature range by considering consecutive 

sets of isothermal runs which differ by 5°C. The 

results are given in Table.6.1. Between 100 and 140°C 

the enthalpy-term decreases about 4%, whereas the 

entropy-term roughly increases 50%. The increase in the 

entropy-term is this high because it is an exponential 

expression of the partial molar entropy <eqn.<5.4 > >. The 

entropy-, and enthalpy-term are interrelated through the 

free energy. The increase in the entropy-term 

counterbalances the decrease in the enthalpy-term. 

Therefore these variations have no large effect on the 

calculated retentien temperature <c.f.Table.6.1.). 

Although the variatien in the calculated retentien 

temperatures is small for different temperature ranges, 

there is an optimum-range. The best fit between the actual 

and calculated retentien temperature is obtained when the 

entropy-, and enthalpy-terms are estimated from a 
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Table 6.3. 
Practicle considerations concerning the choice of eperating temperature 
programmed conditions and the temperature range. 
Ta~ = boiling point of the solute 

Ta 

< T.,.~ of 
first 
solute 

r 

all comp. 
elute 
within 
1 inear 
program 

temperature range for the determination of .H/R and al. 

solute al kanes 

preferred: 
between Ta and T" the same range! 

practice: 
between Tap-100 and Tap-SO the same range! 
these limits are not critica!. 



temperature range that corresponds to the actual 

temperature range in which the component elutes in the 

temperature programmed analysis. This is demonstrated in 

Table.6.2. For the temperature range between 343 <Tol 

and 383 K the actual and experimental retentien 

temperatures are almast identical. The determination of 

the entropy-, and enthalpy-terms from two temperatures of 

which one is close to Tc and the other close to 

TA has to be preferred, rather than from two or more 

temperatures not very close to TA. However, in 

practice the retentien temperature range is dependent on 

the column d.imensions and the phase ratio. For columns 

having a phase ratio between 100 and 500 (filmthickness 

0.1 - 0.3um; inner diameter 0.2-0.3mm; column length 

25-50m>, it is recommmended todetermine entropy-, and 

enthalpy-terms from a temperature range between about 100 

to 50°C below the boiling point of the component. 

These limits are not very critical, except for the lower 

limit, which is the initial temperature Tc. 

Furthermore, it is very important to note that in the 

calculation of the temperature programmed indices, the 

retentien temperatures of the component and the adjacent 

n-alkanes, are calculated using entropy-, and 

enthalpy-terms obtained from an identical temperature 

range. Deviations, due to systematic errors in the 

calculation, are thus being avoided. 

The previous considerations concerning the three 

procedures as presented in the Tables 5.1. and 5 .2. are 

summarised in Table.6.3. 
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Table 6.4. 
Column characteristics, measured pressure drop and the 
dead time as a function of temperature for the five 
columns. 
u = 25 cm/sec (at 60°C) 

column L inner ph a se- p to=A+B.T <min.> 
no. <m> diam. ratio A B 

<mm> 

----------------------------------------------------------
1 50 0.2 150 2.220 exp: 1.591 0.00535 

calc: 1.247 0.00642 
2 50 0.2 150 1.950 exp: 1.543 0.00533 

calc: 1.406 0.00724 
3 50 0.2 150 2.384 exp: 1.583 0.00528 

calc: 1.169 0.00602 
4 50 0.2 150 2.305 exp: 1.567 0.00531 

calc: 1.205 0.00620 
5 50 0.31 450 0.917 exp: 1.326 0.00587 

calc: 1.189 0.00612 

Table 6.5 
Average difference between measured and calculated indices 
for the 9 alkyl-aromatic compounds related to the 
temperature resolution used in the calculations. 
r = 4°C. 

resolution 
<K> 

0.5 
0.1 
0.05 
0.01 
0.002 

0.5-0.002 

calculation time 
(sec) 

21 
94 

189 
900 

4560 

40 
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< IT-uni ts> 

0.80 
0.32 
0.22 
o. 12 
0.15 

0.13 



6.3.2. Accuracy and reproducibility 

All analyses are run only once. Nevertheless the 

reproducibility of retentien times and retentien 

temperatures could be established because all samples 

contained the normal alkanes C-ó to C-15. The 

reproducibility of the retentien times in the isothermal 

analyses is found to correspond with an overall standard 

deviation of 0.05%. In the temperature programmed runs it 

is 0.04%. These standard deviations result in variations 

in the measured isothermal and programmed indices with a 

maximum of 0.2 Index-units<Iu.>. 

The pressure drops required for the different columns are 

tabulated in Table.ó.4. The low value for column number 2 

is striking, indicating unknown irregularities in the 

column. However, the column dead-time as a function of 

temperature is not significantly different from the ether 

0.2mm. inner diameter columns. The column dead-time, 

determined using methane, is found to vary linearly with 

the column temperature (correlation coefficient: 0.997>. 

The standard deviation of the individual measurements is 

0.02%. Both the measured and calculated ta<T> are 

tabulated in Table.ó.4. Calculation is done according to 

equation <5.12> using the temperature dependenee of the 

viscosity for helium as given by Ettre<3>. Only small 

differences are observed in the coefficients from the 

experimental data. The coefficients after calculation show 

larger differences and do not match with experiment. 

Calculation of ta<T> is liable to errors, because of 

uncertainty in column length and inner diameter. 

Experimental data are preferred. However it will be shown 

that systematic errors in the calculation of retentien 
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Table 6.6. 
Measured indices, isothermal at 100°C. 

Column: max. 
component deviation average 

1 2 3 4 5 

----------------------------------------------------------------------------------------
2-pentanone 668.32 667.88 668.04 668.01 0.44 668.06 
2,4,4-trimethylpentene 717.39 717.21 717.16 717.36 0.23 717.28 717.52 
1-heptanol 951.15 950.98 951.15 950.93 0.23 951.05 951.04 
2-octanone 970.84 970.71 970.91 970.76 0.20 970.81 970.81 

I i-butylbenzene ... 1002.66 1002.58 1002.61 1002.58 0.08 1002.60 1002.31 
VI 1,2-diethylbenzene 1052.32 1052.26 1052.28 1052.26 0.05 1052.28 1052.05 
~ 
I 1-nonanol 1154.00 1153.84 1154.01 1153.83 0.17 1153.92 1153.92 

1-tridecene 1288.66 1288.64 1288.59 1288.58 0.07 1288.62 1288.71 

Avarage maximum deviation for all 33 solutes studied: 0.16 Iu. 



tempe~atu~es pa~tly cancel out in the p~og~ammed index 

calculation <c.f.eqn.<5.2> >. 

The calculation of the integ~al-function is done according 

to the ' Simpson' rule. Calculations with a ~esolution of 

0.1 o~ 0.01 K ~esult in diffe~ences in the retentien 

temperatures of 0.1 K o~ less. Table.6.5 shows the 

relation between the tempe~atu~e ~esolution and the time 

to calculate tempe~atu~e p~ogrammed indices fa~ only the 

alkyl a~omatics. The average diffe~ence between measu~ed 

and calculated indices is stabilised below a ~esolution of 

0.05 K. Conside~ing othe~ facto~s influencing T", the 

calculations are sufficiently accu~ate. All calculations 

a~e ~un with a constant temperature ~esolution of 0.01K. 

As an alte~native, the calculation can be started with a 

resolution of 0.5 K until the T" is almast ~eached. 

Then a ~esolution of 0.002 is used to find the best 

retentien temperatu~e This results in a fast calculation 

with the ~eliability of a small tempe~atu~e resolution 

<c.f.Table.6.5). 

Allowing a deviation in the measu~ed isothe~mal ~etention 

time of 0.1'l., twice the standa~d deviation, ~esults in 

diffe~ences in the calculated retentien temperature of 

about 0.05 K and the co~~esponding calculated tempe~atu~e 

programmed index of 0.2 ITu. 

6.3.3. Compa~ison of columns, measu~ed indices 

Table.6.6 p~esents a selection of ~etention indices 

obtained isothermally at 100°C. The average maximum 

absolute diffe~ence of the indices obtained with the 

0.2mm. inner diamete~ columns is less than 0.2 Iu., which 

is of the same magnitude as the standa~d deviation within 
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Figure 6.1 
Reciprocal distribution coefficient as a function of 
temperature for the normal alkanes: C-10 and C-13, and the 
alkyl-aromatics: i-butylbenzene and c-hexylbenzene. 
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a single column. It is shown that there is no systematic 

difference between the 0.2mm and the 0.31mm inner diameter 

columns. 

From the above results it can be concluded that with 

respect to retentien the columns are identical and fulfill 

the specifications. They also fulfill the requirements 

which have to be met in the transfer of temperature 

programmed retentien data: reproducibility of retentien 

characteristics, polarity of the stationary phase and 

column activity. 

Examining the measured indices of a single column, as 

presented in Table.6.7, the dissimilarity of isothermal 

and temperature programmed indices becomes obvious. In all 

cases the temperature programmed indices are lower than 

the isothermal values. The deviations cannot be explained 

by the temperature dependenee of the isothermal indices. 

As discussed in chapter 5, there is no simple relation 

between isothermal and temperature programmed indices. As 

an illustration Figure.6.1 presents the temperature 

variatien of the distribution coefficients of 

i-butylbenzene, c-hexylbenzene and the n-alkanes: decane 

and tridecane. The different temperature variatien for the 

component classes can be seen. The temperature programmed 

index, however, is not only dependent from the 

distribution coefficients and thus from temperature but 

also from chromatographic conditions (eqn.<5.10> >. 

6.3.4. Calculated retentien temperatures and indices 

In principle, as indicated in Table.6.3., every component 

has its optimum temperature range for measuring the 

retentien factors and calculating the entropy and enthalpy 
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Table 6.7. 
Measured indices for column 3. under different temperature conditions. 
Initial temperature in programmed analyses: 50°C. 

Isothermal (°C): Programmed (°C/min): 
component 

50 100 150 200 2 4 8 

2-pentanone 667.66 668.04 659.61 661.01 662.18 
2,4,4-trimethylpentene 711. 10 716.91 709.15 710.36 711.77 
1-heptanol 957.18 951. 12 950.24 953.64 952.05 952.05 951.74 
2-octanone 969.54 970.87 973.92 978.89 968.61 962.92 971.00 
i-butylbenzene 988.27 1002.55 1018.47 1036.20 995.69 1004.12 
1,2-diethylbenzene 1052.23 1068.77 1086.98 1046.62 1051.31 1056.52 
1-nonanol 1153.98 1153.80 1157.28 1154.88 1154.75 1154.78 
1-tridecene 1288.61 1289.38 1290.37 1289.05 1289.32 1289.54 
--------------------------------------------------------------------------------------



terms. However, it would be very impracticle to determine 

the retentien factors of all components in the optimal 

range. From the boiling points of n-hexane to 

n-pentadecane three different temperature ranges are 

selected in which the measurements are performed. For the 

components eluting between n-hexane and n-decane 

isothermal runs are performed at 50 and 100°C, the 

components eluting between n-decane and n-tridecane were 

run at 100 and 150°C and components eluting after 

n-tridecane at 150 and 200°C. Both n-decane and 

n-tridecane are part of two different groups. 

The entropy-, and enthalpy-terms are calculated <eq.<6> 

using the retentien factors obtained from the two 

isothermal runs. The results are presented in Table.6.8. 

With the 0.2mm inner diameter columns identical figures 

are obtained. The average relative standard deviation for 

the enthalpy-term being 0.3% and for the entropy-term 4%. 

Some representative measured and calculated retentien 

temperatures and indices are summarised in Table.6.9. A 

very good agreement is observed. Platting the difference 

between measured and calculated retentien temperatures 

against the measured retentien temperatures <Figure.6.2>, 

the deviation seems to be systematic. The deviation 

probably depends on the selected temperature range for 

which the isothermal information is obtained. 

The average absolute differences between the measured and 

calculated data for the different 0.2 mm. inner diameter 

columns and the different temperature programmed 

conditions are given in Table.6.10. With these results an 

analysis of varianee with 99% confidence is run. The 

columns are identical with respect to the differences in 

measured and calculated retentien temperatures. The 
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columns 1 and 3 show a significant difference from 2 and 4 

with respect to measured and calculated indices. This is 

mainly caused by the lower ketones which show large 

differences between measured and calculated programmed 

indices. 

The average absolute difference in the retentien 

temperature of 0.8 K would yield a maximum deviation in 

the index of 8 to 5 IT-u. <.T for the subsequent 

n-alkanes between 4 and 15K>. The calculation however 

resulted in an average absolute difference of 0.44 

IT-u. The largest difference between measured and 

calculated retentien temperatures is found at the highest 

programming rate applied (8°C/min). However, under 

these conditions the deviation between indices is 

smallest. If the difference between measured and 

calculated retentien temperatures for a given component 

and the adjacent n-alkanes are of the same magnitude and 

in the same direction, still an accurate index value will 

be obtained (c.f.Figure.6.2>. This holds for all the 

results. Systematic errors in the calculated retentien 

temperatures are cancelled out in the calculation of the 

programmed indices. The same explanation can be given for 

the minor differences observed in the calculated 

temperature programmed indices for the experimentally 

determined or calculated temperature dependenee of the 

column dead-time. 

The calculation as presented above is carried out 

according to procedure 1 <Table.5.1). The same results 

would be obtained if the measured isothermal indices are 

used following procedure 2 <Table.5.1). The match between 

calculated and measured temperature programmed indices is 

excellent, specially at higher programming rates. 
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Identical accuracy is obtained with Nitrogen as the 

carrier gas. 

6.3.5. Transfer of isothermal data. 

Compared to the 0.2 mm inner diameter column, the 0.31 mm 

inner diameter column has a different phase-ratio, 450 in 

.stead of 150, and a different column dead-time as a 

function of temperature. Theoretically the enthalpy-term 

is the same. The entropy-term must be corrected for the 

phase-ratio <c.f.Table.6.11). Because of the different 

phase ratio, for some components the comparison cannot be 

made. The isothermal data are not obtained under identical 

temperature conditions. 

For this 0.31 mm ID column there are two ways of 

calculating the temperature programmed indices. Once using 

the entropy-, and enthalpy-terms from the column itself 

(procedure 1>, the other incorporates the use of the 

average values for the entropy-, and enthalpy-terms of the 

0.2 mm inner diameter columns <procedure 3>. In bath 

alternatives the experimental temperature dependenee of 

the column dead-time established for the 0.31 mm column 

has to be inserted. The results of bath calculations, 

presented in Table.6.12, are almast equally good. A 

slightly better agreement between calculated and measured 

programmed indices is observed after calculation according 

to procedure 3. This means that the isothermal retentien 

information <entropy-, and enthalpy-term> can be 

transferred from one column to another column in 

calculating temperature programmed retentien indices, 

under the condition of identical stationary phase type and 

column deactivation <c.f.Table.6.6). 
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6.3.6. Considerations with respect to GC-equipment 

The above results indicate that the concept for 

calculating linear temperature programmed indices from 

isothermal data is sufficiently accurate and can be used 

as a means for identification. The gas chromatograph used 

throughout this study is equipped with a two point 

temperature calibration to assure accurate temperature 

control of the oven. As discussed in the previous chapter 

the temperature programmed index depends on the 

temperature conditions chosen: initial temperature and 

programming rate. Deviations in the experimental 

conditions consequently result in deviating indices. In 

ether words, inaccurate control of the oven temperature 

and programming rate may lead to deviating programmed 

indices. 

Table.6.13 presents the temperature programmed indices 

obtained after deliberately introducing a deviating 

initia! oven temperature of l°C. The observed 

differences are within experimental error. A variatien in 

the programming rate of 0.2°C/min. also yields only 

small differences except for the alkyl aromatics at the 

lewest programming rate, as shown in Table.6.14. The 

differences for i-butylbenzene and 1,2-diethylbenzene are 

of the same magnitude as the calculation accuracy. 

Obviously, temperature control of the GC-oven is not 

critica!. However, the temperature deviations introduced 

were purely systematic. A random deviating oven 

temperature is more realistic. It affects retentien of 

different solutes at different stages in the 

chromatographic process. The effect on the final retentien 
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temperature and temperature programmed index will probably 

be larger. 

Temperature programmed indices obtained using different 

sample introduetion techniques, viz. split, splitless and 

on-column, show only minor differences, as illustrated in 

Table.6.16. The use of automatic samplers as used during 

this study shows better reproducibility compared to manual 

injection. 

6.4. DISCUSSION 

Table.6.17 shows some comparative results between the 

described concept and the results when using the equations 

given in the references (134) and <135). It is obvious 

that only the temperature dependenee of the isothermal 

index is not sufficient to predict linear temperature 

programmed indices. 

Linear temperature programmed retentien indices are 

calculated from isothermally obtained data with an 

accuracy better than 0.5 index units. 

The entropy-, and enthalpy-terms can be transferred from 

one column to another column with the same stationary 

phase but with different column length, inner diameter and 

different phase-ratios and different chromatographic 

conditions: initial temperature and programming rate. 

Therefore the concept can be incorporated in a larger 

system for table matching by means of temperature gas 

chromatography without the necessity of standardising 

chromatographic conditions. However, column 

characteristics must be reproducible. 

Either the experimentally determined or calculated 
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temperature dependenee of the column dead time may be 

used. Accurate values of temperature programmed retentien 

indices are obtained although the calculated retention 

temperatures show systematic errors. 

The recently introduced Sadtler compilation<140) of 

indices includes both isothermal and temperature programmed 

indices. The temperature programmed retentien indices are 

measured and can only be reproduced on identical columns 

and predescribed temperature programmed conditions. The 

concept as described in this thesis will help to expand 

the applicability of the compilation with respect to 

temperature programmed analyses. From the isothermal 

analyses which were run to determine the isothermal 

indices entropy and enthalpy terms must be determined. The 

results of these calculations for both the solutes and 

normal alkanes should be incorporated in the compilation. 

The chromatographer who uses the same stationary phase but 

wants to work with different chromatographic conditions 

feeds the computer with the appropriate information with 

respect to the temperature dependenee of the column 

dead-time, chromatographic conditions and the column phase 

ratio. All in accordance with the procedures depicted in 

Figure.5.1 The computer is then able to calculate 

temperature programmed retentien indices for the selected 

temperature programmed conditions. 
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Table 6.8. 
Calculated entropy terms ( 10"'-7) for the 0.2mm columns. 

-------------------------------------------------------------------
Component Column: 

------------------------------------------
1 2 3 4 average 

-------------------------------------------------------------------
n-hexane 351.4 406.0 314.9 300.8 343.3 
n-heptane 152.0 186.7 170.4 167.8 169.2 
n-octane 80.2 91.9 86.4 86.1 86.2 
n-nonane 40.6 45.1 42.9 42.8 42.9 
n-decane 20.0 19.8 20.9 21.0 20.4 

59.2 63.9 63.0 61.1 61.8 
n-undecane 32.8 34.5 35.9 33.6 34.2 
n-dodecane 17.9 18.6 18.4 18.3 18.3 
n-tridecane 9.7 9.9 9.9 9.7 9.8 

... .,. 33.2 33.3 39.7 33.3 34.9 
o- n-tetradecane 19.6 19.5 22.0 19.6 20.2 
I 

n-pentadecane 17.0 11.3 12.4 11.5 13.1 
hexanol 40.2 46.0 42.9 46.3 43.9 
heptanol 20.4 22.7 21.3 22.8 21.8 
actanol 42.5 45.9 44.8 45.6 44.7 
nonanol 23.5 24.7 24.3 24.6 24.3 
decanol 12.7 13.2 13.1 13.1 13.0 
undecanol 28.0 28.3 27.8 28.5 28.1 
2-pentanone 184.9 210.8 212.7 212.2 205.1 
3-pentanone 171.1 194.0 196.4 195.3 189.2 
2-hexanone 102.3 110.2 111.3 110.9 108.7 



2-heptanone 60.4 63.3 64.1 63.7 62.9 
3-heptanone 54.2 56.7 57.4 57.1 56.3 
4-heptanone 52.7 55.1 55.9 55.5 54.8 
3-octanone 40.2 41.6 42.2 41.9 41.5 
2-octanone 26.7 27.4 27.9 27.6 27.4 
2-nonanone 50.5 54.5 52.9 54.2 53.0 
5-nonanone 44.8 48.1 46.8 47.8 46.9 
2,4,4-trimethylpentene-1 191.3 206.7 210.4 208.1 204.1 
2,4,4-trimethylpentene-2 139.4 150.9 153.9 152.0 149.0 
1-nonene 44.6 46.1 47.1 46.4 46.0 
1-decene 22.3 22.7 23.1 22.9 22.7 

I 1-undecene 36. 4 
~ 

38.4 37.6 38.2 37.7 .,. 1-dodecene 19.9 20.7 20.3 20.5 20.4 
'-I 
I 1-tridecene 10.8 11. 1 11.0 11.0 11.0 

1-tetradecene 21.3 21.3 21.2 21.4 21.3 
toluene 187.8 201.2 203.1 202.5 198.6 
ethylbenzene 107.6 112.6 113.8 113.3 111.8 
1,2-dimethylbenzene 96.4 100.1 101.3 100.8 99.6 
n-propylbenzene 59.8 61.7 62.3 62.1 61 . 5 
t-butylbenzene 49.1 50.3 51.0 50.6 50.3 
i-butylbenzene 43.8 44.8 45.4 45.1 44 . 8 
1,2-diethylbenzene 88.0 94.0 91.2 93.5 91.7 
n-pentylbenzene 47.1 49.5 48.4 49.2 48.6 
c-hexylbenzene 36. 5 37.6 42.7 42.8 39.9 

-------------------------------------------------------------------
mean RSD<%> for all 43 components: 4.05% 
-------------------------------------------------------------------



table 6.8 <cant.> 
Calculated enthalpy terms for the 0.2mm columns. 
-------------------------------------------------------------------
Component Column: 

------------------------------------------
1 2 3 4 average 

-------------------------------------------------------------------
n-hexane 3142 3108 3194 3209 3163 
n-heptane 3713 3649 3677 3683 3680 
n-octane 4200 4159 4176 4179 4179 
n-nonane 4698 4667 4681 4683 4682 
n-decane 5203 5215 5189 5190 5199 

4799 4777 4778 4792 4787 
n-undecane 5259 5246 5227 5253 5246 

... n-dodecane 5723 5715 5713 5719 5717 
~ n-tridecane 6186 6184 6182 6192 6186 (IJ 
I 5666 5673 5594 5671 5651 

n-tetradecane 6093 6102 6048 6100 6086 
n-pentadecane 6336 6534 6493 6529 6473 
hexanol 4577 4535 4557 4531 4550 
heptanol 5079 5046 5065 5042 5058 
actanol 5049 5026 5031 5027 5033 
nonanol 5512 5498 5501 5499 5502 
decanol 5979 5971 5972 5972 5973 
undecanol 5853 5854 5860 5851 5854 
2-pentanone 3556 3522 3513 3518 3527 
3-pentanon 3609 3576 3567 3573 3581 
2-hexanone 4034 4016 4008 4012 4017 



2-heptanone 4440 4431 4422 4427 4430 
3-heptanone 4511 4502 4494 4499 4502 
4-heptanone 4528 4520 4511 4516 4519 
3-octanone 4764 4759 4750 4755 4757 
2-octanone 5074 5053 5061 5054 5061 
2-nonanone 4990 4967 4975 4968 4975 
5-nonanone 5074 5053 5061 5054 5061 
2,4,4-trimethylpentene-1 3669 3651 3640 3647 3651 
2,4,4-trimethylpentene-2 3818 3799 3787 3795 3800 
1-nonene 4635 4630 4619 4626 4628 
1-decene 5135 5135 5125 5131 5132 
1-undecene 5192 5178 5182 5179 5183 
1-dodecene 5655 5647 5650 5648 5650 
1-tridecene 6120 6116 6117 6117 6117 ... 1tetradecene 6036 6044 6042 6040 6041 .,. 

"" toluene 3797 3781 3773 3777 3782 
I 

ethylbenzene 4232 4224 4215 4220 4223 
1,2-dimethylbenzene 4350 4343 4335 43 40 4342 
n-propylbenzene 4671 4666 4659 4663 4665 
t-butylbenzene 4837 4835 4826 4831 4833 
i-butylbenzene 4917 4916 4907 4912 4913 
1,2-diethylbenzene 4775 4757 4765 4758 4764 
n-pentylbenzene 5229 5217 5222 5218 5221 
c-hexylbenzene 5675 5670 5613 5613 5643 

-------------------------------------------------------------------
mean RSD<'Y.> for all 43 components: 0.29% 

-------------------------------------------------------------------



Table 6. 9. 
Comparison between measured and calculated retentien temperatures 
for column 2. 

--------------------------------------------------------------------------------------
Component Programming ra te <aC/min): 

---------------------------------------------------------------------
2 4 8 
m.eas. calc. diff. meas. calc. diff. meas. calc. diff. 

--------------------------------------------------------------------------------------
n-hexane 333.36 333.25 +0.05 342.67 342.57 +0.10 360.44 360.11 +0.33 
n-heptane 337.48 337.51 -0.03 349.40 349.44 -0.04 370.10 369.91 +0.19 
n-octane 345.13 345.24 -0.11 360.26 360.37 -0.12 384.08 383.82 +0.28 
n-nonane 356.59 356.79 -0.20 374.64 374.73 -0.09 400.94 400.33 +0.61 
n-decane 370.76 371.06 -0.30 390.83 390.86 +0.15 418.82 417.38 +1.44 

370.76 369.54 +1.22 390.83 389.92 . +0.91 418.82 417.77 +1.05 
I n-undecane 386.01 385.17 +0.83 407.35 406.75 +0.59 436.49 435.47 +1. 01 .... 

tJI n-dodecane 401.24 400.78 +0.46 423.42 422.95 +0.46 453.39 452.11 +1.28 0 
I n-tridecane 415.95 415.69 +0.26 438.72 438.12 +0.59 469.38 467.50 +1.87 

415.95 412.83 +3.12 438.72 436.44 +2.27 469.38 467.26 +2.11 
n-tetradecane 429.96 427.77 +2.19 453.19 451.64 +1.54 484.44 482.71 +1. 73 
n-pentadecane 443.23 441.80 +1.42 498.63 496.98 +1.65 
hexanol 350.70 350.94 -0.24 367.30 367.52 -0.22 392.34 391.97 +0.36 
heptanol 363.90 364.22 -0.33 382.99 383.02 -0.04 410.13 409.06 +1.06 
actanol 378.89 377.66 +1.22 399.61 398.76 +0.84 428.18 427.12 +1.06 
nonanol 394.29 393.59 +0.70 416.06 415.54 +0.52 445.68 444.53 +1. 15 
decanol 409.36 409.04 +0.32 431.88 431.39 +0.49 462.32 460.69 +1.63 
undecanol 423.81 420.98 +2.83 446.90 444.90 +2.00 478.02 476.06 +1.95 
2-pentanone 335.76 335.86 -0.10 346.75 346.87 -0.13 366.44 366.33 +0.11 
3-pentanone 336.24 336.34 -0.11 347.49 347.62 -0.13 367.48 367.38 +0.10 
2-hexanone 342.29 342.48 -0.19 356.41 356.63 -0.22 379.35 379.21 +0.14 



2-heptanone 350.83 351.12 -0.29 367.67 367.90 -0.23 393.05 392.67 +0.37 
3-heptanone 352.34 352.65 -0.31 369.54 369.77 -0.23 395.21 394.78 +0.42 
4-heptanone 352.68 352.99 -0.31 369.96 370.18 -0.23 395.69 395.23 +0.45 
3-octanone 359.74 360.08 -0.34 378.48 378.61 -0.13 405.46 404.68 +0.78 
2-octanone 366.24 366.57 -0.34 385.88 385.85 +0.02 413.57 412.38 +1.18 
2-nonanone 378.90 377.83 +1.06 399.88 399. 11 +0.76 428.75 427.71 +1.04 
5-nonanone 381.49 380.48 +1.00 402.65 401.93 +0.72 431.69 430.64 +1.04 
2,4,4-trimethyl-

pentene-l 338. 18 338.29 -0.12 350.52 350.64 -0.12 371.78 371.62 +0.15 
2,4,4-trimethyl-

pentene-2 339.21 339.34 -0.13 352.02 352.16 -0.14 373.69 373.53 +0.15 
1-noneen 355.07 355.36 -0.29 372.85 373.00 -0.16 398.94 398.36 +0.57 
1-decene 368.99 369.26 -0.27 388.91 388.76 +0.15 416.78 415.41 +1.36 
1-undecene 384.21 383.31 +0.90 405.82 405.48 +0.66 434.55 433.50 +1.05 
1-dodecene 399.50 399.00 +0.49 421.64 421. 16 +0.48 451.32 451.58 +1.25 
1-tridecene 414.31 414.04 +0.27 437.08 436.49 +0.59 467.72 465.91 +1.81 ... 

t.l1 1-tetradecene 428.42 426.18 +2.24 451.67 450.06 +1.60 482.91 481.15 +1. 76 ... 
I toluene 341.29 341.44 -0.16 355.16 355.32 -0.16 378.04 377.87 +0.17 

ethylbenzene 350.30 350.55 -0.25 367.28 367.47 -0.19 393.01 392.61 +0.39 
1,2-dimethyl-

benzene 353.98 354.24 -0.26 371.94 372.09 -0.16 398.53 397.98 +0.54 
n-propylbenzene 362.13 362.42 -0.29 381.62 381.65 -0.03 409.43 408.49 +0.94 
t-butylbenzene 367.73 368.00 -0.28 388.07 387.96 +0.11 416.63 415.34 +1.29 
i-butylbenzene 370.10 370.34 -0.25 coincides with n-C-10 419.52 418.07 +1.45 
1,2-diethyl-

benzene 377.81 376.81 +1.00 399.27 398.50 +0.76 428.78 427.72 +1.05 
n-pentylbenzene 392.60 391.94 +0.66 415.04 414.49 +0.55 445.44 444.28 +1. 16 
c-hexylbenzene 416.29 415.95 +0.34 440.61 439.91 +0.70 473.19 471.14 +2.05 

--------------------------------------------------------------------------------------



I ... 
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Table 6.9 <cent.> 
Camparisen between measured and calculated indices for column 2. 

Component programming rate (°C/min.> 

2 

meas. calc. diff. 

hexanol 
heptanol 
actanol 
nonanol 
decanol 
undecanol 
2-pentanone 
3-pentanone 
2-hexanone 
2-heptanone 
3-heptanone 
4-heptanone 
3-octanone 
2-octanone 
2-nonanone 

848.57 849.35 -0.78 
951.56 952.07 -0.51 

1053.29 1051.95 +1.34 
1154.37 1153.94 +0.43 
1255.19 
1356.12 
659.21 
670.49 
762.88 
849.70 
862.90 
865.86 
922.24 
968.08 

1053.37 
1070.36 5-nonanone 

2,4,4-trimethyl
pentene-1 709.05 

2,4,4-trimethyl
pentene-2 722.61 

1-nonene 886.70 
1-decene 987.51 

1255.40 
1354.55 
661.63 
672.79 
764.29 
850.91 
864.16 
867.86 
923.06 
968.54 

1053.04 
1069.99 

-0.21 
+1.57 
-2.41 
-2.30 
-1.42 
-1.21 
-1.26 
-1.24 
-0.82 
-0.46 
+0.33 
+0.36 

710.09 -1.04 

723.61 -1.06 
887.62 -0.92 
987.39 +0.12 

4 
meas. calc. diff 

849.00 849.79 -0.79 
951.56 951.97 -0.42 

1053.14 1052.53 +0.61 
1154.22 1154.26 -0.04 
1255.32 
1356.55 
660.58 
671.64 
764.59 
851.56 
864.57 
867.44 
923.72 
969.39 

1054.76 
1071.57 

710.32 

724. 13 
887.54 
988.14 

1255.64 
1355.66 
662.59 
673.51 
765.78 
852.44 
865.46 
868.31 
924.33 
969.72 

1054.60 
1071.36 

-0.32 
+0.89 
-2.01 
-1.87 
-1.19 
-0.88 
-0.89 
-0.88 
-0.61 
-0.33 
+0.15 
+0.21 

710. 98 -0.66 

724.89 -0.75 
887.95 -0.41 
987.96 +0. 18 

8 

meas. 

848.96 
951.36 

1052.99 
1154.38 
1255.86 
1357.36 
672.89 
672.85 
766.17 
853.18 
865.99 
868.83 
925.57 
970.60 

1056.20 
1072.83 

711.96 

725.64 
888.09 
988.55 

calc. diff. 

849.36 -0.41 
951. 20 +0. 16 

1052.82 +0.16 
1154.45 -0.07 
1255.75 
1356.96 
673.41 
674.18 
766.86 
853.60 
866.38 
869.11 
925.51 
970.67 

1056.16 
1072.71 

+0.11 
+0.40 
-0.52 
-1.34 
-0.69 
-0.43 
-0.40 
-0.28 
+0.06 
-0.07 
+0.05 
+0.11 

711.61 +0. 35 

726.02 -0.38 
888.07 +0.03 
988.45 +0.10 



1-undecene 1088.23 1088. 10 +0.13 1088.71 1088.53 +0.18 1089.04 1088.87 +0.17 
1-dodecene 1188.56 1188.60 -0.03 1188.95 1188.95 0.00 1189.26 1189.24 +0.02 
1-tridecene 1288.85 1288.93 -0.08 1289.31 1289.31 +0.05 1289.70 1289.81 -0.11 
1-tetradecene 1389.00 1389.36 -0.35 1389.50 1389.61 -0.11 1389.86 1389.90 -0.05 
toluene 749.73 750.84 -1.12 753.06 753.80 -0.74 756.98 756.60 +0.38 
ethylbenzene 845.08 845.97 -0.90 848.86 849.44 -0.58 852.94 853.24 -0.30 
1,2-dimethyl-

benzene 877. 19 877.92 -0.73 881.20 881.62 -0.41 885.87 885.60 +0.27 
n-propylbenzene 939.08 939.45 -0.37 943. 11 943.39 -0.28 947.47 947.86 -0.39 
t-butylbenzene 978.58 978.56 +0.03 982.95 982.95 +0.01 987.74 988.04 -0.29 
i-butylbenzene 995.33 994.95 +0.37 coincides with n-C10 ~ 1004.21 1003.88 +0.33 
1,2-diethyl-

benzene 1046.24 1046.24 -0.28 1051.08 1050.98 +0. 10 1056.34 1056.21 +0.13 
n-pentylbenzene 1143.30 1143.37 -0.07 1147.90 1147.78 +0.12 1152.96 1152.94 +0.01 

I c-hexylbenzene 1302.40 1302. 15 +0.25 1313.10 1313.24 -0.14 1325.33 1325.11 +0.22 ... -----------------------------------------------------------------------------------------UI 
CA 
I 



Table 6.10. 
Mean absolute differences between measured and 
calculated retentien temperatures for all 
33 solutes and 10 n-alkanes studied. 

column: 

r-a te 

2 0.67 
4 0.52 
8 1.25 

average 0.81 

2 

0.62 
0.47 
0.97 

0.69 

3 

0.65 
0.55 
1.28 

0.83 

4 

0.66 
0.58 
1.28 

0.84 

average 

0.65 
0.53 
1.20 

0.80 

Mean absolute differences between measured and 
calculated temperature programmed indices for 
all 33 solutes studied. 

column: 

ra te 1 

2 0.34 
4 0.34 
8 0.21 

average 0.30 

2 

0.74 
0.53 
0.28 

0.52 

3 

0.39 
0.24 
0.26 

0.30 

-154-

4 

0.78 
0.69 
0.54 

0.67 

average 

0.56 
0.45 
0.32 

0.44 



Table 6.11. 
Entropy-, and enthalpy-term values for column 5. 

Component 

hexanol 
heptanol 
actanol 
nonanol 
decanol 
2,4,4-trimethyl-

pentene-l 
2,4,4-trimethyl-

pentene-2 
1-nonene 
1-decene 
1-undecene 
1-dodecene 
tridecene 
tetradecene 
toluene 
ethylbenzene 
1,2-dimethyl-

benzene 
n-propylbenzene 
t-butylbenzene 
i-butylbenzene 
1,2-diethyl-

benzene 
n-pentylbenzene 
c-hexylbenzene 

.H/R obtained: al. obtained: 

from exp. from 0.2mm from exp. 
columns. 

4561 4550 14.3.10"'-7 
5079 5058 6.9 
5596 5033 3.3 
5481 5502 8.6 
5958 5973 4.5 

3603 3651 79.9 

3758 3800 57.0 
4610 4628 16.2 
5124 5132 7.7 
5635 5183 3.7 
5631 5650 7.1 
6106 6117 3.8 
6576 6040 2.0 
3746 3782 74.3 
4203 4223 39.6 

4325 4342 34.9 
4655 4665 21.1 
4825 4832 17.1 
4908 4913 15.1 

5145 4764 11.0 
5654 5221 5.1 
5657 5643 12.8 

from 0.2mm 
columns 

14.6.10"'-7 
7.3 

14.9 
8.1 
4.3 

68.0 

49.7 
15.3 
7.6 

12.6 
6.8 
3.7 
7.1 

66.2 
37.3 

33.2 
20.5 
16.8 
14.9 

30.6 
16.2 
13.3 

--------------------------------------------------------------
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Table 6.12. 
Comparison of temperature programmed retentien indices 
obtained for column 5. 
Programming rate 4 

component calculated calculated measured 
procedure 1 procedure 3 

-----------------------------------------------------------
hexanol 849.04 
heptanol 952.61 
actanol 1054.70 
nonanol 1153.92 
decanol 1255.46 
undecanol 1356.60 
2,4,4-trimethylpentene-1 708.14 
2,4,4-trimethylpentene-2 721.21 
1-nonene 885.70 
1-decene 986.97 
1-undecene 1087.93 
1-dodecene 1188.36 
1-tridecene 1288.88 
1-tetradecene 1389.08 
toluene 748.11 
ethylbenzene 842.91 
1,2-dimethylbenzene 875.90 
n-propylbenzene 936.93 
t-butylbenzene 976.43 
i-butylbenzene 993.74 
1,2-diethylbenzene 1043.79 
n-pentylbenzene 1147.21 
c-hexylbenzene 1296.54 

average absolute difference 
with measured indices for 
22 components : 0.8 
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848.30 848.17 
951.81 951.47 

1051.37 1053.63 
1153.73 1154.85 
1255.36 1255.67 
1354.53 1356.40 
709.07 709.15 
722.31 722.17 
886.54 886.24 
987.15 987.21 

1087.77 1088.07 
1188.40 1188.51 
1288.74 1288.81 
1389.46 1388.10 
749. 15 748.80 
843.78 843.49 
875.03 875.73 
937.31 937.24 
976.69 976.86 
993.74 993.97 

1044.34 1044.03 
1141.27 1141.16 
1295.66 1296.97 

0.5 IT-units 



Table 6. 13. 
Temperature programmed index in relation to the initia! 
oven temperature. 
Column 1; programming rate: 4°C/min. 

Component Ta (D): 

49 50 51 
max. 
dev 

-----------------------------------------------------------
2-pentanone 660.38 660.59 660.32 0.27 
2,4,4-trimethylpenteen-1 710.34 710.47 710.45 0.13 
1-heptanol 952. 10 951.84 951.81 0.29 
2-octanone 969.88 969.71 969.69 0.19 
1,2-diethylbenzene 1051.41 1051.52 1051.46 0.11 
1-nonanol 1154.68 1154.66 1154.47 0.21 
1-tridecene 1289.36 1289.28 1289.27 0.09 

Table 6.14. 
Temperature programmed index in relation to the programming 
ra te. 
Column 1; initial oven temperature 50°. 

Component r (°C/min. >: 

1. 9 2.1 7.9 8.1 

-----------------------------------------------------------
2 - pentanone 659.07 659.24 661.69 661.73 
2,4,4-trimethylpentene-1 709.12 709.27 711.94 711.98 
1-heptanol 951.86 951.93 951.69 951.68 
2-octanone 968.26 968.43 970.76 970.76 
i-butylbenzene 995.47 996.00 1004.05 1004.19 
1,2-diethylbenzene 1046.32 1046.95 1056.48 1056.65 
1-nonanol 1154.67 1154.66 1154.85 1154.82 
1- tridecene 1288.98 1289.07 1298.45 1289.45 
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Table 6. 15. 
Isothermal index in relation to the oven temperature. 
Column 1. 

Component T (°C): 

---- --------------------------------------- dl/dT 
98 99 100 101 102 

2-pentanone 667.79 667.91 667.98 668.04 667.92 
2,4,4-trimethylpentene-1 716.81 717.05 717.21 717.34 717.44 0.15 
1-heptanol 951.14 951.02 950.97 950.92 950.98 
2-octanone 970.51 970.49 970.60 970.68 970.73 
i-butylbenzene 1001.86 1002.20 1002.53 1002.74 1003.22 0.34 
1,2-diethylbenzene 1051.42 1051.88 1052.25 1052.47 1052.79 0.34 
1-nonanol 1153.98 1153.75 1153.83 1153.63 1153.73 

--------------------------------------------------------------------------



Table 6.16 
temperature programmed indices obtained after split, 
splitless and on-column sample introduction. 
programming rate: 4°C/min. 

Component split splitless on-column 

2-pentanone 660.59 660.49 
2,4,4-trimethylpentene-1 710.47 710.29 710.45 
1-heptanol 951.84 951.80 952.07 
2-octanone 969.71 969.71 969.61 
1,2-diethylbenzene 1051.52 1051.39 1051.59 
1-nonanol 1154.66 1154.47 1154.57 
1-tridecene 1289.28 1289.25 1289.35 

Table 6.17. 

comparison of calculation procedures. 
programming rate: 4°C/min. 

component measured calculated calculeted calculated 
acc. to 
this 
thesis 

acc. to 
ref. (134>, 

acc. to 
ref. <135) , 

------------------------------------------------------------
1-heptanol 952.05 952.61 953.73 953.54 
1-nonanol 1154.75 1154.56 1154.07 
1-hexanon 764.98 765. 14 769 . 27 769.30 
2-heptanon 851.99 852.16 854.43 854.44 
2-octanon 969.92 970.08 970.38 970.37 
5-nonanon 1072.07 1071.78 1071.16 
nonene 887.62 887.74 888 •. 24 888.57 
tridekene 1289.32 1289.39 1288.75 
toluene 753. 19 753.06 758.14 756. 10 
1,2-dimethyl -

benzene 881.45 881.20 882.38 882.28 
t-butylbenzene 983.19 983.16 982. 25 982.08 
1,2-diethyl-

benzene 1051.31 1051.24 1048.86 
c-hexylbenzene 1313.41 1312.04 1299.43 
------------------------------------------------------------
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LIST OF SYMBOLS. 

c 

Cw 

Cw.o 

cl!!: 

c." 

Co 

c,.I!!!:F 

d 

de 

E 

F 

Fw 

Fl!!!: 

F." 

k 

K 

Kw 

KI!!: 

K <T> 

L 

mw.o 

mass-concentration 

concentratien in water 

initia! concentratien in water 

concentratien in extracting solvent 

concentratien in the gas-phase 

minimum concentratien in the sample 

concentratien in reference salution 

density 

column inner diameter 

enrichment factor 

carrier gas flow-rate 

water flow 

extracting solvent flow 

gas flow rate 

molar free energy of salution 

plate height <HETP> 

molar enthalpy of salution 

isothermal retentien index 

temperature programmed retentien index 

retentien factor 

liquid-liquid distribution constant 

gas-liquid distribution constant <water> 

gas-liquid distribution constant (extract> 

distribution coefficient of the solute at 

temperature T 

column length 

amount in extracting solvent 

amount in water 

initia! amount in water 

amount adsorbed 

-1ó1-



Mw 

N~ 

Po 

p 

. re 

R 

RN 

Re: 

Ra 

.ds 

s 

T 

T,.. 

To 

Ta~ 

t 

U x 

V 

Vw 

Vw.o 

molar mass of water 

column plate number 

column outlet pressure 

pressure-ratio (in/out> 

total pressure 

saturated vapeur pressure 

programming rate 

column inner diameter 

ideal gas constant 

noise standard deviation 

recovery 

resolution 

molar entropy of salution 
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v~~ retentien volume of a pre-column 

Wc minimum detectable amount 

x distance 

z carbon number of an alkane 

~ column phase ratio 

~ peak varianee 

a~ activity coefficient 

at total width of a chromatographic peak 
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ax input band width 
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SUMMARY 

Capillary gas chromatography of trace amounts of organic 

components in complex matrices requires in most cases a 

number of sample preparatien steps prior to 

chromatographic analysis. This sequence of events 

including e.g. sample collection, extraction and/or 

enrichment, derivatization and the introduetion of a 

representative or selective part of the sample into the 

column is defined as sampling throughout this thesis. 

The minimum detectable amount of analyte <and thus the 

minimum amount which can be analysed accurately> depends 

upon the combination of the actual sample volume, the 

analyte concentration, the signal to noise ratio of the 

detector and the compatibility of the chromatographic 

system. 

Taking into account a certain permitted loss in efficiency 

and resolution, it is shown theoretically that the minimum 

detectable amount for a given component is decreasing 

proportional to the column inner diameter. The minimum 

detectable analyte concentratien in the sample introduced 

into the column is decreasing with increasing column 

diameter, however. A further decrease of the minimum 

analyte concentratien can be obtained by increasing the 

initial bandwidth. The price to be paid in this case is an 

additional loss in resolution. 

Sample preconcentration <or enrichment> is necessary when 

the analyte concentratien is below the minimun sample 

concentratien as discussed above. 

Theoretica! models are derived for a number of off-line 

enrichment techniques commenly used in combination with 
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capillary gas chromatography: batch-wise and continuous 

liquid-liquid extraction, dynamic head-space sampling and 

steam distillation-extraction. Process variables such as 

process-time, temperature and flow-rate as well as 

physical properties: activity coefficients and vapour 

pressures of the analytes, solvents, etc. are included in 

these models. The applicability of these techniques for 

.aqueous samples is presented diagrammatically 

Dynamic head-space is a superior technique for samples 

with extremely low concentrations <ppt-level>, in 

particular for non-polar, volatile components. Other 

techniques, like steam distillation-extraction, facilitate 

the enrichment of ppb-concentrations of non-polar and 

slightly polar, volatile components. This technique is 

especially used for samples with a complex matrix: soil, 

foodstuffs, etc. The most versatile and widely applicable 

technique for aqueous samples are pre-columns <adsorption 

columns>, which are available with a wide variety of 

adsorbents. 

Quantitative analysis is restricted to the components with 

a known identity. Therefore, if necessary a qualitative 

analysis preceeds quantitation. Capillary gas 

chromatography of complex samples almost always involves 

temperature programming. Unfortunately, with respect to 

qualitative analysis, there are hardly useful compiled 

retentien data to be used when temperature programming is 

employed. A method is described enabling the calculation 

of temperature programmed retentien indices from 

isothermal retentien data (viz. the retentien factor>. A 

direct conversion of isothermal to temperature programmed 

indices is not possible. It is shown that linear 

temperature programmed retentien indices can only be 
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calculated from isothermal retentien data, if the 

temperature dependenee of bath the distribution constants 

and the column dead-time are taken into account. 

Procedures are described which allow calculation of 

retentien temperatures and from these accurate temperature 

programmed indices. Within certain limits the initial oven 

temperature and the programming rate can be chosen freely. 

Prerequisite for this calculation is the availability of 

reliable isothermal retentien data (retention times, 

retentien factors, relative retentien times or retentien 

indices) at two different temperatures for one column. 

It is demonstrated how compiled isothermal retentien 

indices at two different temperatures can be used for the 

calculation of retentien temperatures and thus temperature 

programmed retentien indices. For the column for which 

programmed retentien indices have to be determined the 

isothermal retentien times of the n-alkanes and the column 

dead-time as a function of temperature have to be known in 

addition to the compiled data for a given stationary 

ph a se. 

Once the temperature programmed retentien indices have 

been calculated for a given column the concept allows the 

calculation of temperature programmed indices for columns 

with different specifications. The characteristics which 

can be varied are: column length, column inner diameter, 

phase-rati o, i ni ti al oven temperature and p.rogrammi ng 

rate. 

Ta evaluate the concept, five different non-polar columns 

with OV-1 as the stationary phase are used. For 

thirty-three different solutes covering five different 

classes of components, including alkyl-aromatics, bath 

isothermal and temperature programmed indices are 
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determined. Using the isothermal information temperature 

programmed indices are calculated. Under several linear 

programmed conditions and for the different procedures 

within the concept, an accuracy usually better than 0.5 

IT-units is obtained. A comparison with earlier 

published procedures is given showing the concept as 

presented to be the most accurate. For the other concepts 

deviations up to 14 index-units are observed. 
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SAMENVATTING 

Sporenanalyse van organische componenten in complexe 

matrices met behulp van capillaire gas chromatografie 

vereist meestal een aantal monster <vDor> 

bewerkingsstappen voorafgaand aan de chromatografische 

analyse. Deze serie handelingen: monstername, extractie 

en/of verrijking, derivatisering en de introductie van een 

representatief of selectief gedeelte van het monster in de 

kolom is in dit proefschrift gedefinieerd als 'sampling'. 

De minimum detecteerbare hoeveelheid <en dus de minimale 

hoeveelheid die betrouwbaar geanalyseerd kan worden> is 

afhankelijk van de combinatie van het geinjeeteerde 

monstervolume, de monsterconcentratie, de signaal-ruis 

verhouding van de detector en het chromatografisch 

systeem. 

Uitgaand van een bepaald toegelaten verlies aan efficiency 

en resolutie, is theoretisch afgeleid dat de minimum 

detecteerbare hoeveelheid van een component evenredig met 

de kolomdiameter kleiner wordt. Echter, de minimum 

detecteerbare concentratie in het geinjeeteerde monster 

neemt toe bij kleinere kolomdiameter. Een verdere 

verlaging van de minimum monsterconcentratie wordt 

verkregen door een vergroting van de injectieband breedte. 

In dit geval is de prijs die betaald moet worden een extra 

verlies in resolutie. 

Monsterconcentrering (of verrijking> is noodzakelijk 

indien de werkelijke monsterconcentratie lager is dan de 

boven beschreven minimum monsterconcentratie. 

Theoretische modellen zijn afgeleid voor enkele 

monsterverrijkings technieken die in combinatie met 
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capillaire gas chromatografie gebruikt worden: 

'batch-wise· en continue vloeistof-vloeistof extractie, 

dynamische head-space en stoom destillatie-extractie. Deze 

modellen houden rekening met proces-variabelen zoals 

proces-tijd, temperatuur en debiet, alsook component en 

oplosmiddel afhankelijke physische grootheden: polariteit 

en vluchtigheid. De toepasbaarheid van de beschreven 

technieken is schematisch weergegeven. 

Dynamische head-space is een superieure techniek voor de 

verrijking van monsters met extreem lage concentraties 

<ppt-niveau), voornamelijk niet-polaire, vluchtige 

componenten. Andere technieken, zoals stoom destillatie

extractie, zijn speciaal geschikt voor niet-polaire tot 

matig polaire, relatief vluchtige componenten in complexe 

matrices, zoals grondmonsters, voedingsmiddelen, etc. Het 

meest algemeen toepasbaar zijn de voor-kolommen 

<adsorptie-kolommen> die verkrijgbaar zijn met vele 

adsorbentia. 

Een quantitatieve analyse kan slechts uitgevoerd worden 

indien de identiteit van de componenten bekend is. Daarom 

wordt de quantitatieve analyse indien nodig voorafgegaan 

door een identificatie. De analyse van complexe mengsels 

met behulp van capillaire gas chromatografie vereist in 

bijna alle gevallen het gebruik van temperatuur 

programmering. Met betrekking tot de kwalitatieve analyse 

zijn er, helaas, nauwelijks bruikbare data-banken met 

temperatuur geprogrammeerde retentie gegevens. 

Een methode is beschreven die de berekening van 

t e mperatuur geprogrammeerde retentie indices uit isotherme 

retentie gegevens (de retentie factor> mogelijk maakt. Een 

directe omrekening van isotherme in temperatuur 

geprogrammeerde indices is niet mogelijk. Aangetoond is 
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dat lineair temperatuur geprogrammeerde indices enkel 

berekend kunnen worden uit isotherme retentie gegevens, 

indien de temperatuur afhankelijkheid van zowel de 

verdelingsconstanten als de dode tijd van de kolom in de 

berekening worden betrokken. 

De berekening van retentietemperaturen en daaruit 

temperatuur geprogrammeerde indices is beschreven. Binnen 

bepaalde grenzen kan de begintemperatuur en de 

programmeersnelheid vrij gekozen worden. Voorwaarde voor 

de berekening is de beschikbaarheid van betrouwbare 

isotherme retentiegegevens <retentie tijden, retentie 

factoren, relatieve retentie tijden of retentie indices> 

voor een kolom bij twee verschillende temperaturen. 

Voor de berekening van de retentie temperaturen en dus 

temperatuur geprogrammeerde indices kan ook gebruik 

gemaakt worden van gecompileerde isotherme retentie 

indices. Naast de gecompileerde gegevens moeten dan de 

isotherme retentie tijden van de normaal alkanen en de 

dode-tijd als functie van de temperatuur bekend zijn voor 

de kolom waarvoor indices berekend moeten worden. 

Indien eenmaal temperatuur geprogrammeerde retentie 

indices berekend zijn voor een kolom, voorziet het 

gepresenteerde concept in de berekening van temperatuur 

geprogrammeerde indices voor andere kolommen met dezelfde 

stationaire fase maar verschillende dimensies en 

verschillende temperatuur geprogrammeerde omstandigheden. 

Gevarieerd kunnen worden: kolomlengte, kolom diameter, 

fase-verhouding, begin temperatuur en programmeersnelheid. 

Het concept is geevalueerd gebruik makend van vijf 

capillaire kolommem met OV-1 als stationaire fase. Zowel 

isotherme als temperatuur geprogrammeerde indices zijn 

bepaald voor drieendertig componenten van verschillende 
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stofklassen, waaronder alkyl-aromaten. Gebruik makend van 

de verkregen isotherme informatie zijn temperatuur 

geprogrammeerde indices berekend. Voor verschillende 

lineair geprogrammeerde omstandigheden en voor de 

verschillende reken procedures is eennauwkeurigheid beter 

dan 0.5 IT-eenheden bereikt. De vergelijking met 

andere, eerder gepubliceerde, concepten laat zien dat het 

hier beschreven concept het meest betrouwbare is. De 

andere concepten laten afwijkingen zien tot 14 eenheden. 
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STELLINGEN 

1 Een directe berekening van temperatuur geprogrammeerde 
retentie indices uit isotherme retentie indices is 
niet mogelijk. 

Dit proefschrift, hoofdstuk 5. 

2 Naast de on-line koppeling van concentrerings 
kolommetjes met HPLC verdient een directe, geautoma
tiseerde koppeling hiervan met <capillaire> 
gaschromatografie meer aandacht. 

C.E.Goewie, proefschrift, Amsterdam 1983. 

3 Bij de evaluatie van on-column injectoren moet 
rekening gehouden worden met de maximale belast
baarheid van capillaire GC-kolommen. 

F.S.Wang, H.Shanfield and A.Zlatkis, 
J.of HRC&CC, 5(1982)562. 

4 Gezien de beperking in de keuze van de mobiele fasen 
zal ·super critica! fluid' chromatografie nooit de 
populariteit van gas, of vloeistof chromatografie 
krijgen. 

5 De gaschromatografische analyse van niet gederivati
seerde steroïden is een aantrekkelijke manier om de 
complete procedure voor steraidprofilering te 
versnellen. 

6 De detectie van de transient en steady-state in 
electraforese met 255 potentiaal gradient detectoren 
zoals beschreven door Thormann et al. kan eveneens 
worden uitgevoerd met een detector. 

W.Thormann, D.Arn en E.Schumacher, 
Electrophoresis, 5 (1984) 323. 



7 Het gesuggereerde verband tussen de 27Al en de 1 ~C-NMR 

spectra van TPA-ZSM-5 zeoliet in verband met signaal
verdubbeling is onwaarschijnlijk. 

K.Scholle, W.Veeman, P.Frenken en G.van der Velden, 
J.of Phys.Chem. BB (19B4> 3395. 

B Het gebruik van polysilazanen om polaire groepen op 
silica oppervlakken in te voeren moet ontraden worden. 

G.Rutten, J.de Haan, L.van de Ven, H.van Cruchten en 
J.Rijks, "International symposium on capillary 
chromatography." Rivadel Garda, 19B5. 

9 Het schrikbeeld van de opmars van de computer is dat 
na verloop van tijd alle communicatie via dit medium 
zal verlopen. 

10 Het tempo van de fantasie van sportmensen en hun 
begeleiders in het uitdenken en toepassen van 
stimulerende middelen, is door analytisch chemici 
niet bij te benen. 

Eindhoven, 11 juni 19B5 J.M.P.I'i.Curvers 


