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Abstract 

In the first part of this thesis, strategies for avoiding systematic errors when quantifying the 
main components in mixtures of solvents has been developed (paper I). It is shown that 
variations in density caused by variations in sample composition and/or volume contraction 
need to be taken into account. In this way, quantification can be improved. 

The second part (paper II-V) describes a number of new methods for the analysis of organic 
trace components present in gaseous or aqueous samples, after an overview of the most 
commonly applied sample enrichment techniques has been given. 

For the enrichment of volatile trace compounds from gaseous samples, the concept of open 
tubular trapping has been further developed. A simplified procedure for preparing ultra-thick 
film, sorptive open tubular traps (OTTs) is described (paper III). The traps are coated with an 
irregular film of PDMS, and it is shown that the performance in terms of breakthrough 
volume is only marginally affected by the use of such traps. In paper IV, it is shown both 
experimentally and with a theoretical model that the enrichment capacity of OTTs can be 
significantly increased by increasing the inner diameter of the traps. 

A fully automated procedure for high-capacity sorption enrichment of trace organic analytes 
present in water is also reported (paper II). Time-based non-equilibrium extractions are feasible, 
enabling fast extractions that still allow sub-ppt limits of detection. The high flexibility of the 
automated system makes it possible to sample from process streams or off-line sources. 

Finally, the development of a new 2-dimensional precolumn-backflush method for the analysis 
of polar volatile trace analytes in water is described (paper V). This concept is based on the 
action of a hygroscopic salt which has a strong affinity for water, in a precolumn. Organic 
trace compounds, such as volatile alcohols or ketones show little retention on the precolumn 
and are eluted ahead of the bulk amount of the water onto a capillary column for subsequent 
high resolution separation. The residual water is removed from the system by backflushing the 
precolumn. The procedure allows the direct injection of aqueous sample volumes of at least 
100 µl, and the pre-fractionation is accomplished within only a few minutes. Quantification 
limits for selected polar trace components were in the low ppb-region. 

Keywords quantitative accuracy, calibration, external standards, volume contraction, molar 
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1 GENERAL BACKGROUND 

Gas chromatography (GC) is an analytical tool which is present in almost any major chemical 

laboratory due to its versatility and many advantages. There are currently more than 500 000 

gas chromatographs in active use. The principle of gas chromatographic separation is suitable 

for almost any mixture of components that exhibit reasonable volatility. Another advantage of 

gas chromatography is that the immediate quantitative analysis of components present at ppm 

or even sub ppm levels is possible [1]. For components present at higher concentrations, 

quantitative GC analysis is routinely employed both for product control and in production 

processes [2]. Although other techniques (such as infrared and near infrared spectroscopy [3]) 

are also nowadays used for such purposes, gas chromatography has two advantages; first, it has 

a superior selectivity, which is important when dealing with compounds having similar 

spectroscopic properties, and second, it can quantify compounds, present at high as well as very 

low concentrations in complex mixtures. Classical application areas are in e.g. the petroleum 

industry [4,5], the pharmaceutical industry [6,7] and environmental chemistry [8]. An area of 

growing importance for GC is on-line process analysis. Frequently, the samples that are 

analyzed represent an enormous amount of chemicals which must comply with a product 

specification. Therefore, precise and accurate analytical data are crucial to reduce the difference 

between the product specification and the true content of the product. 

 

Analysis of organic trace components is the application area where gas chromatography has 

had and still has an overwhelming impact. Trace components are relevant in many areas, e.g. in 

food [9,10], fragrance [11], bulk production chemicals [12-14] and last but not least, 

environmental chemistry [8,15]. The development of new methods is often fueled by extended 

legislation, tighter product specifications and increased cost efficiency, and this requires faster 

analysis and better detectability and quantitative accuracy.  A GC analysis of trace components 

usually consists of different steps, including sample preparation and/or analyte enrichment, 

sample introduction, separation and detection. The two last issues can be considered as the 

most robust components of gas chromatography. Today, a large variety of capillary columns 

with high inertness and efficiency are commercially available. When comprehensive 

technologies are applied [16], it is possible to separate as many as 10 000 components in a 

single analysis [17]. Apart from the selective and sensitive detectors now available for gas 

chromatography, hyphenated systems which include mass spectrometry and other spectroscopic 
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methods provide powerful means for obtaining rapid and extensive information on separated 

analytes [18]. 

The first step in the analysis sequence – sample preparation and/or analyte enrichment – is 

often the limiting step and the largest source of analytical errors. In this context, the use of 

automated systems not only increases sample throughput, but can also greatly improve the 

analytical performance. 

 

This thesis deals with a number of aspects and improvements of techniques for GC analysis.  

For the analysis of industrial bulk chemicals, in cases where large fluctuations of sample 

compositions can be expected, it is of central importance to use adequate calibration 

procedures. Significant errors can be caused by non-consistent sample density. This problem is 

discussed in paper I. 

The subsequent work described in the thesis deals with development of new sampling 

technologies for analysis of trace components, present in gaseous as well as in liquid matrices. 

For the first type of matrix, the open tubular trap concept has been further explored. This 

technique employs a capillary tube coated with a very thick film of a stationary phase [19], 

which has many advantages as will be discussed in detail later. However, a more general use of 

the concept has been hampered by difficulties in manufacturing such traps. Also, the sample 

enrichment capacity for very volatile analytes is limited. In paper III, a new and very simple 

method for the preparation of open tubular traps is described, and it is anticipated that the 

technology may now find a more widespread use. In paper IV, the further possibilities and 

limitations of open tubular traps have been studied, particularly regarding dimensional aspects. 

The paper shows how an open tubular trap can be tailored to obtain a greater enrichment 

capacity, even for very volatile trace components. 

Two other papers deal with trace components in aqueous matrices. A fully automated system 

using a high-capacity sorption probe combined with gas chromatography - mass spectrometry 

(GC-MS) was developed (paper II). Using a time-based non-equilibrium extraction procedure, 

this system can be employed for the fast analysis of trace components from water. Moreover, 

the technique offers extended possibilities, e.g. for sampling on-line in process streams. 

Finally, a new concept has been developed for the trace analysis of highly polar volatile 

components in water. This is a challenging problem, since such compounds have a very strong 
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affinity for the water matrix. The suitability of methods employing adsorption or sorption-

based principles is therefore limited. The new method, described in paper V, employs a dry 

inorganic salt in a precolumn format. The salt has a greater affinity for water than for the 

organic analytes, which are therefore eluted ahead of the bulk of water. In this way, large 

volume injections can be performed, and this permits the quantitative analysis of polar volatiles 

in water down to low ppb levels. 
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2 QUANTITATIVE ANALYSIS OF BULK INDUSTRIAL 

SOLVENTS 

2.1 Introduction 

Quantitative analysis of the composition of industrial solvents by GC is routinely employed 

for the quality control of incoming raw material, as well as for control during and after the 

production stages. The analytical data are required for optimization and utilization of the 

materials in the most economic way and are also of great importance for quality assurance. The 

latter is particularly critical in the pharmaceutical industry. In view of the very large quantities 

of solvents which are often used, representing a large economic value, it is desirable that the 

analytical results shall have a very high degree of accuracy. In this context, sampling and 

calibration are critical issues. For the greatest accuracy, a calibration procedure based on 

internal standards is preferable. However, this requires a sample preparation step, which is not 

always possible, e.g. in the case of automated on-line analysis. Moreover, the internal standard 

calibration procedure is rather time-consuming. 

In practice, the analysis has therefore often to rely on external calibration procedures, and this 

requires the introduction of a highly repeatable sample volume. Using modern automatic 

sample injection devices, this requirement can be fulfilled, but it is also necessary to pay 

attention to the inherent properties of the individual constituents. When dealing with large 

concentration variations in sample compositions, the density of the sample is frequently not 

constant. Even the molar volume of the sample can be affected. A well-known example of the 

latter is when water and ethanol are mixed, which leads to a volume contraction due to 

molecular interaction [20]. The final volume of a mixture of the two components will be less 

than the sum of the two individual original volumes.  

In the next two chapters as well as in paper I, the effects of these anomalies are discussed and a 

suitable remedy is suggested. 
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2.2 Selecting a suitable calibration model 

It is of considerable importance to apply a correct calibration procedure, when dealing with 

solvent samples whose densities differ. This is evident in the equation [21]: 

iwVρkmk A Imiiii ==    (1) 

where Ai = peak area for compound i, mi = injected mass of component i, ρm = the density of the 

mixture, VI = injection volume, ki = a detector constant for component i in the mixture, and wi 

= the mass fraction of compound i in the mixture. This equation assumes operation at a 

constant temperature and pressure, since these parameters also affect the density of the sample. 

Since the density of the sample is included in the equation, this parameter must be known in 

order to calculate a correct value for wi. This may seem to be trivial, but we have seen examples 

of analytical methods in industry where this issue had not been considered! 

In order to demonstrate the practical significance of the effects of density differences, a 

calibration model based on mass fractions was created, using experimental data. Three solvents 

were utilized, two of these having about the same density (ethanol och methanol, ρethanol=0.789 

g/cm3, ρmethanol=0.791 g/cm3) and one having a different density (1,2-dichloroethane (EDC), 

ρEDC=1.235 g/cm3). Two sets of calibration samples were prepared, where ethanol was mixed 

either with methanol or with EDC. Fig. 1 shows the calibration values obtained for the mass 

fraction of ethanol as a function of the peak area. Two patterns can be discerned. The 

calibration samples containing ethanol and methanol (indicated by ο) follow a straight line. 

The line in the figure is a linear regression adaption between the points. The calibration 

samples containing ethanol and EDC (indicated by +) follow a curved line and a polynomial 

expression has been utilized to fit a line to these points. The results clearly show that the use of 

Eq. (1) is not satisfactory. Evidently, there is no general solution. The calibration curve for the 

binary mixtures of methanol and ethanol follow a straight line, which reflects the fact that 

these two solvent have almost the same density. The peak area of a mixture of the three 

components is shown in Fig. 1 as (×). This calibration point falls between the two drawn lines. 

The calibration point has a y-residual of 18.2% relative to the straight line and -10.9% relative 

to the curved line. The largest error which could theoretically arise using this calibration model 

is as much as ca. 56%, when determining low concentrations of ethanol. 
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It can therefore be concluded that this calibration model is not adequate. This is particularly 

clear when using a binary model, as in this example. When dealing with ternary mixtures, the 

errors are not always so pronounced. Poor analytical accuracy could then be interpreted as 

being due to systematic instrumental errors. 

 

Fig. 1. Calibration points obtained for the calibration model in Eq. (1). Calibration samples containing ethanol 

and methanol are indicated with (ο). A linear curve has been fitted to these points by the use of the least squares 

method. (+) correspond to the calibration samples containing mixtures of ethanol and EDC. A curve has been 

fitted to these points by a polynomial fit of the second order. The arrow shows the calibration point obtained for a 

ternary test mixture of the three components (wethanol=0.297, wmethanol=0.296 and wEDC=0.407) and is represented 

by ×. 

A solution to the calibration problem has been proposed earlier by Marsman et al. [22]. They 

apply a method, where the density of the sample is estimated by an iterative calculation. The 

instrument is first calibrated with known standards (wi and ρm), and ki is determined for all 

components. When analyzing an unknown sample, a density value is first estimated and Eq. (1) 

is utilized together with the peak areas obtained in order to make a first estimate of the 

composition of the sample (wi). The mass fractions obtained are loaded into Eq. (2) together 

with the density values of the individual components (ρi = the density of component i ), for a 

calculation of a more accurate value of ρm. The new, estimated density is utilized to calculate a 

new sample composition, using Eq. (1). This procedure is repeated until the calculated density 

is equal to the estimated density. 
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The algorithm developed by Marsman et al. solves the problem regarding variations in sample 

density, but the implementation of the procedure is quite complex, and alternative solutions 

are desirable. An obvious practical alternative is to calibrate with mass concentrations instead 

of mass fractions. The calibration model is then represented by the equation: 

iIii γVk  A =    (3) 

where γi = mass concentration of component i in the mixture. 

This makes it possible to obtain unique calibration curves, since Eq. (3) is not influenced by 

the sample composition. However, there are also cases where the mass concentration is 

influenced by the composition of the sample. This problem is treated in the next chapter. 

The two sets of experimental calibration data shown in Fig. 1 were utilized to create a new 

calibration model based on Eq. (3). This resulted in a common straight line for all calibration 

points with a coefficient of determination (R2) of 0.9997. 

The calibration sample containing the ternary mixture also falls on the straight line with a 

deviation of only +1.06% of the y-residual. For a common calibration line where the model is 

based on mass fraction, R2 is 0.97. 

2.3 Systematic errors due to volume contraction 

Significant volume contractions can occur when solvents are mixed, and this includes samples 

used for calibration. An example of this is when acetone is mixed with water. The final volume 

can be up to 4.5% less than the sum of the original volumes [23]. 

If the effect of possible volume contractions of calibration samples is neglected, the final 

analytical precision will be impaired, regardless of whether the Marsman algorithm or the 

model using mass concentration is applied. The problem can be solved if the density of the 

calibration sample is determined after mixing the solvents. Using a densitometer, an accuracy 

of ±0.001 g/ml can easily be obtained.  

In order to demonstrate the effects of solvent contraction on the analytical precision, 28 test 

samples were prepared and analyzed on a GC system in triplicate. The mixtures contained 

ethanol, acetone, methanol and water, made up in random known proportions, covering a large 
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concentration interval of ethanol. For each of the samples, the theoretical mass concentration 

was calculated, using data for the weight of the sample and the density of each constituent. The 

theoretical density was calculated using Eq. (2). In addition, the densities of the mixtures were 

determined and compared with the theoretical values. Deviations were regarded to be due to 

volume contraction and were used to correct, in a proportional way, the mass concentrations. 

The observed volume contractions varied between 0.0 and 4.1%. Nine of the test samples were 

randomly chosen to serve as calibration mixtures. Two calibration curves for ethanol were 

created; one with the uncorrected mass concentrations and the other with the corrected values. 

The calibration model according to Eq. (3) was utilized with linear regression. 

In order to search for possible systematic errors in the calibration curves, the remaining 19 

mixtures were used as validation samples. The analysis data (peak area of ethanol) from each 

validation sample was used twice to predict the mass concentration of ethanol, once for each 

calibration curve. Each mass concentration obtained was then compared with the corrected 

mass concentration, which was assumed to contain no systematic error. The estimation error 

(bias) of each prediction was determined in this way. One way to investigate whether any 

systematic error is present in the calibration models is to use the Rankit method [24]. The 

Rankit plots are shown in Fig. 2, one plot for each calibration curve. In a Rankit plot, a 

population of values with a normal distribution will fall on a straight line and this is used to 

confirm a normal distribution. Both populations in Fig. 2 appear to be normally distributed. 

However, it is clear in Fig. 2 that the estimated concentrations of ethanol tend to be too low 

when the non-corrected mass concentration procedure is applied. 
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Fig. 2. Rankit plot of the two sets of bias (estimation errors) obtained when the two different linear regression 

models were utilized. (ο) represents the estimation error obtained by the model not corrected for volume contractions 

while (×) represents the estimation error obtained with the model using corrected values of mass concentrations. 

Another statistical procedure for detecting systematic errors in a calibration curve is: 

1. Plot the predicted vs. the known mass concentrations (corrected γ), also referred to as a 

Youden plot [24]. 

2. Perform linear regression on this set of data and calculate the confidence interval of the 

intercept and the slope. 

3. Study these confidence intervals.  

a. If the confidence interval of the slope does not include the value of 1, then a 

systematic error that is proportional to the mass concentration is present. 

b. If the confidence interval of the intercept does not include the value of zero, 

then a systematic error of a constant magnitude is present. 

This procedure was applied to the two calibration curves. The calculated confidence intervals of 

the intercepts and slopes are shown in Table 1. 
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Table 1. Regression data obtained after plotting predicted mass concentration versus the mass concentration 

obtained through weight and density measurements. The two columns represent the model using uncorrected and the 

corrected mass concentration respectively. 

 Model (uncorrected γ) Model (corrected γ) 
Slopea 1.0091 ± 0.018 1.0113 ± 0.018 
Intercepta -0.0111 ± 0.0088 0.0057 ± 0.0088 
a ± gives the 95% confidence limits. 

One systematic error can be detected. The confidence interval of the intercept for the 

calibration curve using uncorrected mass concentrations (showed in bold type) does not 

include the value of zero (significantly lower). Clearly, this calibration curve will tend to give 

an underestimation of the mass concentration. This systematic error leads to a significant loss 

in analytical accuracy. No systematic errors are detectable in the calibration model when the 

mass concentrations were corrected.  

2.4 Conclusions 

For the accurate analysis of solvent mixtures, where large proportional variations of the 

individual components can be expected, it is necessary to take into account differences in 

density. A calibration model based on mass concentrations is often the simplest solution. 

However, when volume contractions occur as a result of solvent mixing, it is also necessary to 

correct for the associated density changes of the mixture. Although the errors may often not be 

very large if these effects are neglected, it should be noted that industrial solvent handling and 

solvent recovery by distillation regularly deal with very large bulk quantities, e.g. many 

thousands of metric tons/year. Thus small errors in analytical accuracy can represent large 

commercial values, and this justifies the application of the described corrected calibration 

procedure. 
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3 TRACE ANALYSIS - ENRICHMENT TECHNIQUES 

3.1 Introduction 

GC is an indispensable separation tool in numerous areas, e.g. flavor [25] and pheromone 

chemistry [26], volatiles emitted from sick buildings [27], food off-flavors [28,29], 

environmental chemistry [30] etc. Relevant compounds are often present in very low 

concentrations (ppb, ppt and lower). In such cases, it is not possible to perform a direct 

analysis, since this would require the injection of an unrealistically large sample volume. 

Moreover, the sample matrix is often not compatible with GC, since it may contain 

considerable amounts of non-volatile material or be non-volatile by nature (e.g. soil, 

construction materials etc.). This requires the transfer of the analytes to a more GC-compatible 

matrix – a step which preferably should include sample enrichment [31,32]. 

Solvent extraction is one of the oldest enrichment techniques, but for environmental reasons 

attempts are nowadays made to avoid the use of solvents [33,34]. This has also been one of the 

goals in the development of the new techniques for trace enrichment which are reported in this 

thesis. In the current chapter, some selected, commonly employed concentration techniques are 

briefly described and the limitations of these methods are discussed. 

3.2 Cryogenic concentration 

Cryogenic concentration is suitable when dealing with gaseous samples, usually air or a 

dynamic headspace from liquids or solids. The gaseous sample is guided through a cold trap, 

where the analytes condense. The most frequently utilized cold media are liquid nitrogen or 

liquid carbon dioxide. The cold trap can be a U-shaped tube [35], the capillary column itself 

[36,37] or an injector, typically a programmable temperature vaporizer injector (PTV) [38]. 

The major limitation associated with cryotrapping is condensation of the rather large quantities 

of water vapor present in most samples. On-column cold trapping results in rapid ice plug 

development, blocking the column. Also, water can have a detrimental effect on the 

chromatographic separation or detection [39,40]. Suggestions have been made to include a 

desiccant, for example K2CO3 [37], but this is likely to affect the sample composition. Drying 

of the sample using a Nafion membrane has been proposed [41], but serious losses of analytes 

have also been experienced with this concept, particularly polar components. 
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Due to these limitations, cryotrapping is seldom employed for air samples [42], but cryogenic 

trapping is a powerful tool for the band focusing of analytes introduced onto the 

chromatographic separation column [1].  

3.3 Direct injection of aqueous samples 

Direct large volume injection is an attractive approach for the analysis of trace components in 

aqueous matrices. Losses of analytes are minimized, since there is no separate intermediate 

enrichment stage. When the target analytes are semi-volatiles, sample volumes of up to 1 ml can 

be injected [43]. However, when dealing with analytes such as low boiling alcohols, ketones, 

nitriles etc., not more than 1-5 µl of water sample can be injected directly onto the column 

[40,44-46], the main reason being that there is no selective band focusing mechanism for such 

analytes. A general limitation of direct aqueous injection onto capillary columns is the presence 

in “real-life” water samples of non-volatile material. This material will accumulate on the 

separation column and leads to a deterioration in the chromatographic process [45,47]. A 

multi-dimensional system using a precolumn filled with an adsorbent like Tenax can be a 

viable strategy for such samples [38,48-50]. However, the applicability of such an approach is 

limited by the formation of artifacts stemming from the adsorbent [50,51].  

In conclusion, the analysis of polar volatile trace components in water is still challenging. The 

problem is addressed in paper V, where a new concept for the large volume injection of 

aqueous samples for the analysis of volatile polar trace components has been developed. 

3.4 Liquid-liquid extraction 

Enrichment by means of liquid extraction is one of the oldest methods, and it is still widely 

employed. The extraction process is based on the establishment of an equilibrium in which the 

analytes are partitioned between two immiscible liquids, usually an organic solvent and water. 

The extraction efficiency (Ee) for a one step extraction can be calculated using the equation 

[47]: 
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where Ke is the partition coefficient and VE and VS are the volumes of the organic solvent and 

the water, respectively. The extraction yield can be enhanced by increasing the volume of 
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solvent or by repetitive extraction with small portions of solvent. A powerful means to improve 

the selectivity of the extraction is to utilize a combination of solvents.  

Liquid-liquid extraction is quite laborious, but fully automated methods using segmented flow 

extraction combined with GC have been reported [52,53]. Recent developments where semi-

permeable membranes are utilized, physically separating the extraction liquid from the sample, 

have also demonstrated new possibilities [54]. However, there is a tendency to replace liquid-

liquid extraction by other enrichment methods. This is probably related to the inconvenience 

of handling solvents, which is a negative factor when personal safety aspects are considered, 

particularly when systems have to be operated by non-chemists. 

3.5 Purge and Trap techniques 

A typical application of the purge and trap technique (P&T) is to strip volatiles from aqueous 

matrices [55]. The sample is purged with an inert stream of gas, and the volatiles, which are 

transferred to the gas stream, are trapped on an adsorbent. The procedure can be continued 

until an exhaustive stripping has been achieved. A particular P&T mode is closed loop 

stripping [56], where the purge gas is re-circulated by a pump. In this case, purging is continued 

until the sample is in equilibrium with the adsorbent. This method can utilize larger sample 

volumes with the accompanied advantage of achieving lower detection limits. 

P&T is an excellent technique for non-polar volatiles. It is a simple procedure, sample clean-up 

is very effective, and recovery is often quantitative. For more polar compounds, the suitability 

of the method is rather limited as such compounds prefer the water matrix. In order to 

perform a quantitative analysis, it is necessary to have rigorous control of all the operating 

parameters (temperature, pressure, flow etc.) [57]. The composition of the matrix will also affect 

the yield of purged analytes. In general, quantitative trapping of volatile polar analytes on an 

adsorbent is difficult. It depends on the basic issue of finding sufficient selectivity for analytes 

in presence of water. 

3.6 Adsorption-based extraction techniques 

Adsorption-based extraction (or solid phase extraction – SPE) is a very important technology 

and is widely utilized in trace analysis [58-60]. For the enrichment of analytes, the sample is 

usually sucked or pumped through a cartridge containing the adsorbent [61]. Passive sampling 

is also employed, where the sample is brought into contact with the adsorbent via diffusion or 

convection [62]. After sampling and (optional) removal of the matrix constituents (water), the 
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trapped analytes can be desorbed by extraction with a small volume of organic solvent. The 

resulting concentrate can be injected directly onto a separation column. A supercritical fluid, 

e.g. carbon dioxide, can also be used to desorb the analytes [63], but this has the disadvantage 

of requiring expensive and complex instrumentation. Another, more straightforward approach 

is to thermally desorb the analytes by heating the adsorbent under a flow of inert gas which is 

transferred to the GC, where the analytes are cryotrapped and analyzed. For the analysis of 

volatile compounds, the thermal desorption process is superior since the chromatographic 

peaks will not be obscured by a large solvent peak. 

Many types of adsorbents have been proposed with tailored properties and different specific 

surface areas. The most common adsorbents are polymer-based, e.g. styrene-divinylbenzene for 

material such as Tenax or Porapak Q. For very volatile components, active charcoal, graphitized 

carbon black and carbon molecular sieves have been utilized [42,64]. Adsorbents have been 

employed successfully in numerous applications, for example in the analysis of environmental 

pollutants in air [65] and water [66,67], and the clinical analysis of body fluids [68] etc. An 

advantage of adsorbents is the very strong molecular interaction with the analytes, yielding high 

partition coefficients and large sample capacities. Additionally, when using a suitable 

adsorbent, water is not retained to any great extent [42].  

There are also a number of restraints associated with SPE. The water remaining in the trap has 

to be removed prior to desorption, e.g. by a flow of nitrogen [69]. This drying step will lead to 

serious losses of trapped volatiles. The suitability of the technique for enrichment of reactive 

analytes is also restricted by catalytic activity of the adsorbents [70]. Catalytic activity may 

already be noticeable at the low temperatures during sampling [71]. Another disadvantage is 

related to the fact that the analytes are retained by a limited number of adsorptive sites. Ideally, 

the amount of adsorbed analyte is proportional to the vapor pressure above the adsorbent, i.e. 

it follows a linear adsorption isotherm [21]. As the number of free adsorptive sites is reduced, 

analyte molecules will begin to compete for the adsorptive sites and also with matrix 

constituents which have an affinity to the adsorbent. This results in a non-linear or 

unpredictable adsorption isotherm, which compromises quantification. In addition, the 

applicability of thermal desorption is restricted for two reasons. First, rather high temperatures 

are needed to liberate the compounds, and thermal desorption is therefore mainly suitable for 

thermostabile analytes [72,73]. Second, when polymer-based adsorbents are used, degradation 

products are generated during heating [73,74], particularly in the presence of oxygen and water 

[42]. This can seriously disturb the analysis. 
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The choice of an enrichment method using adsorbents for trace components should therefore 

always be carefully considered with these limitations in mind, particularly in areas like flavor or 

pheromone analysis, where some of the key components may be unstable and reactive. 

3.7 Sorption extraction techniques 

In order to overcome some of the disadvantages associated with the use of adsorbents, 

extraction techniques based on sorption have been developed [19,64]. A major part of this 

thesis is focused on sorption methods and these are therefore described in more detail. The 

principle of sorption is based on the dissolution of analytes into an immobilized liquid phase, 

typically employed in GC as a stationary phase, and does not rely on the temporary storing of 

the analytes on a limited number of adsorptive sites. There is no adsorption isotherm. Thus, 

the degree of interaction between extraction phase and analyte is not affected to the same extent 

by variations in concentration of the analytes or matrix constituents [75-77]. In fact, the process 

of sorption is in a sense similar to liquid-liquid extraction, without using solvents. The 

molecular interaction is much weaker than in the case of adsorbents, leading to a reduced 

retention power and reduced enrichment capacity. On the other hand, the release of the 

analytes by thermal desorption can be accomplished at much lower temperatures [76]. This is a 

clear advantage when dealing with thermally labile components. Systems based on sorption also 

show much lower catalytic activity, and this enables reactive substances to be enriched [73,78]. 

Another advantage is that the extraction efficiency for gaseous samples can be predicted from 

GC retention data, for example Kovats retention indices [76,79,80].  

Sorption systems usually employ a thick film of the sorbent, typically 100 µm or thicker. Thus, 

a high permeability of the sorbent is crucial since the mass transport in the sorbent otherwise 

becomes a major restraint. Polydimethylsiloxane (PDMS) has therefore been exclusively used as 

sorbent. Apart from a high permeability, PDMS has some additional outstanding properties 

[73] 

• Excellent thermostability 

• Very low retention of water 

• Retention data for many compounds have been published, since it is a common 

stationary phase in GC 
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Concerning the enrichment of trace compounds from aqueous samples using PDMS, partition 

data for 1-octanol/water may be utilized as a good approximation of the partition coefficient 

[34]. Such partition data have been published for a great number of substances [81,82]. 

3.7.1 Sampling procedures 

A number of specific sampling methods have been developed for sorption-based analyte 

extraction. Two basic principles can be distinguished: static and dynamic extraction. 

In the static method, the entire sorbent volume is exposed to the sample in a single step (Fig. 

3a). The sample can be a defined, limited volume or an almost infinite volume (e.g. a river, the 

atmosphere) [83,84]. 

 

Fig. 3. Static sampling. The entire sorbent volume is exposed to the sample. When the sample is a liquid, agitation 

is usually applied to accelerate the mass transport. (a) The system is in a non-equilibrium condition. (b) 

Equilibrium is reached after prolonged exposure. In this example, a considerable amount of analyte remains in the 

matrix. (c) A larger volume of sorbent is used and the sample is practically depleted of analyte. An exhaustive 

extraction is achieved. 

Equilibrium is established between the sorbent and the sample after a certain time and no more 

analyte will then be extracted by the sorbent (Fig. 3b). The amount (me) of analyte which has 

been extracted can be calculated as [85]: 
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and the extraction efficiency (Ee) as: 



 

 19

100

KV
V

1

1
E

eE

S
e ⋅

+
=   (6) 

where VS and VE are the volumes of the sample and sorbent respectively. CTOT is the original 

concentration of the analyte in the sample and Ke is the partition coefficient.  

The amount of extracted material is dependent on its original concentration in the sample (Eq. 

(5)) and the principle can therefore be utilized for quantitative analysis. However, it is 

important to consider that Ke is affected by temperature and pressure (gaseous samples), and 

these parameters should therefore be kept constant during sampling. Matrix effects, caused by 

e.g. different pHs and different concentrations of salts [84,86], may also have an influence. 

Variations in Ke will introduce quantitative errors, especially if an external standard procedure 

is employed. The quantitative error associated with different ratios (r) between the partition 

coefficients of a real sample and the calibration samples is shown in Fig. 4.  

 

Fig. 4. The lines represent the quantitative error that is associated with different ratios (r) between the partition 

coefficients of a real sample (Ke,sample) and the calibration sample(s) (Ke, calibrants). The x-axis represents extraction 

efficiencies (Ee) of the calibration samples (Eq. (6)). The plots were obtained using Eq. (5). 

At low extraction efficiencies (Ee), the quantitative error is almost proportional to this ratio (r), 

whereas the error is significantly lower at higher values of Ee. Thus, a higher Ee not only 

increases the amount of analyte extracted, but also improves the quantitative robustness. One 
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approach to increase the extraction efficiency is to use a larger volume of sorbent [87], as 

shown in Fig. 3c.  

 

In dynamic sampling, the entire sorbent volume is not immediately brought into contact with 

the entire sample. The dynamic sampling technique resembles chromatography in that it is also 

based on a stationary phase (the sorbent) and a moving, mobile phase (the sample). The 

sorption phase is located inside a tube or capillary as a bed of particles or as a coating affixed 

to the wall, whereas the sample is pumped or sucked through the tube [19,76], see Fig. 5a. 

 

Fig. 5. (a) Schematic of dynamic sampling. The sample is passed through the tube and the analyte is quantitatively 

enriched on the sorbent in the first section of the tube. JIN is the flux of analyte into the tube. The flux of analyte 

out of the tube (JOUT) is equal to zero, no sample is lost. (b) After prolonged sampling, some analyte will reach the 

outlet (JOUT > 0) and be lost. (c) After extended sampling, the sample will be in equilibrium with the entire 

sorbent volume. 

An analyte with affinity for the sorbent (i.e. a reasonably high Ke) will be retained in the first 

part of the tube and the flux of the analyte at the outlet will be equal to zero (JOUT). 

Consequently, the analyte will be quantitatively enriched in the tube. After prolonged sampling, 

some of the analyte will reach the outlet and be lost (Fig. 5b). The volume of sample that has 

entered the trap prior to any significant loss of analyte is usually referred to as the 
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breakthrough volume. Up to this sample volume, the analyte will be quantitatively enriched. 

The breakthrough volume (VB) is proportional to the retention volume (VR) but is also 

dependent on the number of plates (N) of the trap [88]: 

)
N

1.645
(1VV RB −⋅=   (7) 

This equation is valid for a 5% analyte loss and assumes a Gaussian breakthrough profile. An 

alternative approach is to sample in equilibrium mode, as depicted in Fig. 5c. The sample is 

then passed through the trap until all the analytes are in equilibrium with the sorbent [75]. 

Here, the full retention power of the trap is utilized but the concerns about quantitative 

accuracy are similar to these in static equilibrium sampling, as previously discussed. 

In breakthrough sampling, the enrichment step is quantitative with the benefit of less 

complicated calibration protocols and more easily interpreted GC results. Additionally, by 

discontinuing the sampling just prior to the moment when sample breakthrough occurs, an 

analyte "retention buffer" can be obtained. The advantage of this approach is that possible 

variations of the partition coefficient, e.g. due to matrix effects, will have no impact on the 

amount extracted, provided a sufficiently large "retention buffer" has been created. Thus, 

breakthrough sampling can be made more quantitatively robust against matrix effects than 

equilibrium sampling. Variations in extraction parameters that affect the partition coefficients, 

e.g. temperature, also become less critical, and this allows the use of simplified instrumentation. 

3.7.2 Solid phase microextraction 

Solid phase microextraction (SPME) is an enrichment technique that was introduced in 1990 

by Pawliszyn et al. [89]. The SPME device consists of a fused silica fiber covered with a layer of 

an immobilized sorbent, typically 5-100 µm thick. The fiber is positioned inside a special 

syringe needle and can be exposed by depressing the syringe plunger. This arrangement allows a 

septum of a vial or a GC injector to be penetrated while the sorbent is shielded inside the 

needle. Hence, extractions can be performed from samples kept in capped vials and thermal 

desorption is possible directly inside an ordinary GC split/splitless injector. Additionally, the 

thermal desorption process is rapid and no cryogenic band focusing on the head of the 

separation column is usually needed [84]. These features, and the ease of automation of the 

procedure, have led to a widespread use of the method.  

The SPME technique can be employed for the extraction of gaseous, liquid and solid samples. 

For solid samples, the sorbent is exposed to the sample headspace. For liquid samples, the 
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sorbent can be either dipped in the liquid sample or exposed to the headspace. The amount of 

analyte extracted (me) at equilibrium can be calculated using Eq. (5). 

In SPME, the volume of the sorbent is very small (VE < 0.7 µl), and this limits the amount of 

extracted analyte (see Eq. (5)) and hampers the usefulness of the technique for ultra-trace 

analysis [87]. Additionally, the extraction efficiency is low, even for analytes with fairly high 

KDs, and this makes quantification vulnerable to matrix effects (see section 3.7.1). This is 

particularly noticeable when polar compounds in aqueous matrices are being analyzed. For 

these reasons, quantitative analysis by SPME is not straightforward, but the simplicity and ease 

of use make the technique very suitable as a screening tool [34,47]. 

3.7.3 Stir bar sorptive extraction 

A static enrichment technique, where a considerably larger volume of sorbent is used than in 

SPME is the stir bar sorptive extraction (SBSE) procedure introduced in 1999 [87]. The sample 

enrichment device consists of a magnetic stir bar covered by a piece of PDMS tubing. Liquid 

samples are extracted by placing the device in a flask or vial containing the sample. A magnetic 

stirrer is used to set the stir bar in rotation, and this enhances the mass transport in the system 

and thus increases the extraction rate. After an extraction has been carried out, the stir bar 

device is manually removed from the sample container, optionally rinsed with pure water and 

finally dried by wiping it with a tissue [90]. Finally, the analytes are desorbed either thermally 

using a designated desorption unit [91] or by extraction with a suitable solvent [92]. 

A volume of sorbent ranging between 55-219 µl has been used, which is about 100-300 times 

more than is possible with SPME [87]. The amount of analyte extracted at equilibrium can be 

calculated as for SPME (Eq. (5)). Since a larger volume of sorbent is used, a greater amount of 

analyte will be extracted, which means that the limit of detection is lowered. Also, the 

quantitative robustness increases with the higher extraction efficiency. 

Stir bar sorptive extraction has been successfully applied with a variety of sample matrices and 

is mainly employed for liquids, for example for the analysis of pesticides and PAHs in water 

[90,92], fungicides in wine [93], steroids in urine [94] and preservatives in beverages [91]. Using 

the headspace above the sample, solid samples may also be employed, e.g. for the analysis of 

volatiles emitted by plants [95] and flavor and fragrances in roasted coffee [96]. 

Although SBSE has significant advantages over SPME with regard to quantification, the 

technique also has some drawbacks. The complexity and cost of the instrumentation is 
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significantly higher. Furthermore, SBSE is not fully automated, which limits the technique in a 

number of perspectives. An improved concept is presented in paper II in this thesis. 

3.7.4 Open tubular trapping 

Open tubular trapping is the oldest technique that utilizes a sorptive phase for dynamic 

enrichment of sample analytes [19,97,98]. In open tubular trapping, the sorbent is coated on 

the inside of a capillary tubing, similar to a wall-coated open tubular GC column. However, 

OTTs are shorter, typically 0.1-3 m in length, while the inner diameters are similar or somewhat 

larger; 0.3-0.8 mm. Dynamic sampling is employed where the gaseous or liquid sample is 

pumped or sucked through the OTT. To obtain a high retention volume and hence a high 

breakthrough volume, very thick sorbent coatings are used. A film thickness up to 145 µm has 

been reported [99]. Numerous applications have been published where OTTs have been used 

for gaseous [100-103] as well as aqueous samples [104,105]. In the latter case, the large resistance 

to radial mass transport in the liquid sample inside the trap is a major restriction [106]. This 

slow radial mass transfer has to be compensated for by the use of extremely slow sampling/flow 

rates, otherwise analytes will partially elute almost immediately [47]. As a consequence, the 

sampling times become impractically long [107]. The sampling flow rate can be increased by 

the use of stitched OTTs [108], but this approach is complex. 

Trapping of trace compounds in gaseous samples is currently the preferred application area for 

the OTT technique. The radial mass transport in the sample is fast, and this permits high 

sampling rates. These are also facilitated by the high permeability of the open tube [109,110]. In 

the case of field sampling, the low pressure drop is an advantage, since simple pumps can be 

used. Another important consequence of the high permeability is that quite long OTTs can be 

employed, which increases the number of theoretical plates.  

So far, OTTs with small inner diameters (typically<0.7 mm) have been used for the enrichment 

of trace compounds in gaseous samples, and this offers a limited sampling flow rate 

[19,99,102]. Other limitations of the current OTT technique are the small breakthrough 

volumes for very volatile analytes [97,100] and the lack of a simple procedure for the 

preparation of long OTTs. In this thesis, solutions to these problems are presented. 

3.7.5 Gum phase extraction 

Gum phase extraction (GPE) is a relative new sampling technique, introduced by Baltussen et 

al. [76,111] in 1997. The sample enrichment is performed using a short tube packed with small 
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PDMS particles [73,76]. Dynamic sampling has been employed with both gaseous and liquid 

(aqueous) samples, but the usefulness of the GPE technique for the enrichment of trace 

compounds from water is limited since the packed tube needs to be dried prior to desorption. 

During this operation, severe losses of not only volatile analytes but also of semi-volatile 

analytes have been experienced [64,111].  

For gaseous samples, an attractive feature of the GPE concept is the high sampling flow rate 

that can be used. Flows rates up to 2.5 L/min have been reported for the enrichment of high 

boiling PAHs [76]. However, for the trapping of volatile analytes, such high sampling flow rates 

are not feasible since the number of plates of the trap is far too small [73].  

3.8 Conclusions 

The most commonly employed sample enrichment techniques have been briefly described in 

this chapter. These techniques are the result of tremendous efforts during the last decades 

[42,55,60,64,112], which have resulted in better performance for a range of different analytical 

problems. 

Nevertheless, none of the presented enrichment techniques or methods can be considered to be 

universal, which naturally implies that the practical applicability area of each technique is 

compromised or limited by shortcomings. One field which still needs to be improved is the 

analysis of volatile, reactive trace compounds from gaseous samples. Currently, there are no 

really good techniques for the enrichment of such analytes. The analytes are either destroyed 

during the enrichment step or the systems have an insufficient enrichment capacity. The 

analysis of volatile, polar trace analytes in aqueous samples is another area where current 

enrichment technologies show major limitations. No really good methodology is available that 

exhibits sufficient selectivity to quantitatively isolate such analytes from the water matrix. 

In the remainder of this thesis, a number of new concepts and improvements which address 

these problems are presented and discussed. 
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4 IMPROVEMENTS OF THE OPEN TUBULAR TRAPPING 

TECHNIQUE FOR THE SAMPLING OF GASEOUS 

MATRICES 

4.1 Introduction 

Despite the advantages of the OTT technique described in chapter 3.7.4 and the fact that the 

technique has been known for about 20 years, the practical impact has been limited. One 

limitation is that there is no simple procedure for the preparation of long ultra-thick-film 

OTTs. The available preparation techniques are technically demanding and are unsuitable for 

mass production. No commercial thick film OTTs are therefore available. Another limiting 

issue restricting the sorptive OTT technique is the poor enrichment capacity for very volatile 

analytes [113]. Consequently, most of the work involving OTTs has been related to the analysis 

of semi-volatile compounds. In the first part of this chapter, a new simple method for the 

preparation of ultra-thick film coatings is presented and discussed. This is based on paper III. 

The second part of the chapter is based on paper IV and deals with increasing the enrichment 

capacity of OTTs. 

4.2 A new method for the preparation of thick film open tubular 

traps 

4.2.1 Current methodology 

The preparation of uniform, very thick film coatings in capillaries is a challenging task. The 

classical dynamic [114-116] and static [114,117] coating techniques are suitable only for 

producing uniform films with a thickness of up to ca. 12 µm [97,118]. The preparation of 

thicker coatings is hindered by a dynamic film rearrangement, referred to as Rayleigh 

instability [119]. This is illustrated in Fig. 6 for the dynamic coating procedure, employing the 

“mercury plug” method [116]. In this method, a long plug of stationary phase solution, 

immediately followed by a short plug of mercury, is slowly pushed through the capillary, 

leaving a smooth coating of stationary phase solution. However, this film is inherently instable 

and for thick coatings only a short zone of smooth coating is obtained as the film is quickly 

rearranged into a wavy, irregular film. Subsequently, this wavy film rearranges into droplets, 

which makes it impossible to prepare a smooth coating. 
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Fig. 6. Illustration of the dynamic coating procedure using the “mercury plug” method. 1 – stationary phase 

solution, 2 –  direction of movement of the mercury plug, 3 –  mercury plug, 4 – instable, smooth film coating, 5 – 

instable, irregular film coating, 6 – droplets are formed. 

The first successful procedure for the preparation of smooth ultra-thick film coatings was 

developed by Blomberg et al. [19]. The procedure utilizes the dynamic coating (“mercury plug”) 

technique, where the initial smooth film of a prepolymer is rapidly immobilized before any 

film rearrangement occurs. Immobilization was achieved by an instant cross-linking of the 

prepolymer at an elevated temperature shortly after its formation, as is depicted schematically 

in Fig. 7. The capillary is moved in the direction opposite to the movement of the mercury 

plug, precisely at the same speed as the mercury plug, to maintain a constant distance between 

the end of the mercury plug and the heating zone. Using this technique, several meters of 

capillary with a smooth, uniform film up to 100 µm in thickness have been prepared. 

 

Fig. 7. Illustration of the modified dynamic coating procedure for the preparation of ultra-thick regular, smooth 

film coatings [19]. 1 – prepolymer, 2 – direction of movement of the mercury plug, 3 – mercury plug, 4 – instable, 

smooth, non-polymeric film coating, 5 – heating device, 6 – stable, cross-linked, smooth film coating, 7 – motor 

driven rollers, used to move the trap in the direction opposite to the movement of the mercury plug. 

Another successful procedure for manufacturing OTTs was proposed by Burger et al. [99,103]. 

Their approach was to place a PDMS rubber tube into a supporting fused silica capillary 

tubing. The rubber tube was first longitudinally stretched to decrease its diameter, and the tube 

was then frozen in this shape by means of liquid nitrogen. Finally, the rubber tube was pushed 

into the supporting capillary, while keeping the arrangement under liquid nitrogen. OTTs with 

a film thickness of 145 µm have been obtained with this method. 
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The technique proposed by Burger et al. is capable only of producing traps of limited length 

and is laborious [99]. The procedure developed by Blomberg et al. is technically demanding. 

Consequently, thick film open tubular traps cannot be obtained readily by an analytical 

laboratory.  

4.2.2 Irregular thick-film traps 

The above-mentioned preparation techniques are based on the assumption that a smooth, 

regular film is a condition for obtaining a satisfactory trapping performance. In the work 

presented in paper III, the starting assumption was that irregularities in the film thickness 

might have only a minor influence on the efficiency, contrary to the devastating effect which 

film irregularities have in the case of thin-film, high resolution chromatographic columns [21]. 

The development of the new OTT preparation procedure was focused on simplicity. Basically, 

the new procedure is a rapid dynamic coating method (with no mercury plug). The procedure 

starts by filling the capillary completely with a prepolymer. Thereafter, an overpressure (inert 

gas) is applied at one end of the capillary and the excess prepolymer is blown out. The irregular 

prepolymer coating remaining inside the capillary is then instantly cross-linked at an elevated 

temperature. The instrumental set-up required for this procedure is depicted in Fig. 8. 

 

Fig. 8.  A schematic of the coating device used to prepare irregular thick-film traps. A standard GC oven was 

used for cross-linking of the prepolymer. P – pressure regulator, C – coating vial, T – capillary trap and W – 

receiving container for excess pre-polymer. 

The film instability and the high gas flow rate that prevails after the excess of prepolymer has 

been blown out lead to disturbances in the film followed by local coalescence to short plugs, 

but these plugs are pushed out of the column by the gas flow, causing a draining of the trap. 

Thus, maintaining a gas flow through the column during curing was found to be necessary to 

avoid plugging of the trap. The average film thickness (determined gravimetrically) was used to 

calculate a mean value for the phase ratio. Factors affecting the film thickness were the nitrogen 

pressure employed to blow out the prepolymer, the temperature and the time of initial cross 
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linking of the prepolymer, which affects its viscosity. It proved to be difficult to predict the 

resulting average film thickness. Higher viscosities of the prepolymer tended to give thicker 

films, but no clear dependence on the applied pressure was found. A more detailed description 

of the preparation of the traps can be found in paper III. The typical appearance of the 

irregular film coating obtained when preparing traps by this method is shown in Fig. 9. 

 

Fig. 9. Close-up of a prepared ITFT. To make the film coating visible, a transparent glass capillary was used and 

the PDMS prepolymer was dyed blue prior to the coating process. The trap shown has an inner diameter of ca. 

0.75 mm with an average film thickness of ca. 90 µm. 

4.2.3 Performance of irregular thick film traps 

It was particularly interesting to investigate the influence of the film irregularity in relation to 

the obtained number of theoretical plates, or more general, the plate height, H. The level of loss 

in plate height caused by an irregular film coating was evaluated by several experiments. The 

most important characteristics of some of these irregular thick-film traps (ITFTs) are listed in 

Table 2. An open tubular trap with a smooth thick-film coating was used for comparison. This 

was a thick-film OTT, prepared according to the procedure described by Blomberg [104]. 
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Table 2. Properties of the evaluated ITFTs. All traps were prepared using a PDMS prepolymer (Sylgard 184, 

Dow Corning). 

 ITFT-200a ITFT-400a ITFT-345b OTT-refc ITFT-309b 

Length [cm] 200 400 345 155 309 

I.D. [mm] 0.762 0.762 0.734 0.718 1.53 
Average film 
thickness [µm] 84.2 105.5 114 91 215 

Stationary phase 
volume (ml) 0.36 0.87 0.77 0.28 2.74 

β (phase ratio) 1.54 1.10 0.91 1.26 1.07 
a Silcosteel® capillary 
b glass capillary 
c trap with smooth film  
 

The traps were all evaluated by elution analysis using a split injector and a flame ionization 

detector. The analysis was performed by injection of 20 µl of hexane headspace at different 

average linear gas velocities (see paper III for further details). Some typical chromatograms are 

shown overlaid in Fig. 10.  

 

Fig. 10. Six chromatograms obtained in the elution analysis experiments. These chromatograms were obtained on 

the ITFT-400 (see Table 2). The corresponding average linear gas velocity (cm/s) is indicated at the peak apex. 

The intensity of the chromatograms has been adjusted (normalized peaks heights).  

To obtain an accurate peak characterization, statistical moments were employed [120]. The 

number of theoretical plates were calculated according to: 
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where M1 is the first statistical moment, the elution time of the centre of gravity of the peak (s) 

and M2 is the second statistical moment, the variance of the peak (s2).  

The resulting plate height is shown as a function of average linear gas velocity in Fig. 11.  

 

Fig. 11. Experimentally obtained van Deemter curves for the evaluated traps. (×) = OTT-ref, the trap with 

smooth film coating, (•) = ITFT-200 trap, (◊) = ITFT-345 trap, (□) = ITFT-400 trap. See Table 2 for trap 

data. 

As expected, the OTT with a uniform film coating is the trap that is most efficient per unit 

trap length. The plate height of the ITFT-345 and ITFT-400 are on average 30% higher than the 

plate height obtained with the smooth film OTT. This is equivalent to a 23% reduction of the 

number of plates generated per unit trap length. However, dimensional differences should also 

be considered. The two ITFTs both have thicker film coatings and larger internal diameters, 

factors which are known to increase the plate height [21]. Therefore, the reduction in plate 

number caused solely by film irregularities is likely to be even less than 23%. 

However, the plate height is still not the most important parameter in OTT sampling. A more 

relevant characteristic is the breakthrough volume, discussed in section 3.7.1. An expression for 

the breakthrough volume has been suggested by Lövkvist et al. [121]: 
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N
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where VB and VR are the breakthrough volume and the retention volume respectively, and N is 

the number of theoretical plates. Equation (9) is valid for a 5% sampling loss and, contrary to 

Eq. (7), the expression is also valid for traps which have only a few theoretical plates. The 

performance of the trap, without the influence of differences in sorbent volume, can be 

compared by using the ratio VB/VR, obtained from Eq. (9). For a long and high efficient 

capillary column at optimal average linear velocity, this ratio will be close to 1. Thus, almost 

the full retention volume of such a trap can be used prior to sample breakthrough, whereas 

smaller ratios will be obtained on the less efficient OTTs/ITFTs. Using the elution analysis data 

and Eq. (9), these ratios were calculated and they are plotted versus the average linear gas 

velocity in Fig. 12. 

 

Fig. 12. Plots of the ratio of VB to VR versus the average linear gas velocity. (×) = reference trap with smooth 

film coating, (•) = ITFT-200 trap, (◊) = ITFT-345 trap, (□) = ITFT-400 trap. See Table 2 for trap data. 

As can be seen, the benefit of using a long OTT is apparent. The two longest traps are the most 

efficient ones; even compared to the trap with the smooth film. The two shortest traps have 

almost identical H–µ –characteristics although one of them has an irregular film coating. This 

is due to the fact that the length of the ITFT is 29% longer while the loss in plate height due to 

film irregularities is approx. 30%. 

The reduction in breakthrough volume caused by a 30% increase in plate height can easily be 

calculated from Eq. (9), which shows that the reduction in VB is only 5.9% compared with the 
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performance of a smooth film OTT, which has N equal to 10. If N = 5, the loss would be 9.0%. 

For the traps evaluated in Fig. 12 and at sampling flow rates not exceeding 50 ml/min, the 

number of theoretical plates ranged between 2.5 and 30. Thus, it can be concluded that the film 

irregularities have only a marginal impact on the system performance in terms of breakthrough 

volume. 

4.2.4 Selected applications 

In Fig. 13a, the chromatogram obtained from an Italian spice headspace (50 ml) is shown. The 

trap was thermally desorbed at 100°C and the solutes were cryotrapped onto the capillary 

separation column using liquid nitrogen. 

Fig. 13b shows the chromatogram obtained after the sampling of 300 ml of laboratory air. 

Some of the peaks have been identified by a mass spectrometric library search. Using literature 

data of partitioning coefficients, it was calculated that toluene is quantitatively trapped on the 

PDMS, whereas the polar and volatile acetone is not. Acetone can still be quantified, but a 

calibration protocol suitable for equilibrium sampling must be employed. 

Polydimethylsiloxane has an excellent thermal stability and the degradation at the temperature 

used for thermal desorption (100°C) is insignificant. This is shown in the blank chromatogram 

in Fig. 13c. The background originating from the entire 360 µl of PDMS in the trap (ITFT-200) 

is exceptionally low. 
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Fig. 13. (a) Chromatogram of volatiles from a 50 ml headspace of an Italian spice (approx. 100 mg Origanum 

Vulgare placed inside a 150 ml closed beaker). (b) Chromatogram of volatiles from 300 ml of laboratory air. The 

sample was collected over a period of 60 minutes. An offset on the y-axis has been used. (c) Blank run obtained 

after desorption of an empty trap (no sampling). In all cases the ITFT-200 was used (Table 2). The sampling rate 

was 5 ml/min. Desorption was performed at 100°C and cryotrapping on the capillary separation column was 

employed. The chromatograms shown were all obtained using a mass spectrometric detector operating in the full scan 

mode. 

4.2.5 Conclusions 

The new method for the preparation of ultra-thick-film ITFTs is simple, rapid and does not 

require any advanced instrumentation. The procedure is simple enough to allow any average 

laboratory to produce large numbers of cheap ITFTs. The characteristics of the traps are a low 

pressure drop, while the performance in terms of plate height is only ca. 30% lower than traps 

with smooth, thick films. In terms of breakthrough volume, the performance is marginally 
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affected by the use of irregular films. Many applications are anticipated for the ITFTs, such as 

trace and ultra-trace analysis in environmental, flavor and fragrance chemistry. 
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4.3 Increasing the enrichment capacity of open tubular trapping 

Developments in sorptive open tubular trapping, after the work of Blomberg et al. and Burger 

et al., have been focused on alternative, short trap formats [122] and higher sampling flow rates 

[98,99,122]. A high sampling rate allows a fast sampling and saves time. One way to increase 

the sampling rate is to use parallel traps, as proposed by Krieger and Hites [98]. These authors 

used a rather complicated set-up based on a bundle of 120, short (25 cm) capillary columns. 

With this set-up, semi-volatiles could be sampled at 1.5 L/min. 

However, little attention has been devoted to increasing the enrichment capacity. Actually, the 

enrichment capacity is still at the same level as when the ultra-thick-film coated OTT technique 

was introduced, in the mid 80’s [73,79]. The sample volume that can be quantitatively trapped 

is especially poor for very volatile and polar volatile analytes, two groups of compounds that 

are highly interesting in for example pheromone, flavor and fragrance chemistry.  

It would be logical to increase the breakthrough volume by using longer traps, but this 

approach is limited by the increase in pressure drop. A new way to increase the enrichment 

capacity of OTTs is described in paper IV. The approach is based on increasing the trap 

diameter and is discussed below.  

4.3.1 Theoretical considerations 

The sample volume that can be sampled without any significant loss of analyte (breakthrough 

volume, VB) is mathematically expressed in Eq. (9). The first term in this equation, the 

retention volume (VR), is equal to: 

k´)(1VV MR +=    (10) 

where VM is the hold-up volume of the trap and k' is the retention factor. The retention 

volume can also be expressed using the relationship: 

/βKk´ D=     (11) 

where KD is the partition coefficient and β is the phase volume ratio defined as: 

SM /VVβ =     (12) 

where VS is the volume of the sorption phase. 

β)(KVV DSR +×=    (13) 
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For ultra-thick-film traps, β is negligible compared to KD, even with very volatile analytes. This 

means that the breakthrough volume is directly proportional to the volume of sorbent. 

The second term in Eq. (9) describes the fraction of the retention volume that can be sampled 

for a certain, defined analyte loss. This term is dependent on the plate number (N) of the trap.  

N can be calculated by dividing the trap length (L) by the plate height (H) of the trap. For an 

open tubular column the plate height can be obtained as a function of the average linear gas 

velocity ( µ ) from the Golay equation [114,123]: 
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where DM and DS are the diffusion coefficients in the sample (gas) and the sorption phase, 

respectively, dM is the diameter of the open cross section of the trap and df is the film thickness 

of the sorption phase. From a practical perspective, the sampling flow rate is more relevant 

than the gas velocity inside the trap. It is therefore suitable to express Eq. (14) in terms of the 

sampling flow (F). Assuming a negligible pressure drop, F is defined as 
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Substituting this relation and Eq. (11) into Eq. (14) gives the following expression: 
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 (16) 

The first term is related to longitudinal dispersion of the analyte in the gaseous phase. At high 

flow rates, which is desirable in practical applications, this term can be neglected (see paper III). 

An examination of the two other terms in Eq. (16) reveals that these are not dependent on the 

diameter or the film thickness, but rather on the phase ratio of the trap. Thus, for a given flow 

rate and trap length, a larger inner diameter of the trap will have no influence on N, provided 

that β is constant. The explanation of this is found in the change in average linear gas velocity, 

which is decreased by the square of the increase in trap diameter. The theory also applies to 

open tubular chromatographic column. However, in gas chromatographic separations, a high 

average linear gas velocity is crucial to obtain a fast analysis time, in contrast to the situation in 

open tubular trapping where it is undesirable to have the solutes eluted. This divergence 

underlines the fundamental differences between open tubular trapping and open tubular 

chromatography. 
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4.3.2 Verifying the theoretical conclusions 

In order to validate the theoretical considerations above, an experimental study was performed. 

Three OTTs were included in the study and their characteristics are listed in Table 2, on page 

29. PDMS was used as the sorption phase. 

The performance of the traps ITFT-400, OTT-ref and ITFT-309 was determined experimentally 

by a series of elution analyses at different gas velocities on the ITFT-400, OTT-ref and ITFT-309 

with hexane as the test solute. Statistical moments were employed to calculate the theoretical 

number of plates. The results in terms of plate height versus average flow rate are shown in Fig. 

14. 

 

Fig. 14. Plate height versus flow rate for the three OTTs, listed in Table 2. The (○) values are for OTT-ref. The 

crosses (+) correspond to ITFT-400 and the squares (□) to ITFT-309. 

According to the theoretical conclusions presented above, the H – F characteristics shown in 

Fig. 14 should depend only on the β -value. The two traps coated with irregular thick films have 

approximately the same β -value and the values are indeed overlapping in Fig. 14. The OTT 

with a smooth film has a consistently lower plate height for a given flow rate. This trap has a 

somewhat higher β -value, which can be part of the explanation. Another contributing factor is 

the absence of film irregularities. 
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The breakthrough volumes of the traps were calculated by applying Eq. (9), N and VR of 

hexane were obtained from the elution analysis tests. The results are shown in Fig. 15 as the 

plotted, discrete values. 

 

Fig. 15. Breakthrough volumes for three of the traps shown in Table 2. The (•) values are for the OTT-ref trap 

and the crosses (+) correspond to ITFT-400. The squares (□) and diamonds ( ) are breakthrough volumes for 

the ITFT-309, determined by frontal analysis and elution analysis respectively. The solid curve ( ——— ) 

corresponds to the theoretical values fitted to the partition ratio, phase volume ratio and diffusion coefficients of 

OTT-ref. The dashed curve ( –  –  – ) and the dotted curve ( ········  ) are the theoretical values, scaled to fit the 

dimensions of ITFT-400 and ITFT-309. 

The ITFT-309 has the highest breakthrough volume. This is due solely to the presence of a 

larger amount of sorption phase. With this trap, 300 ml of traces of hexane from air can be 

quantitatively enriched, at a sampling rate of 50 ml/min. An approximately 10-fold increase in 

enrichment capacity has been obtained compared to previously reported results [73,79]. 

To confirm that the experimental elution analysis data and the equations employed (Eq. (8) 

and Eq. (9)) are valid even for the trap with the largest inner diameter, a series of frontal 

analyses was performed on this trap. The frontal analysis can be considered as a continuous, 

constant injection, starting at retention time zero. Paper IV describes the practical procedure in 

detail. Typical “chromatograms” (response curves) are shown in Fig. 16. 
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Fig. 16. Some typical chromatograms obtained in the frontal analysis experiments (ITFT-309). The 

chromatograms have been overlaid and their intensities have been adjusted (normalized). The sampling flow rates 

used are shown in the figure, next to the corresponding response curve. 

To determine the breakthrough volumes from these response curves, the definition of the 

breakthrough loss has to be used. This can be defined as [121]: 

 

∫

∫
= t

0
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t

0
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(t)dtJ

(t)dtJ

b   (17) 

where b is the level of analyte loss that can be tolerated (e.g. 5%). JIN is the flux of analyte at the 

inlet and is assumed to be constant and the denominator can thus be simplified to JINt. A 

graphical representation of Eq. (17) is shown in Fig. 17. 
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Fig. 17. Graphical representation of Eq. (17).  JOUT is shown as function of the sampling time (t); initially JOUT is 

equal to zero. JIN is here assumed to be at a constant level. At tb=5%, the amount of analyte lost is equal to 5% of 

the total amount of analyte sampled. 

The frontal analysis breakthrough volumes at a 5% loss of analyte were calculated according to 

Eq. (17) and the values are plotted in Fig. 15 (indicated by □). These breakthrough volumes 

correlate well with those obtained by elution analysis. 

At this point the theoretical relationships above were compared with the experimental values to 

see if there was any correlation. The validity of the relationships was tested by providing only 

input data that are readily measured, i.e. the phase volumes and the length of the trap. When 

applying Eq. (16), the partition ratio and the diffusion coefficients of hexane in the two phases 

have to be known. A literature value of DM can be considered applicable (6.8×10-2 cm2/s [124]), 

whereas literature data of KD and DS are not necessarily valid for the sorption phase used [125]. 

These constants were therefore determined from the elution analysis data, obtained with the 

smooth film OTT. The average KD-value was first calculated from the elution volumes and the 

known volume of stationary and mobile phase. Accordingly, KD for hexane was determined to 

be 203.9 ± 1.6. In order to determine DS, the least squares method was employed, where Eq. (16) 

was loaded with the experimental plate height versus flow rate data. The least squares method 

fitted curve is shown in Fig. 15 as a solid curve. Solving Eq. (16) resulted in a DS - value of 

1.4×10-6 cm2/s. 

Using these KD, DS and DM values, as well as the experimentally determined VS and VM of each 

trap, the theoretical breakthrough volumes were calculated for the two traps with larger inner 

diameters. The results are shown in Fig. 15 as dotted curves, together with the plotted 

experimental values, and this demonstrates the excellent correlation between the theoretical 

model and the experimental data. 
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4.3.3 Further theoretical aspects 

From the previous section, it can be concluded that Eq. (16) is valid even for large inner 

diameter open tubular traps. Thus, this equation can be used to find optimal properties of 

OTTs and ITFTs. In the discussion below, it should be kept in mind that the influence of the 

phase ratio has been studied and not the absolute diameter or film thickness of the trap. Eq. 

(16) may for simplicity be rewritten as: 

 F
F SM CFC
B

H ++=   (18) 

As pointed out earlier, at practical flow rates, the B-term (longitudinal diffusion) can be 

neglected (> 1 ml/min). The CM- and the CS-terms in Eq. (18) describe the resistance to mass 

transfer in the gaseous and the sorbent phase, respectively [21]. For ultra-thick-film OTTs, it is 

tempting to assume that the resistance to mass transfer in the sorbent phase would have a 

dominating role. However, this is not always a valid assumption. In Fig. 18, the ratio of the CM- 

to the CS- term in Eq. (18) is plotted versus the partition ratio, for three different β -values. It 

should be noted that these graphs are not dependent on flow rate. The diffusion coefficients 

have been assumed to be constant, although these are to some extent affected by the molecular 

weight of the substance. 

 

Fig. 18. The ratio of the CS- to the CM-term (Eq. (18)) versus the partition ratio (logarithmic scale). The values 

of DM and DS are for hexane (see text). 

Clearly, the relative importance of the resistance to mass transfer in the gaseous and sorbent 

phases is strongly dependent on the partition ratio. For semi-volatiles analytes (Fig. 18, KD > 
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30000), the band dispersion due to mass transfer resistance in the sorbent phase can actually be 

neglected. The main contribution to plate height is the CM-term and, since β << KD, Eq. (16) can 

be simplified as: 

 F
D24

11
H

Mπ
=   (19) 

In this case the plate height is solely dependent on the sampling flow rate and on the diffusion 

coefficient of the analyte in the gas phase.  The influence of β and KD is insignificant. 

When very volatile analytes are sampled (50 < KD < 300), the CS–term in Eq. (16) becomes very 

large and then represents the main contribution to plate height (see Fig. 18). Additionally, β is 

still << KD. The plate height for very volatile analytes can thus be simplified and rewritten as: 
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For volatile compounds, both the partition ratio and the phase ratio thus have a significant 

impact on the plate height. The dependence of the phase ratio is further shown in Fig. 19. 

 

Fig. 19. H versus the average flow rate for three OTTs with different phase ratios. These curves are obtained by 

using Eq. (20). In these plots, a KD - value of 200 was used. The value of DS is for hexane (see text). 

As can be seen, the use of high sampling flow rates requires a higher β - value since the plate 

height otherwise becomes unacceptably large. In order to maintain a given breakthrough 
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volume, the sorbent volume cannot be reduced. The diameter of the trap should therefore be 

increased. Increasing the β - value from 1 to 2 will reduce the plate height with 41%, while a 

change in β from 1 to 4 leads to a 68% reduction. The impact of the partition coefficient is 

exemplified in Fig. 20, where the CS - term in Eq. (20) has been plotted versus β for three 

different KDs. Clearly, a low partition ratio has an adverse effect on the plate height. 

 

Fig. 20. CS versus β for three different partition coefficients. These curves are obtained by using Eq. (20). The 

value of DS is for hexane (see text). 

In conclusion, very volatile analytes should preferably not be sampled on OTTs with extremely 

low β - values. 

4.3.4 Practical aspects 

As concluded in section 4.3.2, an increased amount of sorption phase results in a 

proportionally larger enrichment capacity. The volume of sorbent increases with the square of 

the enlargement of the inner diameter, assuming a constant β. The amount of sorption phase 

that can be utilized in practice depends on two factors. First, the time required to thermally 

desorb and cryofocus the analytes and, second, the level of background released from the 

sorption phase. 

The concept presented here is useful for enrichment of volatiles from a few liters of sample. For 

such analytes and sample volumes, even moderate desorption temperatures yield desorption 

volumes that can be handled with direct cryofocusing onto the head of a capillary column. 

Moderate desorption temperatures will also reduce the background level.  
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As the open diameter of the trap is increased (> 1 cm), convection in the gaseous phase may 

become noticeable. Convection increases both the radial and the axial mass transport. The 

latter has an adverse effect on the plate height. In this thesis, the influence of convection has 

not been examined exclusively. 

An interesting advantage associated with the use of large inner diameter OTTs is the drastic 

decrease in pressure drop. This opens up the possibilities of using new, innovative sampling 

systems, e.g.: 

• “Wind driven” sampling, which could be used to design simple field-enrichment 

methods. 

• A direct sampling of human breath into the trap without an intermediate sampling 

vessel. Volatiles in e.g. alveolar air could be sampled with a minimum risk of altering 

the sample composition. 

4.3.5 Conclusions 

The possible means of enhancing the breakthrough volume in OTT/ITFT are to increase the 

amount of sorbent or the number of theoretical plates. The breakthrough volume is 

furthermore directly proportional to the amount of sorbent in the trap. Both theoretically and 

experimentally it is shown that the stationary volume can be increased without any loss in plate 

number by using a larger diameter of the trap. For a given phase ratio and flow rate, the 

number of plates is independent of the inner diameter whereas the breakthrough volume 

increases in proportion to the square of the increase in inner diameter. The derived theoretical 

relationships can be utilized for optimization purposes when preparing open tubular traps for 

selected applications.  

In practice, the degree of background caused by sorbent degradation in combination with an 

increasing desorption volume will eventually limit the amount of sorption phase that can be 

used. The pressure drop through a large diameter OTT is very low, which facilitates the 

development of new sampling strategies. 
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5 AUTOMATED HIGH-CAPACITY SORPTIVE EXTRACTION 

5.1 Introduction 

As discussed in chapter 3.7, there are several advantages in using sample enrichment techniques 

based on sorption. In the SBSE technique, a larger amount of sorbent is utilized which leads to 

improvements in terms of quantitative robustness and limit of detection. As an example, 

pesticides in water and beverages have been quantified down to the 0.1 ppb level [126]. 

However, there are also a number of drawbacks. The extraction procedure is time-consuming 

and removing the stir bar from the sample and drying the stir bar are performed manually, 

which can introduce errors. Automation of the SBSE technique is possible, but the nature of 

the manual steps makes the automation intricate and would require a complex set-up. 

A new technique that circumvents the drawbacks of SBSE is presented and discussed in this 

chapter. The technique, which has been termed high-capacity sorption-phase extraction (HCSE), 

utilizes the advantages of both SPME and SBSE. The sampling procedure presented is fully 

automated, which permits time-based non-equilibrium sampling for faster analysis. 

5.2 Automation of the extraction process 

A PDMS rubber tube was used as sorbent and was mounted onto a short glass rod. This 

assembly (the sampling probe) is connected by means of a Teflon sleeve to a long glass piston 

that is mounted as a plunger in the vertical position of a xyz-robotic autosampler. This allows 

the sampling probe to be transported to different locations, e.g. dipped into a stirred sample in 

a beaker. The construction with the Teflon sleeve permits a very simple and rapid exchange of 

the sampling probe. Thereby, it is also straightforward to use a set of sampling probes for off-

line sample enrichment, e.g. from samples at remote locations.  

The following system components were used/modified: 

• The syringe holder of a xyz-robotic autosampler (Combi-PAL, Gerstel Inc.) was 

modified to enable a long glass piston to be used as plunger. A brass cylinder was fixed 

to the syringe holder and was used to guide the glass plunger. The lower part of the 

cylinder surrounded and shielded the sampling probe when the plunger was retracted. 

The sampling probe was exposed by depressing the glass plunger. Fig. 21a depicts the 

sampling probe, with a partly depressed plunger. 
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• A commercial GC system (Agilent Technologies Inc.) was employed. The top of the GC 

injector was replaced with a valve assembly to enable the 3.8 mm wide sampling probe 

to enter the injector for thermal desorption. The valve assembly was a modified 2-way 

ball valve, driven by an air actuator, see Fig. 21b. By having the robot press the brass 

cylinder onto an O-ring on the top of the valve assembly, a gas tight connection was 

obtained. In this way, a seal was achieved, enabling a leak-free transfer of the sampling 

probe into the hot interior of the injector.  

• A magnetic stirrer was used to agitate the sample during extraction, positioned within 

reach of the robotic arm. 

• A regeneration unit was used to thermally condition the sampling probe under a stream 

of inert gas. 

     

Fig. 21. (A) Close-up of the HCSE probe. (1) PDMS tube with the volume of approx. 120 µl, (2) glass rod 

connected to the syringe plunger of the robot, (3) brass tube used to protect the probe.  (B) Close-up of the valve 

assembly. (1) Top of the commercial GC injector, (2) adaptor, (3) ball valve assembly, (4) air driven actuator. 

All parts in the system are automated and controlled using commercial computer software. A 

more detailed description of the system can be found in paper II. 
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The system set-up is schematically shown in Fig. 22. The procedure for an analytical run 

consists of: 

1. The sampling probe (P in Fig. 22) is dipped into one of the individually stirred samples 

(S1, S2… Sn) where sample enrichment takes place. 

2. Residual water on exposed surfaces on the probe is automatically removed by slowly 

retracting the probe through three layers of lint-free tissue, stretched on top of the 

entrance to the sample vessel with a rubber band. The probe is thereafter moved to the 

injector where it is thermally desorbed (D). 

3. After desorption, the GC analysis is started. 

4. Meanwhile, the probe is moved to the regeneration unit (R). This regeneration reduces 

the risk of sample carry-over which has to be considered especially when there are large 

variations in sample concentration. 

5. After a period of regeneration, extraction of the next sample is initiated (while the 

former is being analyzed). 

 

Fig. 22. A schematic overview of the work-flow used in the fully automated HCSE system. P – robot carrying the 

sampling probe, D – desorption unit, R – regeneration unit and S1, S2 … Sn – individually stirred samples. SF – 

sample flow-through vial used for addressing bulk streams of sample, e.g. drinking water or waste water. The 

dotted arrows show the path of the sequential procedure. See the text for a further description.  

The high flexibility of the robotic system also makes it possible to employ unattended on-line 

sampling of bulk sample streams. The probe can be directly exposed to a main sample stream 

using a suitable valve assembly or by diverting a small part of the stream to a flow-through vial, 

which can be addressed by the sampling probe, as schematically shown in Fig. 22. 
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5.3 Extraction strategies 

The large amount of sorbent used in SBSE and HCSE offers not only an improved quantitative 

performance but also an increased potential for performing exhaustive extractions, which 

enables quantitative determinations to be made without calibration of the extraction step. 

When a typical sample volume of 10 ml is extracted with the HCSE set-up (120 µl of sorbent), 

exhaustive extraction is possible even for compounds with partition coefficients as low as 500-

1000 (see Eq. (6)). 

However, an important extraction parameter that should also be considered is the sampling 

time. This can be crucial when monitoring trace levels of analytes in a stream of sample, e.g. in 

on-line analysis of drinking water. The time to achieve equilibrium increases significantly with 

the thickness of the sorbent layer as well as with the value of the partition coefficient [127]. In 

the cases of SBSE and HCSE, equilibrium times are long, usually 3-10 hours [91,92,128]. 

Therefore, the equilibrium sampling approach should be utilized only if the amount of analyte 

extracted at equilibrium is close to the detection limit of the detector employed. When large 

volumes of sorbent are used, an appealing approach is to stop the extraction under non-

equilibrium conditions. This corresponds to the regions “a” and “b” in Fig. 23. Performing 

extraction under non-equilibrium conditions is a clear compromise between detectability and 

sampling time. The minimum sampling time needed is determined by several factors e.g. 

sample agitation, volume and geometry of sample and sorbent phase, analytes (their Ke, detector 

response factor and diffusion rates in the used phases) and, of course, the desired limit of 

detection (a lower concentration of an analyte requires a longer extraction time). 
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Fig. 23. A schematic plot of the extracted analyte mass (me) versus sampling time (t). Three regions can be 

distinguished “a” linear dependence; “b” non-linear dependence; “c” equilibrium has been established. The net flux 

of analyte into the sorbent (J) is also shown schematically. 

In the extraction process, the flux of analyte into the sorbent is initially limited by the analyte 

mass transport through the static layer of liquid surrounding the sorbent [129]. The extraction 

dynamics corresponds to region “a” in Fig. 23. The flux of analyte across the static layer is at a 

maximum level and can be described according to Fick’s first law (Eq. (21) is valid for 

cylindrical coordinates): 

dr
dCDJ M−=     (21) 

where J is the net flux of analyte across the static layer (mol s-1 m-2 – note the square meter 

dependence), DM is the diffusion coefficient of the analyte in the sample matrix, and dC/dr is 

the analyte concentration gradient over the static layer. 

After prolonged sampling, the concentration of analyte in the sorbent becomes significant 

and/or the concentration of analyte in the sample is decreased due to depletion. In all cases, 

the concentration gradient over the static layer is reduced and consequently, as indicated by Eq. 

(21), so also is the flux of analyte. Region “b” in Fig. 23 has been reached. After extended 

sampling, equilibrium conditions are achieved (region “c”). 

With these extraction dynamics in mind, two important conclusions can be drawn. First, a 

larger surface area of the sorbent will increase the mass flux of analyte into the sorbent in a 

proportional way (see Eq. (21)). Second, a larger volume of sorbent will extend the time before 
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region “b” is reached, provided that region “b” is not reached due to sample depletion. Thus, 

the required sampling time for reaching a desired detectability can be significantly reduced by 

the use of a larger sorbent volume (and/or surface area). In SPME, approximately 0.7 µl of 

sorbent and a surface area of ca. 10 mm2 is used [64] whereas, in the HCSE set-up, ca. 170 times 

more sorbent is used and the surface area is approx. 35 times larger. 

However, to obtain quantitative results in non-equilibrium sampling, a high repeatability of the 

extraction time and the values of other parameters affecting the extraction rate are necessary. 

The automated extraction system greatly facilitates these objectives. In paper II, the non-

equilibrium extraction procedure was evaluated using the automated HCSE system. The 

experimentally obtained extraction efficiencies are shown versus sampling times less than 30 

minutes in Fig. 24, for three selected compounds. The linear regression curves fitted to these 

plotted values are also shown and the good correlation implies that these extractions were 

carried out in the extraction dynamics corresponding to the region “a” in Fig. 23. One 

standard deviation is indicated on each side (+/-) of each data point. Good repeatability is 

achieved even though short extraction times were used.  

 

Fig. 24. Extraction profiles obtained for a number of compounds using extraction times less than 30 min. 

Standard deviations (n = 6) are also shown as well as the linear regression curves. 

According to Louch et al. [127], the flux of analyte through the static liquid layer surrounding 

the sorbent is almost independent of the partition coefficient (see Eq. (21)). As mentioned 
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previously, for an extraction carried out with conditions corresponding to region “a” in Fig. 23, 

this mass flux is limited and is determined solely by the mass transport in the static layer. 

Hence, matrix effects that affect the analyte partition coefficient should have little influence on 

the amount extracted and thereby on an analytical determination.  

In conclusion, short-time-based non-equilibrium extraction could have a potential for being 

more robust than equilibrium sampling, especially for compounds which show low extraction 

efficiencies. This possibility has not however been experimentally confirmed and requires 

further work.  

5.4 Performance of the HSCE technique 

The performance of the HCSE system was further evaluated using a time-based non-

equilibrium extraction for 1 hour. The study was focused on the analysis of 17 PAHs. Mass 

spectrometric detection was employed in the selected ion mode and external standards were 

used. Cryogenic focusing on the head of the capillary separation column was performed and 

the further experimental conditions can be found in paper II. The calibration data obtained are 

shown in Table 3 and can be considered excellent. The limits of detection are all below 0.1 ng/l. 

In “real world” samples though, the limit of detection is expected to be higher due to a higher 

level of chemical background noise. Most of the R2-values are higher than 0.999.  

The extraction efficiencies obtained at 1 hour, expressed as a percentage of that obtained using 

prolonged extraction times (>16 hours), are also shown in Table 3. On average, a factor of only 

3.3 higher amounts of analyte can be extracted. 
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Table 3. Calibration, quantification and extraction efficiency data for the 17 PAHs in the study. Tabulated are 

the coefficients of determination of the linear regression lines, limits of detection (LOD) and the concentrations 

(ng/l) found in melted urban snow. Also tabulated is the ratio of extraction efficiency obtained after 1 hour (Ee,1 h) 

to the one obtained at extensive extractions times (>16 h, Ee,>16 h) (1 µg/l was used in this case and with the 

mass spectrometer in SCAN mode). 

Compound 
R2  

(0.5-100 
ng/l) 

LOD (ng/l) Ee,1 h/Ee>16 h 

(%) 

Level found 
in snow 
(ng/l) 

Naphthalene 0.9991 -  30.8 34.8 
Acenaphthylene 0.9992 0.06 31.4 ND 
Acenaphthene 0.9987 0.04 38.9 6.9 
Fluorene 0.9997 0.07 34.7 13.9 
Phenanthrene 0.9977 0.03 33.8 148.2 
Anthracene 0.9991 0.06 32.9 2.1 
Carbazole 0.9995 0.09 36.9 15.6 
Fluoranthene 0.9972 0.03 33.4 65.1 
Pyrene 0.9998 0.02 33.4 35.4 
Benzo[a]anthracene 0.9995 0.02 36.0 0.6 
Chrysene 0.9925 0.02 31.3 2.9 
Benzo[b]fluoranthene 0.9995 0.02 28.7 1.3 
Benzo[k]fluoranthene 0.9992 0.03 21.3 0.3 
Benzo[a]pyrene 0.9996 0.04 22.3 0.4 
Indeno[1,2,3-cd]pyrene 0.9998 0.04 12.7 0.5 
Dibenzo[a,h]anthracene 0.9996 0.06 27.5 0.3 
Benzo[ghi]perylene 0.9995 0.04 23.8 0.5 
 

An interesting observation was the low extraction efficiencies for high molecular weight PAHs, 

even at equilibrium sampling (see paper II). The average extraction efficiency for the last three 

PAHs in Table 3 was only 20%. Theoretical extraction efficiencies for these PAHs can be 

calculated (see chapter 3.7.3), using partition coefficients from the literature [130]. Such 

calculations reveal that these PAHs should have been exhaustively extracted. Other researchers 

have reported similar observations [90,131,132]. It has been suggested that some of these losses 

are related to the firm adsorption of PAHs onto exposed surfaces, e.g. glass walls of the sample 

container or stir bar [131]. In the HCSE system, attempts were made to recover the analytes 

from the exposed surfaces by extraction with hexane. However, only minor amounts of PAHs 

were found in the extract. One explanation for these discouraging results could be that a major 

amount of these PAHs is adsorbed onto particular matter of the sample. Further studies are 

needed to confirm this assumption, e.g. by performing liquid-liquid extraction of the sample 

after a completed HCSE extraction. 
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The applicability of the method for “real world” samples was tested by analyzing PAHs in 

melted urban snow. A resulting chromatogram is shown in Fig. 25a and the predicted 

concentrations for the run are included in Table 3. In Fig. 25b, the blank run obtained by 

extracting pure water of chromatographic quality directly after the analysis is shown. The 

results indicate only minor carry-over, which did not affect the quantification of the target 

analytes to any extent. A desorption temperature of 260°C was used for these runs, a 

temperature that leads to some thermal degradation of the PDMS [87,99]. However, due to the 

high selectivity of the mass spectrometric detector operating in the selected ion monitoring, 

these rather characteristic degradation products, mainly cyclic oligomers of dimethylsiloxane 

[87], do not disturb the quantification. 

 

Fig. 25. (a) The chromatogram was obtained from melted urban snow. An aliquot of 100 ml sample was 

extracted for 1 hour using the HCSE system. (b) Blank run obtained when a water sample of chromatographic 

quality was analyzed directly after the snow analysis. 
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5.5 Conclusions 

A new fully automated procedure for the high-capacity sorption enrichment of trace organic 

analytes in aqueous samples has been developed, combining the advantages of the SPME and 

the SBSE techniques. The system is based on a standard GC instrument and a robotic injector, 

both with only minor modifications. Time-based non-equilibrium extraction is feasible, 

enabling fast extractions that still allow sub-ppt limits of detection. Since the PDMS probe is 

detachable, the system can also be used for off-line (manual) extractions. Additionally, the 

flexibility of the robotic based system makes the sampling from process streams possible. The 

automated and precise control of all the sampling and sample introduction parameters provide 

a versatile analytical tool in ultra-trace analysis, e.g. for environmental monitoring of PAHs or 

PCBs in drinking water. 
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6 A NEW TECHNIQUE FOR THE ANALYSIS OF POLAR 

ORGANIC TRACE COMPONENTS IN WATER 

6.1 Introduction 

As pointed out in chapter 3, the trace analysis of volatile polar solutes in aqueous samples is 

not a trivial task. A typical challenge is the analysis of low concentrations of short chain 

alcohols in water. Approaches that employ purge or extraction techniques are not efficient 

since the selectivity of the isolation step is poor. Several improvements have been proposed, for 

example the addition of salt to the sample or the use of more polar extractants [133-137]. 

Although this enhances the selectivity, most of the analyte still remains in the aqueous phase. 

A better strategy is therefore to inject a large volume of the sample directly onto the column. 

However, as mentioned earlier, this leads to numerous problems. A more realistic approach is 

to employ 2-dimensional GC, where a packed column and a capillary column are used in series. 

Schomburg et al. [50,138] have investigated this concept and have injected up to 200 µl of 

water for the trace analysis of three semi-volatiles (cresols) onto a Tenax precolumn. Their 

principle of pre-separation was based on water having low retention on the non-polar Tenax 

adsorbent, whereas the organic compounds show a stronger retention. Thus, the water is first 

eluted and vented away, followed by a transfer of the analytes to the capillary column. The 

sample capacity depends on many parameters, including the chromatographic selectivity of the 

adsorbent. It turned out that only 10 µl injections could be made when dealing with volatile 

aliphatic alcohols. Another major shortcoming of the approach is the previously mentioned 

artifact formation that stems from a thermal breakdown of the adsorbent. The artifact 

background was shown to restrict the limit of detection to 0.1 ppm [50]. 

Paper V in this thesis describes a new technique for the analysis of volatile polar trace 

compounds in aqueous samples. The method utilizes a 2-dimensional set-up, where an 

anhydrous salt is used to retain the water. Generally, organic compounds, even polar ones, 

show little or no affinity for salts, whereas the water – salt interaction is very strong. Moreover, 

the precolumn packing consists only of inorganic material, so that any bleed due to a thermal 

breakdown of the packing material is eliminated. 
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6.2 Description of the precolumn separation 

The principle of the system is shown in Fig. 26. The basic instrumental layout has previously 

been used by Hagman et al. [139] for the rapid determination of volatiles in liquid samples 

with a high content of non-volatile material. The set-up consists of a short (20 cm) packed 

precolumn that can be operated in either the fore- or backflush direction, which is controlled 

by a single 10-port valve. A capillary column is coupled in series to achieve an efficient 

analytical separation after analyte transfer. When large sample volumes are injected, a 

sharpening of the solute band width on the capillary column by means of cryogenic focusing is 

necessary. The aqueous sample is injected with the precolumn operating in the foreflush 

direction (Fig. 26b) at a controlled rate of 1-2 µl/s. The empty upper part of the precolumn is 

at a high temperature in order to evaporate the sample and to accommodate the gas generated. 

A pre-fractionation is obtained in the section of the precolumn which is filled with an 

anhydrous salt (Fig. 26c). This part of the precolumn is at an optimized temperature with 

respect to the selectivity of the pre-separation. Once the analytes have eluted from the 

precolumn and have entered the capillary column, the carrier gas flow direction in the 

precolumn is reversed (Fig. 26d). The residual water in the precolumn is thus backflushed out 

from the system, accelerated by an increased flow rate and increased temperature of the 

precolumn (Fig. 26e). Simultaneously, the analytical separation is completed on the capillary 

column. After regeneration of the precolumn, the set-up is ready for the next analysis. 

 

Fig. 26. Schematic illustration of the precolumn separation procedure. T1 is the temperature of the precolumn 

packing during separation and T2 is the temperature used during conditioning of the precolumn between runs, T1 < 

T2. See the text for further details. 
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6.3 Selection of the anhydrous salt 

Many salts have a great affinity for water, due either to the formation of hydrates with 

anhydrous salts or, in the case of solutions, to strong ionic–dipolar interactions. However, the 

water vapor pressure of a hydrated salt or salt solution is not equal to zero; it is only reduced 

compared with the vapor pressure over pure water. As a consequence, traces of water will 

continuously elute from the precolumn together with the analytes during the pre-fractionation. 

The rate of water breakthrough is crucial for the maximum sample capacity of the system 

(recondensation/ice plug formation in the analytical column), and it must therefore be kept to 

a minimum. The water vapor pressure above aqueous solutions saturated with various salts is 

shown versus the temperature of the solution in Fig. 27. The vapor pressure of pure water has 

also been included in the figure. As can be noted, the reduction in vapor pressure at a given 

temperature differs significantly with different salts. 

 

Fig. 27. Vapor pressure of aqueous solutions saturated with various salts versus the temperature of the solution. 

The vapor pressure of pure water is also shown. The data are taken from the literature [140]. 

Lithium chloride is most effective in reducing the vapor pressure of water. Calcium chloride 

and sodium iodide also are quite efficient, but it is important to consider possible reactions 

with the analytes. A neutral salt, e.g. consisting of a cation from an alkali metal and an anion 

from a halide, is likely to show minimal interactions. Lithium chloride was therefore selected 



 

 58

and evaluated as the water-retaining stationary phase. To avoid plug formation due to 

agglomeration of the salt crystals, the precolumn packing was prepared by mixing equal parts 

(by weight) of salt and Chromosorb W together with water into a solution/slurry, and drying 

in a rotary evaporator. 

A low level of system background is crucial in ultra-trace analysis. As previously mentioned, 

conditioning of the precolumn can be performed at very high temperatures due to the absence 

of organic material. However, the best results were obtained with a flow of humid nitrogen at 

170°C for 4 hours, which virtually eliminated all background peaks. After this initial treatment 

of new precolumns, a heating to 160°C during the reconditioning backflush between runs was 

found to be adequate both for water removal and background elimination. 

6.4 System performance 

In a first study, the temperature of the precolumn was optimized, using 1-butanol as a test 

solute. At a temperature of 110°C, the butanol was found to elute with the smallest amount of 

co-eluted water. Further details of the optimization procedure are described in paper V. 

In order to evaluate the sample capacity of the system at this temperature, a test sample 

containing four low boiling polar substances was utilized. The results are shown in Fig. 28 in 

terms of peak area versus sample volume. 
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Fig. 28. Absolute area response obtained as a function of the sample volume for four polar volatile test solutes. 

Sample: 1 ppm of each of the component in water. As can be seen, excellent linearity is obtained for sample 

volumes up to 120 µl. 

As can be seen, a total transfer into the capillary column of these four trace compounds is 

possible even for sample volumes as large as 120 µl. When still larger sample volumes are 

injected, the most polar solute 1-butanol is no longer quantitatively transferred. The incomplete 

elution is caused by the prolonged sample injection time (solute band width) and the increased 

retention on the water phase that is injected and present in the precolumn. 

Fig. 29 shows an example of the performance of the system. The upper trace shows a 

chromatogram of a 10 ppb solution of volatile polar components in an aqueous sample. The 

analyte peaks are significantly above the quantification level. The sample volume was 100 µl 

and a FID was used. In Fig. 29b, the chromatogram obtained with the same set-up using a 

sample at a 100 times higher concentration and injecting only 1 µl is shown. As can be seen, 

the chromatograms are almost identical, but some additional background peaks have appeared 

in the upper trace. It is anticipated that these peaks originate from impurities in the water, not 

detectable in the 1 µl injection run. However, the validity of this hypothesis still has to be 

investigated. 
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Fig. 29. Two chromatograms of trace amounts of volatile polar substances in water (flame ionization detector).  (a) 

100 µl injection of a sample at a 10 ppb solute level. (b) 1 µl injection of the sample containing approx. 1 ppm of 

each component. Cryo-focusing of the column inlet was applied in both cases to reduce the band dispersion and a 

split transfer of 1:1 to the capillary column was used. The baseline hump between the retention times of 5 and 8 

minutes is caused by elution of the water into the FID. The positions of the chromatograms on the y-axis have been 

adjusted for visual reasons. Components: 1 methanol 2 acetone 3 isopropyl alcohol 4 tetrahydrofuran 5 allyl 

alcohol 6 ethyl acetate 7 1-butanol 8 1,3-dioxane 9 methyl isobutyl ketone  mesityl oxide. 

To elute polar analytes from a packed column at low ppb concentrations may seem quite 

remarkable. It is commonly known that the use of support materials like Chromosorb W leads 

to an adsorption and a total loss of polar trace compounds, even when a deactivated (e.g. 

silanized) support material is used.  It should be pointed out that the support material used in 

this work was not deactivated. The excellent results can be explained by the extraordinary 

deactivation power of the water present in the sample [141-144]. The deactivation effect of 

water has also been exploited by other workers. Extremely polar compounds such as 2,4-

butanediol and glycerol could be chromatographed on the unsilanized support material 

Chromaton N-AW  when steam was used as carrier gas [145]. 

A further investigation of the system performance is shown in Table 4, where the repeatability 

of the absolute peak area is shown. Injections of 100 µl of a sample, containing the test 

components at the 100 ppb level of the components shown in Fig. 29 were used. Considering 

the rather low analyte concentration, the repeatability must be regarded as very good. 
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Table 4. Repeatability of data obtained with the precolumn system. The relative standard deviations (RSD) are 

based on 6 replicate runs. 

Component RSD (%) 
Methanol 1.9 
Acetone 5.2 
Isopropyl alcohol 2.0 
Tetrahydrofuran 6.0 
Allyl alcohol 1.0 
Ethyl acetate 7.7 
1-butanol 1.2 
1,3-dioxane 3.1 
Methyl isobutyl ketone 2.9 
Mesityl oxide 2.2 

 

The injection and pre-separation of a 100 µl sample can be very rapid; in fact this was 

performed in less than 4 minutes. The procedure is easy to automate for repetitive analysis and 

the set-up can therefore be employed for the unattended routine analysis of aqueous samples. 

The robustness with respect to matrix effects and the effects of non-volatile sample 

contaminants have not yet been studied. However, packed precolumns are known to show a 

good tolerance towards non-volatile sample contaminants [139,146,147]. In particular, neutral 

salts present in the sample should have little effect on the system performance. It should 

therefore be possible to inject e.g. a large number of sea water samples, without any significant 

loss in analytical performance. This will be interesting to investigate in a future study. 

Some additional intriguing mechanisms should be mentioned, which are of great advantage for 

the pre-fractionation process. We found that the concentration of water vapor leaving the 

precolumn at a given precolumn temperature was virtually constant and independent of the 

injected sample volume. In fact, the results compiled in Fig. 28 (which were obtained under 

identical instrumental conditions) were from sample volumes between 10 and 160 µl, but the 

average amount of breakthrough of water was 0.61 µl with a relative standard deviation of only 

1.0%. This indicates that the vapor equilibrium condition established in the precolumn was the 

same, irrespective of the sample volume that was used. To understand this mechanism, it is 

useful to consider the vapor pressure of water over a saturated salt solution, which contains an 

excess of salt. In such a system, adding more water will have no influence on the vapor pressure 

as long as the solution remains saturated. 
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Another comment should be made on the speed with which the aqueous sample can be 

injected.  In our experiments, this was 120 µl/min, which is remarkable in view of the fact that 

the sample is basically flash evaporated. The void volume of the precolumn, including the 

empty upper section is less than 2 ml. The injection rate in terms of vapor volume corresponds 

to 84 ml/min under the prevailing pressure conditions, while the flow through the precolumn 

is only 5 ml/min. Normally, this would cause a backflow of vapor into the GC system, which 

would lead to serious analyte losses and system contamination. However, such problems were 

not encountered, indicating that an immediate absorption of the large vapor cloud by the salt 

must take place. In fact, the water vapor seems to recondense on the salt, since we noted that a 

porous crust was formed in the entrance zone of the packed bed after some large volume 

injections. It is also possible, in view of the limited heat capacity of the injection zone, that part 

of the sample is not immediately evaporated and reaches the salt as a liquid.  In any case, the 

performance of the system was not affected by the presence of this crust.   

The recondensation of water strongly enhances the overall mass transport of sample into the 

precolumn, since the vapor volume is reduced by a factor of at least 200 (assuming full flash 

evaporation). The resulting vacuum is immediately filled with further sample vapors, which 

again recondense etc.  The mechanism is similar to that which has been described by Grob 

[148] , who showed that the mass transport of sample vapor from the evaporation zone into 

the capillary column in regular splitless injection can be strongly enhanced by recondensation 

of the sample in the column inlet. The interesting feature of the packed salt bed is that the 

mass transport capacity is far greater than that of an ordinary capillary column. This should 

permit the speed of injection to be further increased. In fact, preliminary (unpublished) results 

showed that no sample loss was experienced even when the injection rate was increased to 20 

µl/s. This has two major advantageous consequences: First, there is no need for a precisely 

controlled critical injection rate, which greatly increases the robustness of the concept. Second, 

such high-speed large-volume injections would be of great interest in numerous applications 

where rapid results are required, and could replace many of the tedious stripping or extraction 

procedures which are currently employed in the ultra-trace analysis of aqueous samples. 
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6.5 Conclusions 

A new 2-dimensional precolumn - backflush approach for the analysis of polar volatile trace 

analytes in aqueous samples has been developed and evaluated. The method is based on the 

action of a hygroscopic salt, which provides a high selectivity between the water matrix and 

polar, volatile organic analytes. Organic trace compounds, even polar ones, are eluted ahead of 

the bulk amount of the water, and show little or no retention on the precolumn. The organic 

compounds are cryogenically trapped on a high resolution separation column for subsequent 

GC analysis, whereas the bulk water is removed from the system by backflushing the 

precolumn. This procedure permits the direct injection of aqueous sample volumes of at least 

100 µl, and the pre-fractionation is accomplished within only a few minutes. Even for such 

large sample volumes, polar analytes, e.g. low boiling alcohols and ketones, are quantitatively 

transferred to the main separation column. After the initial conditioning of the precolumn at 

elevated temperature with moist nitrogen, conditioning between runs can be carried out at 

160°C. The quantification limits for the polar trace components were in the lower ppb-region. 
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7 CONCLUDING REMARKS AND FUTURE DEVELOPMENTS 

The first work in this thesis deals with calibration procedures for improved quantification of 

solvent mixtures. This paper stands on its own and can be regarded as a practical guideline 

useful in analytical method development, particularly in industrial process-related areas. 

The other four papers deal with developments of new or improved enrichment techniques for 

trace components, in either aqueous or gaseous samples. For the latter, the concept of open 

tubular trapping was further explored and, for aqueous samples, two new methods were 

developed, automated high-capacity sorptive extraction and sample enrichment using a 

hygroscopic precolumn. The work has been focused mainly on technical and methodological 

improvements and has included a few selected applications. In forthcoming efforts, it will be of 

great interest to evaluate the strength of the novel techniques in “real life” analytical problems. 

Regarding the open tubular trapping technique, an important issue would be to evaluate the 

general applicability towards polar and unstable solutes. An example of a significant 

application would be the analysis of formaldehyde in indoor air. While the use of high-capacity 

OTTs will certainly improve the enrichment capacity, the retention of very polar analytes on 

PDMS is still quite limited. A tremendous achievement would be to create a sorptive medium 

which has high retention characteristics for polar substances, without compromising the high 

permeability and low water-retention properties of PDMS. A sorbent with such properties 

would be attractive not only for OTTs but in all sorptive enrichment techniques, e.g. in SPME 

or in the described HCSE system. Attempts are now ongoing in our laboratory to find such a 

sorbent. 

Another improvement of the technique could be to increase the maximum allowable sampling 

rate, which is critical when dealing with the quantitative trapping of very volatile components. 

This could be achieved by using traps with a larger phase ratio and/or by operating several 

traps in parallel: the latter approach has previously been shown to be viable with thin film 

OTTs [98]. An additional improvement of the OTT preparation procedure is conceivable for 

very large bore OTTs (> 3-5 mm). The large diameter would simply allow the use of 

prefabricated silicone tubing.  

There are also other areas where high-capacity OTTs could be very useful, for example high 

capacity sorptive trapping in preparative GC [79], as a device to intensify odors present at sub-

threshold levels for tracking of the source (“like the action of a dog”) or as a concentration 

technique prior to a biological sensor.  
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An inviting future development of the HCSE technique is to achieve still higher extraction 

rates. This should be possible by further enlargement of the surface area of the probe, 

preferably in combination with greater agitation. In this way, shorter extraction times could be 

obtained both in equilibrium and non-equilibrium sampling. For non-equilibrium sampling, 

flash extractions accomplished within minutes could be feasible in many applications. To 

match such a rapid extraction procedure, a fast desorption step should be included. In fact, it 

was found (paper II) that the time necessary for obtaining a complete desorption is reduced if 

the extraction time is shortened. During the short sorption process, analytes will penetrate only 

into the outer part of the sorbent layer. Consequently, the average distance through which the 

analyte has to diffuse out of the sorbent is also reduced, and this results in a faster desorption. 

But perhaps the most reliable approach for obtaining a faster desorption would be to use a 

sampling probe with a thin layer of PDMS (but with a large surface area!), thereby eliminating 

one of the causes of slow mass transport. 

Another potential of the system which has not yet been explored is to perform extractions in 

the time regime where the amount of analyte extracted is independent of the partition 

coefficient. Attractive applications would be e.g. the analysis of polar trace components in 

sewage and industrial waste water, where both the influence and the extent of matrix variation 

are considerable. The feasibility of this concept will be tested in the near future. 

In the last paper in this thesis, a new and simple concept for the analysis of volatile polar trace 

components in water is presented. Currently, the available methods and techniques for such 

analyses are intricate and have major shortcomings. Thus, there should be numerous 

applications for the new technique. It could for example replace the derivatization steps which 

are often necessary prior to sample enrichment in e.g. headspace sampling [149] or in SPME 

[150]. 

An important future objective is to evaluate the general applicability of the technique for 

highly polar, chemically unstable substances. The analysis of such analytes will emphasize the 

issue of an inert, non-catalytic precolumn. One route towards suppressing thermal and catalytic 

degradation of such solutes would be to operate the precolumn at a lower temperature. Other 

applications where the technique could become very useful are the analysis of halogenated 

disinfection byproducts in drinking water, which are not amenable to gas-phase stripping [151], 

the determination of pharmaceuticals and their metabolites in aqueous environmental samples 

[152] and the analysis/monitoring of hazardous chemicals (such as N,N-dimethylformamide or 

1,4-dioxane) disposed  in recipients. 
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Further studies are needed to fully understand the physical processes taking place during 

injection and precolumn separation. A valuable way to obtain a better insight into these 

processes would be to use a transparent set-up which permits visual observation; an approach 

that has previously been successfully employed for the studying of the mechanisms of large 

volume injection in the PTV technique [153].  

Our preliminary experiments with a higher speed of injection showed that the sample transfer 

can be performed in a still much shorter time frame. This means that the injection band width 

is reduced. Consequently this should lead to a further increase in the sample capacity of the 

precolumn. 

 

In conclusion, the work which has been performed in this thesis has generated many new leads 

for further improvements in the analysis of organic trace compounds, and I hope that my work 

will also serve as a source of inspiration for other workers in the field. 
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