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Abstract 

 

This thesis describes some new methods for analysis of organic trace 
components from air and water by gas chromatography. The work is 
particularly focused on the development of new technologies for analyte 
enrichment, using sorbent-based concepts. Short lengths of open tubular 
columns were examined for their potential use as denuders. 
Polydimethylsiloxane-based stationary phases as well as an adsorbent-based 
column were evaluated in an equilibrium mode of trapping. For the 
analytes selected, detection levels in the ppb range were obtained (Paper I). 

A new, fully automated set-up for analysis of organic trace 
components in aqueous samples has been developed (Paper II). The work 
combines specific advantages of the solid phase micro extraction (SPME) 
technology and stir bar sorptive extraction concept. Ultra trace 
components, down to 0.1 ppt could be detected.  Finally a simple method 
for preparation a new type of ultra thick film open tubular trap is 
described (Paper III). The traps are characterized by an irregular coating, 
and it was demonstrated that the performance characteristics of these traps 
were practically as good as of traps with a smooth, regular coating. The 
technology can be utilized in many areas, e.g. environmental monitoring, 
process analysis and other fields dealing with analysis of trace organic 
volatiles in gaseous samples.  
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1 General Background  

The technological progresses that can be observed – at still accelerating 
pace – in all branches of science, industry, and everyday life, leads to 
new demands and challenges for analytical chemistry. Optimization of 
manufacturing processes, critical cost-benefit issues, as well as 
increasing environmental awareness, all require more rapid, less 
expensive, more accurate and precise analyses of materials and target 
compounds. This has also lead to an increasing demand for methods 
permitting quantitative determinations of selected compounds on very 
low concentration levels (trace and ultra trace components). 

 Over the last four decades, chromatographic techniques, 
providing the possibility to separate components of complex mixtures, 
have lead to revolutionary new developments of the analytical science. 
In this context, gas chromatography has been and still is one of the 
leading technologies. Unprecedented and rapid separations can be 
accomplished by this outstanding principle, and practically all 
laboratories in the world, dealing with analytical work are utilizing this 
tool. However, there is still a considerable need for further 
improvement of methods and technologies related to gas 
chromatography, particularly in view of the increased demands for 
more precise, automated and simpler analysis of industrial products 
and in environmental monitoring. The work, described in this thesis 
deals with such improvements.  

 

Improvements may be implemented in two areas: the stage 
before injection of the sample onto the chromatographic column, i.e. 
the sampling stage, or the chromatographic separation itself. In the 
latter case, main efforts have been concentrated on increasing 
resolution power of separations (e.g., the development of true 
multidimensional GC, abbreviated as GCxGC [1,2]) and lowering the 
detection limit (e.g., using n×MS or TOF MS [3,4]).  Nowadays it is 
possible to separate up to 10 000 compounds in a single 
chromatographic run. However, one should realize that the reliability 
of the final result is always dependent on the quality of the earlier 
stages of the whole analytical procedure, i.e. sampling and sample 
pretreatment. In this context, particular difficulties are encountered 
when dealing with compounds at trace and ultra-trace concentration 
(ppb, ppt and ppq) levels. Direct determination would require injection 
of a prohibitively large sample volume onto the column, in order to 
obtain a detectable amount of the analyte. A particular problem is 
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related to the presence of water in samples, such as in air and aqueous 
matrices.  Injection of aqueous samples larger than 1-2 µL onto a 
capillary column leads to column overloading (with water) and 
formation of a layer of an independent, aqueous “stationary phase”, 
obstructing separation of the target analytes.  However, techniques for 
large volume injection have been developed [5], also for aqueous 
samples [6,7], combined with stripping the samples from the water, 
which permits injections of samples up to 100 µL in volume. However, 
this compromises the quantitative recovery of highly volatile 
components, and does not always yield a sufficient amount of analytes. 
When handling air samples, one has to solve similar problems, despite 
the much lower water content of such samples. It should be realized 
that the amount of air needed to concentrate trace analytes may be 
many liters.  

Thus, for the reasons, mentioned above, an isolation and 
enrichment of analytes from the original sample is frequently required. 
It is important to strive for a reduction of the number of operations 
performed on the original sample. This lowers the risk of losses of the 
analytes and possible cross-contamination, thus reducing the 
uncertainty of the result and increasing the overall reliability of the 
analytical procedure as a whole. 
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2 Concentration methods 

The principal aim of the sample pretreatment stage is isolation and 
concentration of the compounds of interest from the original (primary) 
matrix which not seldom is also a mixture of complex and varying 
composition.  In principle, it is of great advantage to apply methods, 
which yield a complete recovery of the analytes, since this permits a 
direct calculation of the concentration of analytes in the original 
sample. However, this is not always possible, and in such instances, 
calibration models have to be utilized.  The most commonly applied 
principles for sample pre-treatment/concentration are listed below: 

• Mechanical separation (filtration-
centrifugation) 

• Distillation/steam distillation 

• Solvent extraction 

• Gas phase extraction 

• Adsorption/sorption 

• Chromatography  

 

Many variants of these basic principles have been developed, and 
some of these will be briefly described below. 

2.1 Mechanical Separation 

For many samples, filtration or centrifugation is an essential stage of 
sample workup. Chromatographic systems and also many 
concentration technologies are not compatible with large amounts of 
solid matter. Also, it is frequently of interest to differentiate between 
the content of analytes in the liquid phase and in the solid phase. 
Moreover, if the solid matter could interact with e.g. an extracting 
agent, a mechanical phase separation becomes essential.  The filtrate, 
free of solid matter may be either directly injected onto a column, 
using a large volume injection method [8,9] or subjected to further 
treatment. Separated solid particles may undergo another separate 
treatment, e.g., Soxhlet extraction [10]. Centrifugation may be an 
excellent alternative method, and is particularly suitable for small 
sample volumes [11]. 
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2.2 Distillation 

 Methods based on distillation utilize differences in boiling 
points of analytes and interfering compounds. Distillation can be 
applied to isolate volatile organic components from liquid as well as 
solid samples [12]. Since the simple, one step distillation is usually 
inefficient more sophisticated approaches are preferred. One of the 
most popular distillation based methods is simultaneous distillation-
extraction (SDE) technique, originally described by Likens and 
Nickerson [13] A simpler and earlier variant of this technology is steam 
distillation. Basically, in the volatiles and solvent are simultaneously 
distilled from different containers. Vapors of both are condensed on 
the same cold finger, and the extraction process between both liquid 
films occurs. Finally, water and solvent are collected and automatically 
decanted in a separator. This one-step isolation/enrichment procedure 
is efficient and time saving, since the extract is obtained in a small 
volume of solvent. Further theoretical background and technical details 
are described in [14]. 

2.3 Solvent extraction 

 Solvent extraction is one of the oldest clean-up methods. The 
compounds of interest are transferred to an organic solvent, which is 
more compatible with capillary GC.  The technique is often referred to 
as phase-switching (or matrix switching). The simplest phase-switching 
method is liquid-liquid extraction – LLE. , and has been particularly 
popular for water analysis. Here, the compounds are directly 
transferred from the aqueous phase to a water-immiscible organic 
phase. Another category of extraction methods is based on sorption 
on/into a solid phase or an immobilized liquid.  These methods are 
altogether known as solid phase extraction. This is one of the key issues 
of this thesis, and will be discussed in detail in subsequent chapters. 

In its simplest form, liquid-liquid extraction is based on shaking the 
sample with an aliquot of a suitable extracting agent in a single vessel. 
The target compounds undergo partitioning, governed by the Nernst 
law, between the two immiscible liquids. The recovery, or extraction 
efficiency (Ee) depends on the partition coefficient of a given analyte 
between the two phases (KES), and may be influenced by a selection of 
the (most appropriate) solvent and by the ratio of the solvent volume 
(VE) and the sample volume (VS), as described by Eq. 1: 



 5









+

+=

S

E
ES

e

V
V

K
E

1

11     (1) 

The simplest way to increase the extraction efficiency is to 
perform a repetitive extraction using several portions of fresh solvent.  
Another approach, which facilitates automation of this process, is to 
merge a stream of sample and of the extracting agent in countercurrent 
(Craig extraction) or co-current mode [15,16]. 

The obtained solution of analytes in the solvent may be either 
analyzed directly by GC (or LC), or, if necessary, the analytes can be 
further concentrated by partial evaporation of the solvent. However, 
this can lead to losses of volatile components if no particular 
precautions are made [17]. Other problems associated with solvent 
extraction may be due to formation of emulsions, caused by an 
intensive mixing/shaking during the extraction step. Some of the major 
drawbacks of the method are summarized below: 

• the extraction itself is most frequently performed 
manually (= labor intensive) 

• there are many handling steps involved in the 
procedure, which easily leads to analyte losses and/or 
contamination 

• the procedure consumes significant amounts of 
organic solvents 

The first two drawbacks have been addressed in various ways, e.g. 
an automated procedure using flow extraction has been developed 
[18,19]. However, it seems that the third drawback is the main reason 
for the general trend of a gradual out-phasing of classical LLE from 
analytical laboratories.  Handling of organic solvents, particularly by 
non-skilled operators offsets occupational safety and increases 
production of potentially hazardous waste products.  On the other 
hand, LLE, due to a large choice of solvents, may prove very useful in 
selected applications. 

2.3.1 Other liquid –liquid extraction methods 

 A more recent modification of the LLE setup is separation of the 
sample and the extracting agent using a semi-permeable membrane, 
known as membrane extraction [20,21]. The sample and the solvent are 
physically separated by the membrane. The approach facilitates the 
control of process completion, thus permitting the extraction to be 
carried out under non-equilibrium conditions. Introduction of a 
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membrane into a system increases the freedom of solvent selection, and 
use can also be made of a selectivity influence by the membrane itself 
[22]. However, the extraction rate is limited by the concentration 
gradient and the membrane permeability. Another established 
extraction method is super critical fluid extraction (SFE) [23]. The most 
common solvent applied is carbon dioxide. The main advantage of SFE 
is easy way to remove the solvent by simply reducing the pressure and 
allowing the supercritical fluid to evaporate. On the other hand, the 
requirement of high pressure needs complicated instrumentation and is 
expensive. Other varieties of liquid-liquid extraction have been 
described, but these techniques are outside the scope of this discussion 
and can be found in selected literature, e.g. [24,25]. 

2.4 Purge-and-trap 

 Purge-and-trap is a widely used method for isolation of the 
purgeable organic compounds from aqueous samples. It is also the U.S. 
EPA-recommended method for enrichment of trace volatile organic 
compounds (VOC’s) from soil (EPA/SW-846-5030A and 8260A). 
Compounds of interest are extracted from the sample by stream of an 
inert gas, and subsequently trapped with e.g. cryotraps or adsorbents. 
Also evaporating solvents have been employed for trapping of volatiles 
[26]. Purge and trap has been applied for sampling of polar compounds 
as well as for (ultra)trace enrichment of non-polar compounds [27,28]. 
To perform quantitative analysis, the purge (also referred to as 
“stripping”) has to be exhaustive, since the original concentrations of 
the volatiles are difficult to deduct from partially stripped material. 
This is also true for static headspace gas. Quantitative measurements 
are only possible when dealing with matrices having a very consistent 
composition and by adopting rigorous calibration procedures. The 
problems with quantitative measurements are particularly pronounced 
when dealing with polar solutes. Other problems can occur, e.g. due to 
saturation of the stripping gas with water, causing some difficulties in 
the trapping step.  

2.5 Cryotrapping 

 This particular technique of sample pretreatment is used 
exclusively for gaseous samples, and utilizes differences in freezing 
points of the analytes and that of the matrix gas (usually air).  The 
simplest form of a cryotrap is a loop or coil made of the first part of a 
chromatographic column, immersed in a vessel containing a suitable 
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cooling agent.  The choice of this agent depends on the nature of the 
compounds of interest; most frequently used is liquid nitrogen (for 
volatile organics) or solidified carbon dioxide (semi-volatile organics). 
During passage of a stream of gaseous sample through the cryotrap, the 
analytes are frozen out and quantitatively caught in the trap. 
Technically, the cryotrap is usually configured as a precolumn in a 
typical GC setup, thus enabling direct injection of the entrapped 
analytes after completion of the concentration stage by, e.g., rapid 
heating of the trap.  Applicability and operation of the cryotrapping is, 
however, strongly influenced by the water content of the sample.  
Humid samples rapidly form ice plugs in the trap, leading to a 
blockage of the whole system.  For that reason, cryotraps are rarely 
employed for air samples and their role is restricted to narrowing the 
band of analytes introduced onto the head of a chromatographic 
column, a process known as cryofocusing. 

2.6 Chromatography 

Chromatography, being the most powerful separation technique, 
can also be successfully employed for enrichment of trace components. 
In particular, the use of multidimensional techniques, although 
technically somewhat demanding, is a more interesting approach. By 
combining more then one separation technique, the sample is dispersed 
in different time dimensions – short segments of analytes separated by 
the first method are switched to next column, where further separation 
occurs. The resolution which can by obtained depends on the 
selectivity differences between the separation methods - these should be 
as different as possible. Theoretically any combination of separation 
techniques may by applied (GC-GC, LC-LC, GC-LC, SFC-GC, etc.) [29]. 
In a sense, multidimensional techniques can also be regarded as pre-
focusing technologies. A very powerful method is GCxGC, where peaks 
reaching the detector are narrowed and consequently, lower limits of 
detection can be reached.  
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2.7 Solid Phase extraction techniques 

 For the reasons, enumerated above, an intensive search for 
alternative techniques permitting elimination of organic solvents in the 
sample preparation stage prior to the final GC analysis has been 
ongoing.  Additionally, this trend has been magnified by the 
requirements listed in a document known as the Montreal Protocol 
[30]. One can distinguish two main directions of the ensued research 
work: a) finding adsorbents, more suitable for liberation of target 
analytes by means of thermal desorption, and b) sorption (partition) 
based extraction. Although, both in adsorption and partition based 
techniques, analytes can also be liberated by means of organic solvent 
extraction, but due to the scope of this thesis and the reasons 
mentioned above, the discussion is primarily dealing with thermal 
desorption technology. 

2.8 Adsorption based isolation techniques 

 Techniques, in which the analytes are collected on a surface of a 
suitable adsorbent, play currently the dominant role in sample 
preparation procedures and are most frequently recommended for 
routine analyses.  As it has been mentioned before, the mainstream 
efforts in this branch are focused on utilizing adsorbents in 
combination with subsequent thermal desorption of the analytes in 
question. One can list several desired features of such adsorbents: 

• thermal stability 

• a large specific surface area 

• a limited number of active sites or, rather, weak active sites to 
reduce catalytic activity at the surface, the best situation is having 
no catalytic activity at all 

• uniform and predictable surface properties, from the point of 
view of the analyte-adsorbent interactions: 

o non-specific – addressed towards wide groups 
of compounds 

o specific – for applications concentrated on  
particular types of analytes 

One can divide the adsorbents in two main groups: 
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a) carbon based adsorbents, e.g., activated carbons, graphitized carbon 
blacks, and carbon molecular sieves. A characteristic feature of all these 
adsorbents is their very high thermal stability (up to 450°C). Carbon 
based adsorbents are characterized by high affinity towards organic 
compounds, resulting in good retention properties. These adsorbents 
are utilized for trapping of a wide range of organic components, 
ranging from ethane (molecular sieves) [31], up to polychlorinated 
biphenyls [32]. Nonetheless, despite the limited numbers of active sites, 
due to the graphitization process, thermal desorption of less volatile 
compounds may be difficult, i.e., requiring high temperatures and 
frequently being incomplete. High temperature conditions may also 
lead to decomposition of some thermally labile analytes. 

b) polymeric adsorbents, which were developed to eliminate the 
aforementioned problems arising from utilization of the carbon based 
adsorbents.  A wide range of porous polymers is available, characterized 
by varying chemical (such as polarity, active sites type and density, etc.) 
and physical properties (temperature limits, specific surface area, etc.), 
e.g., Tenax, Chromosorb, Porapak [33]. Precise control of the 
manufacturing conditions and suitable choice of the adsorbent for a 
given application can largely eliminate catalytic activity and reduce 
possible interferences with other sample components (e.g. Tenax does 
not retain water). On the other hand, the organic nature of these 
adsorbents becomes visible in the subsequent process of thermal 
desorption. The adsorbents may undergo decomposition and produce 
artefact compounds (e.g., benzene derivatives) interfering in the final 
GC analysis [34]. 
 

Sampling with employment of adsorbents may be performed in 
either the passive [35] or active [36] mode. The former is more suitable 
for long term, time averaged sampling, e.g., for monitoring of work 
place air [37], while the latter is more adequate for short term sampling.  
In passive sampling, the analytes reach the adsorbent surface by means 
of natural transport phenomena, like diffusion and convection.  In the 
active mode, the sample is being passed over (or through) the trap by 
means of a suitable pump. Both the maximum sample volume and the 
flow rate are determined by the trap breakthrough volume for the 
compounds of interest.  A frequently utilized solution is combining a 
number of traps in series, enabling to accumulate compounds of 
different fugacity [36]. 
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2.9 Sorption based separation techniques 

In this chapter, isolation and/or enrichment methods, based on 
the partition mechanism, are described. Development of this group of 
methods resulted from the need to overcome some of the shortcomings 
mentioned before, like the use of organic solvents, incomplete 
desorption, analyte decomposition, formation of artifacts, etc. In the 
case of sorptive type sample preparation, the analytes are being 
dissolved in liquid polymeric sorbents, thus permitting their 
subsequent liberation under mild temperature conditions, thereby 
eliminating the risk of their decomposition (absence of catalytic sites). 

Up to date, the most frequently employed sorbent is 
polydimethylsiloxane (PDMS).  There are several reasons for this: 

• it is commonly used as a stationary phase in GC (abundant 
physical-chemical data are available) 

• it is thermally stable up to at least 300°C 

• it is catalytically very inert 

• determination or prediction of partition coefficients is fairly 
straightforward 

• its glass transition temperature (–126°C) and melting point (–
50°C) are significantly below the sampling temperature , causing 
a liquid-like behavior. (diffusion coefficient much higher than in 
regular solids, Nernst law of partition may by applied) 

 

In sorption-based technology, the static or the dynamic approach 
can be utilized. The static approach is usually based on the 
establishment of an equilibrium, but also operation under non-
equilibrium conditions is possible, as is shown in Paper II and 
discussed in Chapter 4. In the dynamic approach, the sample is guided 
through a tube, filled or coated with a sorbent. Two modes of 
operation are possible, the equilibrium mode, where the analytes are 
distributed according to their partition coefficients in the phases, or 
the break-through mode, where the discontinued at the point where the 
analyte is not allowed to escape from the sorbent tube. In Fig. 1 the 
principles for sorption based enrichment are schematically depicted. 
 

 



 11

a) b)

S t a t i c    s a m p l i n g

D y n a m i c     s a m p l i n g

a)

b)

CE = K*C0 CE < K*C0

C0

C0

CA = C0

CA = 0

CE = K*C0

 
 

Figure 1. Schematic of the techniques for the sorbent enrichment. 

     static mode: a) equilibrium mode  b) non-equilibrium 
mode 

dynamic mode:  a) equilibrium mode  b) break-through mode 

CE – concentration of the analyte in the sorbent, K – partition 
coefficient, C0 – concentration of the analyte in original sample, 
CA – concentration of the analyte in gas leaving the trap 

 

The sorption-based sampling techniques which are discussed 
below are solid phase microextraction (SPME), stir bar sorptive 
extraction (SBSE), open tubular trapping (OTT), and gum-phase 
extraction (GPE) methods. 
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2.9.1 Solid phase microextraction 

 Solid phase microextraction was introduced in 1990 by 
Pawliszyn et al. [38]. An SPME device consists of a fused silica fiber, 
covered with a layer of a suitable sorbent, 5 to 100 µm thick. 

 The fiber is placed in the middle of a needle of a syringe-like 
device, acting as a retractable shield, which facilitates introducing it 
into a regular GC injector through its septum as well as in the bulk of 
a gaseous or aqueous sample. Quantitative determination is based upon 
a simple modification of the law of partition for a finite volume of the 
sample and the sorbent: 
  

AS

AS
E KVV

VVKCm
+

= 0        (2) 

 

where: mE – mass of an analyte present in the sorbent under 
equilibrium conditions, C0 – initial concentration of the analyte in the 
sample, VA and VS – volumes of sorbent and sample, respectively, K – 
partition coefficient for the given analyte, defined as CA/CS ratio (CA 
and CS are analyte equilibrium concentrations in the sorbent and 
sample, respectively). 
 

 An important aspect of SPME, as well as other methods utilizing 
PDMS in equilibrium mode, is the possibility to determine the 
PDMS/sample partition coefficients utilizing chromatography 
retention data (for gaseous samples) or their approximation 
(substitution) by a relevant coefficient for an octanol/water (air) system. 

 SPME has been utilized in analyses of gaseous, liquid, and solid 
samples.  In the case of liquid samples, a frequent approach is 
combining the technique with headspace analysis [39]. A main 
advantage of this approach is the accelerated extraction procedure 
(higher diffusion coefficients in gaseous headspace phase), and 
contamination of the fiber with solid material is avoided. [40].  For 
obvious reasons, analysis of solid samples is always carried out in the 
(headspace) mode [41]. A disadvantage of using the headspace concept 
is that the partition ratios between the sample and the surrounding air 
have to be taken into account. Extensive calibration procedures have to 
be utilized and for matrices with fluctuating composition, quantitative 
analysis becomes impossible.  
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 SPME has been applied for a wide range of components, e.g. 
pesticides, drugs, herbicides, and organic pollutants have been 
described. Comprehensive reviews of these applications have been made 
[42,43,44].  The particular advantages of SPME, which have led to its 
widespread utilization are simplicity, low cost and ease of automation. 

 

However, there are also a number of important drawbacks and 
limitations. The small size of the sampling probe results in a very small 
amount of sorbent.  The total volume of the sorbent film usually does 
not exceed 0.7 µL. As a consequence, achieving sufficient sensitivity to 
enable determination of polar volatile organic compounds (low K 
values), especially in aqueous samples) becomes impossible. Moreover, 
the determination of ultra-trace components, where comparatively large 
sample volumes are required, becomes either very time consuming or is 
beyond the limits of application. This is one of the issues addressed in 
this thesis, particularly in Paper II. 

2.9.2 Stir bar sorptive extraction 

 In an effort to overcome, the aforementioned limitations of 
SPME , related to an insufficient amount of sorbent, Baltussen et al. 
developed a technique known as the stir bar sorptive extraction – SBSE 
[45]. As SBSE was conceived, (in principle as an exhaustive technique), 
the equation permitting prediction of the extraction efficiency can be 
written as follows: 









+










==
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     (3) 

 

where R – extraction efficiency, m0°– amount of analyte originally 
present in the sample, β – phase ratio, equal to VS/VA  

 Equation 3 permits an a priori concentration assessment if the 
extraction of a given analyte (given K and β) can be performed to 
completion.  Usually, processes yielding extraction efficiency higher 
than 90% are regarded upon as exhaustive ones. Anyway, even when the 
predicted R exceeds 0.9, calibration of the extraction process remains 
an alternative approach. 

 In the SBSE technique, extraction is carried out using a stir bar 
covered with a PDMS layer. The bar is placed in a liquid sample and 
extraction is facilitated by the rotating movement of the bar during 
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magnetic stirring.  Once extraction is completed, the stir bar is 
transferred either to a thermal desorption unit (for GC analysis) 
[46,47], or to a suitable solvent (for LC analysis) [48,49].  The typical 
amount of PDMS is 50-250 µL, which is basically sufficient for 
complete extraction of SVOCs from the sample (Eq.3) [48,50]. Practical 
applicability of the SBSE concept was tested carrying out extractions of 
groups of compounds like PAH’s [49,51], PCBs [52], off-flavor [46], 
pesticides [50,53], and organotin compounds [54]. In these experiments 
a wide variety of matrices were included, such as water, beer, yoghurt, 
wine, and biological fluids.  SBSE has also been employed for 
headspace analysis of liquid and solid samples, a variant known as 
headspace sorptive extraction (HSSE) [55,56]. 

Unfortunately, also SBSE has some drawbacks: operations like 
removing the stir bar from the sample, its rinsing and drying, 
(optionally extraction, if needed) are usually performed manually. 
Although automation is possible, this leads to a complexity and high 
cost of the technology. In this thesis an alternative automated method 
is described (Paper II), which has some additional advantages for 
applications in process analysis. 

2.9.3 Open tubular trapping 

Open tubular traps consist of a capillary (tube), which is 
internally coated with a retaining stationary phase. Sampling is 
accomplished by passing the sample through the trap by either 
pumping or suction (gases), which is analogous to the procedure 
employed when packed sorbent beds are utilized.  Frequently 
adsorbents, e.g., porous polymers [57], charcoal [58] are also used as the 
retaining medium. In light of earlier remarks on sorbents, OT traps are 
discussed here in terms of PDMS-coated tubes. 

The design of OTTs resembles to regular capillary columns, with 
a solute release by thermal desorption, which facilitates their interfacing 
with GC instruments.  Open tubes are characterized by low flow 
resistance (per unit of length), a factor not to be neglected in the case 
of analysis of gaseous samples, where suction is the preferred way of 
passing the sample through the trap to avoid sample contamination 
(including cross-contamination) and/or losses in pumping devices. 
Under such circumstances, high flow resistance would results in low 
flow rates and, consequently, excessively long sampling times. 
Moreover, leaving open space in the trap offers another advantage 
when analyzing aqueous and water saturated samples: water removal 
from the trap can simply be achieved by flushing with a short plug of 
an inert gas. 
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 Most frequently employed open tubular traps have an inner 
diameter of 0.3 to 0.7 mm and are 1 to 3 m in length.  Crucial 
parameter, determining sampling capacity of the method is the 
breakthrough volume, which may be expressed as [59]: 

( ) 






 −×+×=
n

kVVB
21'10      (4) 

where: VB and V0 are breakthrough volume and hold-up volume, 
respectively, k’ is capacity factor, n – number of theoretical plates. 

 The equation explains why thick films of sorbent should be used.  
Although very thick coatings – according to van Deemter equation – 
lead to strongly reduced number of theoretical plates (n), at the same 
time a strong increase in capacity factors (k’) is obtained. As 
breakthrough volume depends on the square root of n, while its 
dependence on k’ is linear, the use of very thick film traps is 
advantageous [59]. However, the resistance to mass transfer in the 
liquid phase is dependent on the square of the film thickness, but as 
will be discussed later, for very low plate numbers, the influence of n 
on the break through volume is reduced. 

 Open tubular traps have been applied for collection and 
concentration of a wide range of compounds, differing in volatility and 
polarity [60,61,62] from gaseous, liquid and solid (headspace) [63,64] 
samples. In the case of analyte isolation from liquid samples, both 
headspace and direct sampling of the liquid has been performed [65]. 
In the latter case, however, some disadvantages of the OTTs were 
revealed, the main one being poor retention of analytes from the 
aqueous phase, partly due to low partition coefficients but mainly due 
to low liquid phase diffusion rates. The sole way permitting to 
overcome this problem is to employ very low flow rates, at the cost of a 
significant increase of sampling time [66]. 

 Sampling in equilibrium mode may be employed as an 
alternative approach [67,68]. There are no flow rate limitations, and 
high values are favorable for shortening the equilibration time. The 
pressure drop over the trap becomes a limiting factor. A disadvantage 
of the equilibrium mode, like in the SPME and stir bar concept, is that 
a priori knowledge of the relevant partition coefficients is required, and 
control of parameters influencing the partition ratio (temperature, 
pressure, moist content) is also necessary. 
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2.9.4 Gum phase extraction 

 In the gum phase extraction (GPE) technique, a packed bed is 
utilized, which consists of particles of 100% PDMS.  Like in the OTT 
concept, problems as incomplete desorption or analyte decomposition 
are thereby avoided. The configuration makes it possible to 
significantly increase (as compared with SPME and OTT) the amount 
of the retaining stationary phase (phase ratio is lower) [69]. 

 In spite of the fact that a hydrophobic material is used as the 
sorbent, GPE applications in analysis of aqueous samples showed 
serious problems, including losses of the more volatile analytes when 
drying the bed after extraction [70]. Therefore, the method is employed 
primarily in analyses of gaseous samples [71], and also in this case, 
especially when dealing with water-saturated samples, some problems 
with water removal can occur. The basic advantage of GPE is the 
enhanced retention power of the trap, due to the reduced distance the 
analyte must cover to reach the sorbent surface, as well as the increased 
sorbent phase surface area (interface). Very high sampling rates, up to 
2.5 l/min have been employed. [72].  In such setups, breakthrough 
volumes for volatiles becomes very low, and operation in the 
equilibrium mode is recommended [73]. 
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3 Denudation based preparation of air 
samplesI 

3.1 Introduction  

 Monitoring of air quality is an important issue in many risk 
assessments, e.g. in occupational health as well as in a more general 
context. Heterogeneity of the atmosphere plays an important role here. 
Numerous factors influencing environmental toxicity of any given 
compound depend not only on its amount but also on its presence in a 
given phase (e.g. aerosols, or solid particles). Interphase distribution 
influences also the ways of propagation of pollutants in the atmosphere 
(also indirectly, e.g., by influencing the compound's ability to enter into 
secondary reactions) [74,75]. Thus, air analysis, treated as a 
heterogeneous system, requires the employment of special apparatus 
designs.  Difficulties can be experienced if a method utilizes sorption 
devices capable of filtering, when at the same time, the  presence of 
solid particles in the sample matrix can influence the results of 
determinations of gaseous components of the sample [76,77]. Basically, 
when analytes are present in both phases and the solid phase is being 
deposited on a filter or a sorbent bed during the passage of air through 
the sampler, this deposited solid phase can cause the sorption of the 
less volatile or the liberation of the more volatile compounds, hence, 
resulting in changes in composition of the analyzed sample. On the 
other hand, collecting the analytes from the air without any filters can 
lead to the simultaneous retention of analytes from all phases and 
subsequent significant errors, particularly in the analysis of organic 
compounds [78]. 

 One of the ways to deal with these problems is by using denuder 
technology [79]. 

Diffusion-based denuders have been widely used for the 
collection of volatile inorganic compounds [80,81,82], but their use for 
the collection of organic compounds has been limited mainly to the 
analysis of semivolatile organic contaminants [62].  

The aim of this work was to study the feasibility of using a short 
length of a commercially available thick film GC capillary column as a 
denuder trap. For isolation of volatile organic compounds from air 
samples, capillaries coated with different types of the stationary phase 
were used. The investigations utilized the equilibrium sorption [83] 
principle, and included therefore a determination of the values of the 
partition coefficient of the analytes between the gaseous and the 
stationary phase of the denuder. 
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3.2 Principle of the denudation process 

 From a technical point of view, denuders can actually be 
regarded upon as short OTT´s. The theoretical background of the 
method is discussed below. 

 The phenomenon of denudation involves a movement of 
molecules and/or particles being the result of the two following forces 
(see also Fig. 2): 

• a force vectored in the direction of the gas stream, resulting from 
the forced flow of gas 

• a force perpendicular to the longitudinal axis of the denuder 
(and its walls), resulting from the radial diffusion 

 

 

 

 

 

Figure 2. Principle of separation 
of gaseous molecules from solid 
particles in a cylindrical denuder: 1 
– solid particles, 2 – gas molecules, 
3 – film of the retaining medium, 4 
– walls, (F-force; indices: g - gas, p –
 particulate matter, d - diffusion, f-
gas flow). 
 

 

 

Under such conditions, the combined process of isolation and 
enrichment of analytes can proceed directly from the primary (original) 
matrix:  analytes present in the gaseous phase are retained by the 
sorption medium, due to their high diffusion coefficients, while solid 
particles can pass the tube, practically without any contact with the 
walls of the device.  Subsequently, solid particles leaving the denuder 
can be retained on an appropriate filter, thus permitting additional 
physical speciation analysis. 
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 Proper operation of a denuder depends on several conditions 
[84]: 

• the flow of gas must be stable and laminar 

• the temperature and viscosity distributions must be 
uniform within the stream of gas 

• the longitudinal diffusion of the analyzed gaseous 
components should be negligible as compared to 
the linear velocity of gas flow 

 

A detailed description of the denudation phenomenon in the 
classical cylindrical format, as well as in the annular configuration has 
been presented by many authors [84,85]. 

3.3 Procedure and set-up 

 In order to evaluate the usefulness of commercially available 
capillary columns for isolation/enrichment procedures, column 
segments with lengths of 12 cm coated with different stationary phase 
types and thickness were applied. Technical data concerning the 
capillary chromatographic columns from which the denudation traps 
were made are summarized in Table 1. 

 

Type of 
capillary 
column 

Type of 
stationary 

phase 

State of 
matter of 
stationary 

phase 

Thickness of 
stationary 
phase film 

[µm] 

Internal 
diameter of 
the capillary 

[mm] 

WCOT 181 PDMS* liquid 18 0.53 

WCOT 12 PDMS liquid 12 0.32 

SCOT 52 PDMS on a 
support liquid 5 0.53 

PLOT 103 Porapak Q** solid 10 0.32 

 
Table 1. 1Wall Coated Open Tubular column, 2Support Coated 

Open Tubular column, 3Porous Layer Open Tubular 
column, *polidimethylsiloxane, **styrene-divinylbenzene 
copolymer 
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 The model experiments were performed with two types of 
gaseous mixtures: 

I  - prepared in a stainless steel gas cylinder filled 
with purified compressed air and known amounts 
of benzene, toluene, ethylbenzene, and o-xylene 

II  - a standard mixture of chlorobenzene, prepared 
with a dynamic technique based on permeation 
phenomena [86] 

A study of the sorption characteristics of the denudation traps 
was performed with a thermal desorption/TD -GC-FID system, the 
schematic diagram of which is shown in the Fig. 3. 
 

 

 

 

Figure 3. Schematic diagram of 
the TD-GC system. 1 – six way 
valve, 2 – thermal desorber, 3 – 
GC, A – gaseous standard 
mixture, B – carrier gas, a – 
sorption, b – desorption. 
 

In the equilibrium technique, a stream of the gas under study is 
passed through the denuder at a stable flow rate and at a given, stable 
temperature The analytes trapped  in the sorption process were released 
thermally and carried in the countercurrent direction through the 
carrier gas stream onto the head of the chromatographic column. An 
additional step of the sample band narrowing proved to be 
unnecessary, due to the shortness of the trap and the very steep rate of 
a temperature rise (up to 200°C under less then 20sec). 
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3.4 Different polydimethylsiloxane film thickness 

– sorption properties 

 The sorption properties of denuders traps coated with the PDMS 
and different film thicknesses were studied to establish the optimum of 
the concentration range in samples. The process of reaching the state of 
equilibrium by the system was studied by determining the amounts of 
the captured analyte as a function of the time for which the gaseous 
standard mixture was passed through the trap (known as sorption 
profiles). 

The determined values of the partition coefficients for all 
analytes under investigation are shown in Table 2. 

 

KPDMS/air Column type,

d [µm] chlorobenzene benzene toluene ethylbenzene o-xylene

SCOT 5 3470 450 1080 2750 3570 

12 3450 440 1100 2770 3500 
WCOT 

18 3380 440 1120 2690 3500 

 
Table 2. The values of the partition coefficients for some analytes, 
determined using denuders with different thickness of the stationary 
phase film. (KPDMS/air – mean value of partition coefficient) 
 

Owing to low statistical deviations of K PDMS/air coefficients, the denuder 
calibration procedure becomes simple. Considering the stationary 
phase volume, the investigated denuders can be used to isolate volatile 
organics from air samples on ppb level assuming a detection level of 10 
ng.  
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3.5 Sorption (PDMS) vs. adsorption (PORAPAK 

Q) – comparison of trapping properties 

 The sorption properties of denuders covered with the 
immobilized liquid phase (PDMS) and those with a solid adsorption 
layer (PORAPAK Q) were compared by determining the partition 
coefficients for chlorobenzene.  
 

Stationary phase 
d 

[µm] 

t 

[min] 
K 

PDMS 5, 12, 18 5-10 3400 

PORAPAK Q 10 >100 21660 

 
Table 3. The partition coefficients (K) and the time necessary for 
equilibration (t) on denuders with a liquid and a solid stationary phase. 
 

The application of an adsorbent in the trap significantly 
increased the amount of collected analyte, as predicted., On the other 
hand the time after which the system reaches the equilibrium state in 
the case of the PLOT-type denuder is 10 to 20 times longer than in the 
case of denuders coated with PDMS, which, in selected applications, 
could be a serious disadvantage for this type traps. Thus, the use of 
traps, coated with adsorbents is more suitable for operation in the 
break-through-mode.  

3.6 Conclusions 

 Results of our investigations showed that the use of segments of 
commercially available capillary columns or isolation/enrichment of 
VOC’s from gaseous samples is possible. It is noteworthy that the short 
traps, coated with polydimethylsiloxane, should be operated in 
equilibrium mode owing to a low retention power. These traps can be 
applied to analyze contaminations in atmospheric air. Unfortunately, 
at present, a study which includes particulate matter has not yet been 
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completed. Denuders, coated with an adsorbent (PLOT) are also of 
interest, but should be used in the break-through mode.  
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4 Sorption - based extraction of ultra trace 
organic compounds from aqueous 
samples II 

4.1 Introduction 

Utilization of gas chromatography for determination of organic 
compounds in natural water samples is difficult for several reasons, the 
most fundamental being their low concentration level and presence of 
the water itself.  Thus, it is necessary to include a specific stage of 
isolation and /or preconcentration of the analytes, as discussed in the 
first part of this thesis.  In the case of water analysis, this step is usually 
based on transfer of the analytes – using such techniques as sorption or 
extraction – from a large volume of original matrix to a small volume 
of a sorbent (immobilized liquids) or an organic solvent (LLE). For 
ecological and practical reasons, techniques based on utilization of 
polymer sorbents have become more and more important. Methods 
utilizing such sorbents are usually less time and labor consuming, and 
are more or less easy to automate. The use of thermostable polymers 
permit thermal desorption, thus excluding the use solvents, which 
makes the procedure environment friendly. As pointed out in the first 
part of the thesis, two technologies, using PDMS seem to play a 
particularly important role, namely, solid phase microextraction and 
stir bar sorptive extraction. Some general aspects of these methods, 
including advantages and disadvantages are briefly described in Chapter 
2.9 

It could also be briefly summarized as below: 

 

Accordingly, one can conclude that combining the simplicity of 
solid phase microextraction with the high extraction efficiency of the 
stir bar sorptive extraction technology would be very attractive. This 
was one of the main incentives for carrying out the work, described in 

 Sensitivity Automation 

SPME 
poor due to very limited 

amount of stationary 
phase 

easy and common 

SBSE 
very low limits of detection, 
exhaustive extraction possible

possible, but this increases 
the costs and complexity 
of the hardware involved 
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Paper II. Basically, a macro version of an SPME-like probe was designed 
and evaluated. 

4.2 Automation of the extraction process 

 Automated systems are attractive for a number of reasons, such 
as: improved precision, higher sample throughput (work 24hr/day), 
costs savings when large number of analyses has to be performed, and 
are mandatory for monitoring applications e.g. in process analysis.  The 
goal with our set-up was to utilize standard components as much as 
possible, with a minimum of complex home made modifications. 
Another goal was to have a flexible design, compatible with many 
applications and work modes. Taking these issues into account, the 
set-up for automatic sorption was constructed using the following 
commercially available sub-assemblies: GC instrument equipped with a 
split/splitless injector: 

 injector robot MultiPurposeSampler MPS2 

 gas tight ball valve 

 double acting air actuator 

To assemble the parts of a system, same modifications were made: 

 to mount the sampling probe the regular syringe 
holder was replaced by a custom made probe holder 

 the regular glass liner was replaced by a metal one, 
which has a sufficient inner space to accommodate 
the silicone rubber probe 

 the regular septum assembly was modified so that a 
gas tight ball valve could be screwed on top of the 
assembly 

 

In the final set-up (see Fig. 4) all steps of the procedure: sorption-
desorption-GC-analysis- probe conditioning and switching of the ball 
valve were controlled by commercial software.  
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Figure 4. A schematic overview of the system, seen from above. P - 
robot carrying the PDMS probe, D - desorption unit, R - regeneration 
unit and S - sampling unit. The dotted arrows show the path of the 
sequential procedure. 
 

 The sampling probe was designed to permit its usage with a 
regular split/splitless GC injector, thus, the length and outer diameter 
of the PDMS coating were adjusted accordingly. For ultra trace 
applications the amount of the sorbent needed was considered to be ca 
one hundredfold compared to regular SPME sorbent. This resulted in a 
silicone rubber probe of OD of 3.8 mm and a length of 28 mm, having 
a total volume of 120 µL of PMDS and a weight of 130 mg. The 
sampling probe was connected to a glass piston via a Teflon® sleeve. 
This construction enabled a very simple and rapid exchange of the 
probe, without having to dismantle the entire piston and sample 
holder. Thus, it is also straightforward to use a set of probes for off-line 
concentration from different samples, e.g. from remote locations. In 
this way, the additional flexibility of the stir bar concept is obtained, 
thus extending the overall versatility of our setup. 

Further details of the probe and its manufacturing method are 
described in Paper II. 

4.3 Theoretical background of non-equilibrium 

sampling 

 Automation of the sampling system in addition to a large 
volume of a stationary phase makes it more feasible to utilize a 
sampling procedure based on non-equilibrium extraction. This is 
difficult in case of SPME, due to the limited amount of a sorbent. 
SBSE is a better candidate for this sampling mode, but operations like 
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removing the stir bar from the sample, its rinsing and drying in an 
automated version would require very complex instrumentation. 

 The advantages of having a large amount of a sorbent, in a case 
of equilibrium sorption extraction, are straightforward as can be seen 
from Eq. 3. However, one should take into consideration that the time 
necessary to achieve the equilibrium increases significantly with the 
thickness of the sorbent layer [87]. Therefore, the equilibrium approach 
should be utilized only in cases when analysis time is not a problem, 
and when mass extracted, estimated on the basis of Eq. 3 is close to the 
detection limit of the detector employed. When large volumes of the 
stationary phase are employed, like in our high capacity probe 
technology, an attractive approach is to carry out the extraction under 
non-equilibrium conditions (see Fig. 5 the “a” and “b” regions).  

 
 

 

Figure 5. Dependence of the extracted analyte mass vs. time ”a” – 
linear dependence of mE = f(t); ”b” – nonlinear dependence of mE = f(t); 
”c” - equilibrium state. 
 

The time range from t = 0 to t = a in Fig. 5 represents a special 
case of non-equilibrium conditions, where the dependence of the 
amount of analyte extracted vs. time is linear. 

This phenomenon is explained by the solution of the differential 
equation of the diffusion for our system written in terms of radial 
coordinates [88]: 
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where: r = radius, CA = concentration of an analyte in the stationary 
phase, DA = diffusion coefficient of the analyte in the stationary phase, 
t = time. 

 

Assuming a constant flux of the analyte through a static water 
layer, ensuring a constant analyte concentration in the external surface 
of the stationary phase coating, a relative concentration profile of the 
analyte shown in Fig. 6 can be obtained.  

 

 

 
Figure 6. Calculated concentration profiles of the absorbed analyte in 
two sorbent layers of different thickness. Sorption time: 100 sec. 
Diffusion coefficient: 10-6 cm2 sec-1.  
 

 

As can be seen, comparing on the same time basis, the 
concentration gradient in the thicker film is steeper. In fact, the flux of 
the analyte into the thickest sorbent layer is still high when the thinner 
layer is already getting saturated.  

The integration of the concentration profiles for different sorption 
times, which is shown in the Fig. 7, provides even more important 
conclusions. 
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Figure 7. Theoretical extraction profile vs. time for two different 
coating thickness. All parameters are the same as in Figure A. The value 
of 1 unit on the vertical axis corresponds to the fraction of mass 
extracted with a sorbent layer of 100µm in the equilibrium state. 

 

One can note that the increase in the sorbent coating thickness 
leads to a prolonged period where the extraction occurs at a high rate, 
and consequently, as long as the flux of the analyte into the sorbent 
exceeds that of the analyte through the static layer, the amount of the 
analyte absorbed increases linearly in time. An obvious requirement is 
that the analyte concentration in the sample remains constant, which is 
fulfilled when using a sufficiently large sample volume so that the 
effect of analyte depletion is insignificant. Thus, the model is very 
suitable when dealing with the sorption process from a moving stream 
of the sample, for example a stream of river water or in process 
analysis. 

4.4 Isolation and enrichment of organics from 
aqueous samples 

The performance of the high capacity probe was tested with a 
typical environmental pollution mixture of several semivolatile organic 
compounds (SVOC). The compounds represent a broad range of 
polarity, and, consequently, a broad range of partition coefficients. The 
extraction was carried out with the sampling probe immersed into a 
sample of 100mL volume. During the extraction, the sample was stirred 
with a glass stir bar with the speed of 700 rpm. In order to establish 
extraction efficiency in equilibrium conditions (as a reference)  
sorption times up to 48 hours were applied.  
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The equilibrium extraction efficiency for the compounds under 
study varied from ca. 10% for bis(2-chloroethyl)ether to above 95% for 
fluorene. However, full equilibration is not necessary for accurate 
quantification, as mentioned before. Comparative values of the ratio of 
the extraction efficiency after one hour to those at the equilibrium 
oscillate between 14 and 64 %, with an average of 36 % for all 
compounds. Thus, the detectability will not be compromised to any 
major extent. 

The influence of the thick layer sorbent on the initial sorption 
rate is presented in the Fig. 8 which represents the linear section of the 
extraction time profile for some of the analytes.  
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Figure 8. Sorption profiles obtained at exposure times below 30 min. 
The standard deviations are shown for each data point as well as the 
regression curves.  

 

The values of the regression coefficients for the linear parts in 
the time interval up to 30 min for most cases exceed 0.99, which 
confirms the good linearity. 
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Another important factor influencing the usefulness of the 
method is the degree of linearity of the amount of an adsorbed analyte 
in relation to its concentration in the sample. This was examined by 
performing 1 hour extractions of samples with different concentrations 
of the analytes (0.5 ÷ 100 ng/L). The results obtained, are presented in 
Table 4. 

 

TABLE 4 

  LOD 

Compound R ng/L 

Naphtalene 0.9991 0.006a 

Acenaphthylene 0.9992 0.06 

Acenaphthene 0.9987 0.04 

Fluorene 0.9997 0.07 

Phenanthrene 0.9977 0.03 

Anthracene 0.9991 0.06 

Carbazole 0.9995 0.09 

Fluoranthene 0.9972 0.03 

Pyrene 0.9998 0.02 

Benzo(a)anthracene 0.9995 0.02 

Chrysene 0.9925 0.02 

Benzo(b)fluoranthene 0.9995 0.02 

Benzo(k)fluoranthene 0.9992 0.03 

Benzo(a)pyrene 0.9996 0.04 

Indeno(1,2,3-cd)pyrene 0.9998 0.04 

Dibenzo(a,h)anthracene 0.9996 0.06 

Benzo(ghi)perylene 0.9995 0.04 

 

The regression coefficients confirm a good linearity in the 
concentration range under consideration. The excellent performance of 
the described setup is demonstrated by the low limits of detection (sub-
ppt level) using a relatively short extraction time. 
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4.5 Conclusion 

 A new, fully automated technique for separation and enrichment 
of trace organic compounds from aqueous samples is described. The 
concept was to create an instrument joining the advantage of using 
large volume (SBSE) of the sorbent with the automation of the setup 
(SPME). The setup is based on a standard GC and a robot-like auto-
injector with minor instrumental modifications. Due to the increased 
sorbent volume, extraction with high efficiency is accomplished. Even, 
in non-equilibrium extraction mode, it showed to be possible to reach 
sub-ppt limits of detection. 

 The automated and precise control of all chromatographic 
parameters, including the sorption, desorption, probe regeneration 
provides a versatile analytical tool for ultra trace analysis, e.g. for 
environmental monitoring of water. Also, the sampling probe can 
easily be adapted to sample analytes on-line, either from a by-pass of a 
mainstream, or by directly exposing the probe to a stream or a bulk 
volume. A schematic of a potential on-line analysis setup is shown in 
Fig. 9. 

 

OFFLINE samples 

Process  
stream 

ONLINE  
sample

OR

 

Figure  9. Setup, suggested for on-line sampling procedure. 
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5 Thick film traps with an irregular film III 

5.1 Introduction 

 In this chapter, a study focused on the analysis of trace volatile 
organic compounds in gaseous samples, is described. Despite 
continuous development of new methods in this area, this subject still 
remains somewhat of a challenge. As was described earlier in the 
introduction of this thesis, there are some reasons which support the 
use of the open tubular trap (OTT) concept: 

• water can be easily removed from the trap without 
significant losses of  analytes, 

• the technique can be operated in the breakthrough mode, 
and quantitative results can thus be obtained  

• when a semi liquid polymer as stationary phase is applied, 
quantitative thermal desorption without decomposition of 
the analytes is possible 

 

Solute retention on OTT´s is determined by partitioning 
constants, in a similar way as in regular gas liquid chromatography, 
additionally, due to the extremely low phase ratio of the traps, the 
retention of solutes can be a hundredfold stronger that on ordinary GC 
columns, while favourable characteristics such as low pressure drop, 
and a critical minimum number of theoretical plates are maintained. 

On the other hand, difficulties in preparing OTT´s (see next 
section) with thick coatings have limited a wider usage of the method. 
In this chapter, based on Paper III, a new method for thick film 
preparation is described.  

5.2 Current methods of thick film preparation 

 Increasing the film thickness in capillary columns is associated 
with serious difficulties. The static method (evaporation of a solution 
of the stationary phase) permits to obtain coatings up to slightly more 
than 10 µm [89-91]. The main obstacle in this method, as well as in the 
dynamic one [92], is Rayleigh instability [93]. This effect is caused by 
self-reorganization of the liquid surface, originating primarily from 
perturbation and surface tension forces. In this way, the originally 
uniform film, transforms into a shape of waves and droplets (Fig. 10) 
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Figure 10. Self-reorganization of the stationary phase film after 
dynamic film formation: 1 – mercury plug, 2 – irregular coating, 3 – 
plug movement direction, 4 – uniform coating. 
 

Roeraade et al., have developed a technique creating a uniform 
film of large thickness, based on a dynamic method combined with an 
instant cross-linking of the stationary phase [94,95]. This concept is 
shown schematically in Fig. 11. 
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Figure 11. Coating the walls with a thick film of stationary phase 
followed by its immediate cross-linking: 1 – mercury plug, 2 - plug 
movement direction, 3 - uniform coating, 4 – cross-linked coating, 5 – 
oven, 6 – capillary tube movement direction.  
 

 The tube being coated with the stationary phase is moved at a 
precisely controlled velocity in the direction opposite to the movement 
of the mercury plug which shapes the coating. The film is cross-linked 
at elevated temperature in max. 3 seconds after its formation.  With 
this technology, films of thickness above 100 µm can be obtained [96].  

 Another approach to the problem was proposed by Burger et al. 
[97]. Their method involves the positioning of a polymer tube inside a 
tube of glass or steel. The polymer constitutes the coating. The authors 
used pieces of polysiloxane tubes, which were stretched to reduce their 
external diameter, and subsequently frozen in liquid nitrogen. Then, 
the frozen tube was inserted into the steel tube. When the tubes are 
heated back to ambient temperature, the polymer insert expands to its 
original dimensions and is fixed tightly to the inside of the external 
steel tube.  By varying the diameter and wall thickness of the original 
tubing, coatings of a thickness above 200 µm have been obtained. 



 35

 In spite of the availability of the above mentioned methods, 
these are not generally used for a number of reasons.  In the case of the 
procedure proposed by Roeraade et al., the reason is the complex 
manufacturing setup, while the method suggested by Burger et al., is 
limited by the very restricted length of the trap, which can be made, as 
well as the limited type of sorbents that may be utilized, restricted to 
commercially available types of suitable tubing (PDMS) only. 

5.3 Irregular film preparation  

A new technique for preparation of thick films of stationary phase was 
based on the above mentioned concept of thermal cross-linking of the 
stationary phase immediately after formation of the coating layer. 
During these earlier studies, the assumption was that the films had to 
be very regular and smooth, in order obtain satisfactory performance. 
In the present work, we made the assumption that irregularities in the 
film thickness might not be so severe, in contrast to the detrimental 
effect of film irregularity on the column efficiency of regular thin film 
GC columns (see next section). With these aspects in mind, the 
simplicity of the coating method, the setup and the time required for 
the procedure were major concerns. In optimizing the coating process, 
and trap characterizations, we have used the values of an average 
coating thickness (determined gravimetrically). 

  

 The coating device consists of: a GC oven, a vial containing the 
pre-polymer to be cross linked and a pressure regulator. A schematic 
diagram of the coating setup is shown in the Fig. 12. 
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Figure 12. An illustration of the setup used for preparation of 
irregular film OTT. A regular GC oven was used for the preparations. P 
– Pressure regulator, C – coating container (vial) T – capillary trap and 
W – waste for excess pre-polymer. 
 

The coating process included the following steps: 

1. completely filling capillary with the pre-polymer 
fluid 

2. pre-cross linking 

3. removal of the excess of pre-polymer 

4. curing  

The resulting average film thickness is depending on a number of 
variables, including the coating gas flow (pressure) as well as the 
viscosity of the prepolymer. Optimization of the coating process was 
performed by varying the gas pressure (N2 ) employed to empty the 
excess pre-polymer, as well as the temperature and time of the initial 
cross-linking of the pre-polymer (which affects the viscosity). A 
prediction of film thickness proved to be difficult. When the bulk 
volume of pre-polymer has been pushed through the column, a high 
gas speed prevails, and we observed the formation of numerous 
droplets, which were continuously broken up and pushed out of the 
column by action of the gas stream in a wave-like way. An increased gas 
flow (pressure) reduces the resulting film thickness, but with high 
viscosity pre-polymers, the opposite results were observed.  

The more detailed description of coating procedure, as well as role of 
varying parameters is described in Paper III.  

 The typical appearance of the irregular film obtained is shown in 
Fig. 13. 
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Figure 13. A photograph of a typical irregular thick film trap, 
obtained with the described procedure. 

5.4 Practical aspects of breakthrough sampling 

 In open tubular traps breakthrough volumes (VB), low pressure 
drop and practical sampling flow rates are of central importance. 
Essentially, the volume of the stationary phase and the geometry of the 
trap are the most significant parameters to optimize. However the 
efficiency still has an impact on breakthrough volume – a certain 
number of theoretical plates (N) is required to achieve satisfactory 
performance of the traps. The theoretical frontal GC analysis profiles 
for columns with different plates numbers is shown in Fig. 14. 
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Figure 14. Frontal analysis profiles for columns with different 
theoretical plate number. Theoretical plots based on assumption of 
equality of retention volumes (VR). 
 

If the breakthrough volume is defined as the ratio of analyte lost 
from the trap vs. the total amount of the analyte sampled, one can 
notice a strong dependence between breakthrough volume and column 
efficiency. 

 The relation between the column (trap) efficiency and the carrier 
gas (sample) velocity can be described by the simplified Golay equation 
[98]: 
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uCuC
u
BH SM ++=      

(1) 

where: H - theoretical plate height, u – average gas velocity, B – 
longitudinal diffusion, CM – resistance to mass transfer in the mobile 
phase, CS – resistance to mass transfer in the stationary phase. 
Furthermore, the following relations should be noticed: 
CM = f (r,DM,k), CS = f (df,DS,k) where, r - column radius, k - capacity 
factor, df  - film thickness, DM and DS are the analyte diffusion 
coefficient in the mobile and stationary phase, respectively.  

 For thick film columns, the CS term becomes dominant, while 
the CM term can be neglected, and the following interrelations can be 
established [99]: 
 

 

 

 

 

 

Since DM and CS are somehow independent variables, the 
attention should be directed on film thickness and capacity factor. The 
latter have an opposite impact on optimal (minimal) theoretical plate 
height. On the other hand, the capacity factor increases when the phase 
ratio decreases, which should result in an optimal value of film 
thickness for a certain column diameter. This issue is presently under 
investigation, and will be reported in a new paper. 

Finally, it should be noticed that, in case of thick film traps, the 
breakthrough volume is dominated by the capacity factor (VR = k × 
flow rate), while spreading of the frontal zone of the sample stream 
plays a minor role.  

Hopt   ↑ if df   ↑ 

Hopt   ↑ if DM  ↑ 

Hopt   ↓ if DS  ↑ 

Hopt   ↓ if k    ↑ 
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5.5 Evaluation of the properties of irregular film 

OTT  

 For thick film traps with irregular coatings, it is inevitable that 
efficiency is traded to gain manufacturing simplicity. However, it 
showed that this trade-off is only marginal. The efficiency of the 
irregular film OTT´s were compared to that of a reference OTT with a 
smooth film coating. The characteristics of the examined irregular 
thick film traps, as well as smooth film trap, are shown in Table 5. 

 
 ITFT-200a ITFT-400a ITFT-345b STFT 

length [cm] 200 400 345 155 

I.D. [mm] 0.762 0.762 0.734 0.718 
(average) film 
thickness [µm] 84.2 105.5 114 91 

β 1.54 1.1 0.91 1.26 
 

Table 5. Properties of the OTTs studied. ITFT – irregular thick film 
trap, STFT – smooth thick film trap [94], a Silcosteel capillary, b glass 
capillary. 
 

 The tests were performed by elution analysis of hexane as the test 
compound. Different flow rates (N2) were applied. All analyses were 
performed at a temperature of 27°C. 

 The height equivalent to a theoretical plate (HETP = N/L, L = 
length of trap) vs. the average linear velocity was calculated for each 
trap and is shown in Fig. 15. 
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Figure 15. Experimental HETP vs. carrier gas average velocity for the 
traps under investigation. See Table 5 for abbreviations. 
 

The comparison in Fig. 15 clearly shows that efficiency of the 
trap with a smooth film is only slightly better then the traps with 
irregular coatings. Moreover, even if the loss in efficiency is noticeable, 
the impact in system performance (breakthrough volume) will not be 
of the same magnitude (see discussion in Paper III). This conclusion 
can be verified by the calculation of the breakthrough volumes. To 
calculate breakthrough volumes (for 5% loss of analyte) for traps with 
low number of theoretical plates, Lövkvist and Jönsson have derived 
the following equation [100]: 

 

2/1

2
603.4360.59025.0

−







 ++=

NN
VV RB    (7) 

Utilizing this equation, the break-through values were calculated on basis 

of the results of the elution analysis (Fig. 16). 



 41

0
20
40
60
80

100
120
140
160
180
200

0 20 40 60 80 100
Flow rate ml/min NTP

V
b 

(m
l) STFT

ITFT 200
ITFT 400
ITFT 345

 
Figure 16. Breakthrough volumes vs. flow rate for traps under 
investigation.  (See Table 5 for the explanation of the abbreviations) 
 

The trap with the smooth film coating has the least amount of 
stationary phase (292 mg) and has also the smallest breakthrough 
volumes. The 200 cm long trap with the irregular film coating contains 
376 mg of PDMS and has therefore a slightly higher capacity. Using 
one of the longer traps provides the possibility to trap hexane 
quantitatively in a few minutes from more than 130 mL of a gaseous 
sample. With a moist sample this would be practically impossible using 
regular headspace sampling and cryofocusing. An interesting 
observation is that the breakthrough volume does not decrease to any 
major extent at high flow rates. This means that very fast quantitative 
sampling can be performed with a marginal compromise in 
performance. 

5.6 Selected applications 

To evaluate the practical applicability of the ITFT´s two practical 
samples have been analyzed. Figure 17A shows a chromatogram of the 
headspace of an Italian spice, see figure text for details. In Fig. 17B the 



 42

chromatogram of 50 mL brewed coffee headspace (room temperature) 
is shown.  
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Figure 17. A. Chromatogram of headspace (50 ml) from an Italian 
spice (ca. 100 mg of Origanum vulgare) B. Chromatogram of headspace 
(50 ml) from brewed coffee. Both samples were trapped on the ITFT-
200 (for data see Table 5) and were collected at room temperature at 5 
mL/min. 

 

 

Despite of the abundant presence of water in the coffee 
headspace sample, no complications during cryfocusing was observed. 
The observed decrease in peak intensity with increased elution 
temperature reflects the natural vapour pressure (volatility) of the 
analytes as a function of their molecular weights. 
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5.7 Conclusions 

The described coating method allows the preparation of sorption 
traps with an average film thickness of at least 150 µm in very simple 
and rapid way. Evaluation of the trapping properties showed only 
marginal performance differences between traps with irregular and 
smooth sorbent layer. The usefulness of ITFT’s was confirmed by 
selected analytical applications. The coating procedure provides the 
possibility to utilize any kind of thermally cross-linkable stationary 
phase to address more specific analytical applications. The procedure 
allows any average laboratory to produce open tubular thick film traps. 
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Conclusions and outlooks 

 New sorption based methods have been developed to isolate and 
enrich organic trace components from air and aqueous samples. In all 
methods, polydimethylsiloxane polymer was used in combination with 
mild thermal desorption, which avoids artifacts formation and is 
environment-friendly. 

 

 The potential of commercially available capillary columns has been 
examined for use as denudation traps. Different types and film 
thicknesses have been investigated for collection of volatile organic 
compounds from a stream of air in the equilibrium mode. The 
limits of detection were found to be in the ppb level for the selected 
analytes. The traps could be applied in analysis of contaminations 
in atmospheric air, and it can be anticipated that particulate meter 
is not retained. This is still an issue which must be verified. For 
complete speciation analysis, denuders coated with an adsorbent 
(PLOT) and operated in the break-through mode seem to be more 
useful, since the retention power of such traps is several times 
higher than  sorbent coated traps. 

 A fully automated set-up for analysis of organic trace components 
in aqueous samples has been developed. The concept was to join the 
advantage of a high capacity sampling probe with some of the 
features of the SPME-technology, in the form of an automated 
setup. The automated and precise control of all chromatographic 
parameters, including the sorption, desorption, probe regeneration 
in conjunction with the increased sorbent volume provides a 
versatile tool for ultra trace analysis of organic components. The 
detection limits, for polyaromatic hydrocarbons, reached the sub-
ppt range. Additionally, the method demonstrated high efficiency 
and good repeatability, when employing a short time- non-
equilibrium extraction strategy. In conjunction with the full control 
of the sorption time, it provides new possibilities for applications 
in on-line environmental monitoring of water. The automated 
probe could easily access any stream on-line, either by using a by-
pass of the stream, or directly exposing the probe to the stream. 

 In last part of the work, a new concept for preparation of thick film 
open tubular traps have been developed and evaluated. A new 
coating technique allows the preparation of open tubular traps with 
irregular film of thickness up to 150 µm, in very simple and rapid 
way. An examination of the irregular film-traps revealed an 
excellent performance of the ITFT’s in model systems as well as for 
some selected analytical applications. The loss of trapping efficiency 



 45

(breakthrough volume) in comparison to traps with regular film is 
marginal. The described coating method should provide the 
possibility to utilize any kind of thermally cross-linked stationary 
phase, which would significantly expand the scope of open tubular 
traps in a wide range of areas, including environmental chemistry, 
process monitoring, trapping of pheromones, trace volatiles in 
polymers, flavors. Such work will be pursued in the future.  
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