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Abstract 
 
Sampling and sample introduction are two key steps in quantitative gas chromatography. In this 
thesis, a development of a previously described sampling technique as well as a novel concept for 
sample introduction in gas chromatography are presented. The thesis is based on two papers. 
 
Paper I describes a method for preparing physically mixed polymers for use as sorbent phases in 
open tubular trapping of gaseous analytes. The concept is based on mechanical disintegration 
and mixing of solid or liquid poly(ethylene glycol), PEG, into poly(dimethylsiloxane), PDMS, in 
a straightforward manner. The resulting mixture exhibits a higher affinity towards polar analytes, 
as compared to pure PDMS.  
 
Paper II describes a novel approach to liquid sample introduction with the split/splitless inlet, 
used in gas chromatography. Classical injection techniques struggle with discrimination of high 
boiling analytes and poor repeatability of the injected amount of analytes. The presented 
injection technique utilizes high voltage to obtain a spraying effect of the injected liquid. The 
spraying effect can be achieved with a cold needle, which is unprecedented for gas 
chromatographic injections. The cold needle spraying results in highly repeatable injections, free 
from discrimination of high boiling analytes. 
 



Sammanfattning 
 
Provtagning och provintroduktion är två avgörande steg i kvantitativ gaskromatografi. I denna 
avhandling presenteras en utveckling av en tidigare beskriven provtagningsmetod, såväl som ett 
nytt koncept för provintroduktion för gaskromatografi. Avhandlingen är baserad på två artiklar. 
 
I Artikel I beskrivs en metod för att framställa fysiskt blandade polymerer att använda som 
sorptionsfaser för anrikning av gasformiga analyter i öppna rör. Konceptet baseras på mekanisk 
sönderdelning och omblandning av fast eller flytande poly(etylenglykol), PEG, i 
poly(dimetylsiloxan), PDMS, på ett enkelt sätt. Den resulterande blandningen uppvisar en högre 
affinitet för polära analyter, jämfört med ren PDMS.  
 
I Artikel II beskrivs en ny metod för provintroduktion av vätskeformiga prover i en så kallad 
split/splitless inlet. Klassiska injektionstekniker dras med diskriminering av högkokande analyter 
och dålig repeterbarhet av den injicerade provmängden. Den beskrivna injektionstekniken 
utnyttjar högspänning för att uppnå en sprayeffekt på den injicerade vätskan. Sprayen kan formas 
även med en kall nål, vilket ej har uppnåtts för gaskromatografiinjektioner tidigare. Sprayande 
från en kall nål resulterar i injektioner med hög repeterbarhet, utan diskriminering av 
högkokande analyter. 
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1 List of publications 
 
This thesis is based on the following papers, referred to by their Roman numerals: 
 
I. Mixed sorbent phases for thick film open tubular traps  
Jonas Bonn, Johan Redeby, Johan Roeraade  
Submitted to Journal of Chromatographic Science 
Reprinted with permission from the Journal 
 
II. A novel injection technique for the split/splitless gas chromatography inlet  
Jonas Bonn, Johan Redeby, Johan Roeraade  
Manuscript 
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I & II: Major part of the experiments and writing 
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2 List of abbreviations and symbols 
 
[A]aq  concentration of substance A in the aqueous phase 
[A]org   concentration of substance A in the organic phase 
1,3-DCP  1,3-dichloro-2-propanol   
3-MCPD  3-chloro-1,2-propandiol 
BuOH   butanol 
Cx   straight alcane with x number of carbon atoms 
CAS   chemical abstracts service 
DCM   dichloromethane 
df   stationary phase film thickness 
Dm

0    diffusivity in the gas phase at the outlet pressure  
Ds    diffusivity in the stationary phase 
EtOAc   ethyl acetate 
EtOH   ethanol 
f    Giddings’ plate height correction factor 
GC   gas chromatography 
GPE   gum phase extraction 
H   Height equivalent to a theoretical plate 
HCSE   high capacity sorbent extraction 
IPA   isopropanol (isopropyl alcohol) 
j    James-Martin gas compressibility factor 
k    retention factor 
Kc   partition coefficient 
Ke    extraction partition coefficient 
LLE   liquid-liquid extraction 
MeOH   methanol 
n   number of repetitions 
na   amount of analyte  
OTT   open tubular trapping 
P&T   purge and trap 
PDMS   poly(dimethyl siloxane) 
PEG   poly(ethylene glycol) 
PrOH   propanol 
r    column radius 
RSD   relative standard deviation 
SBSE   stir bar sorptive extraction 
SEM   scanning electron microscopy 
SPE   solid phase extraction 
SSI   split/splitless inlet 
uav   average mobile phase linear velocity 
UV   ultraviolet 
Vaq    volume of aqueous phase 
Vorg    volume of organic phase  
ηe    extraction efficiency 
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3 Introduction 
 
Gas chromatography (GC) is one of the most prolific chemical analysis methods in the world 
today. The capability to simultaneously obtain both qualitative as well as quantitative information 
from a complex sample is one of the main reasons for the widespread use and popularity of GC. 
Areas where GC has found widespread use include environmental analysis [1, 2], the petroleum 
industry [3], flavor and fragrance analysis [4] and forensic analysis, e.g. screening for drugs of 
abuse in blood samples [5]. A proper sampling and sample introduction procedure is a 
prerequisite for obtaining high quality quantitative data. Incorrect sampling and/or sample 
introduction gives rise to biased quantitative results, regardless of how well the rest of the steps 
in the GC analysis chain are performed.  
 
When analyzing samples containing only trace levels of analytes, parts per billion or lower, 
analyte enrichment is often required in order to obtain an analyte amount large enough to give a 
good detector response. Analyte enrichment can be performed in a number of ways; one 
approach is to selectively trap the analytes in a high diffusivity polymer, so called sorbent 
sampling. Sorbent sampling offers many advantages over other sampling techniques, but is 
constrained by the limited number of suitable enrichment phases.  
 
Obtaining a perfectly representative sample does however not necessarily mean proper 
quantification, especially when dealing with liquid samples. Equally important is the way the 
sample is introduced into the gas chromatograph. One of the most commonly used inlets used in 
gas chromatography is the split/splitless inlet, where the sample is vaporized in a hot glass tube 
prior to being introduced into the column. The vaporization process has been shown to be 
responsible for serious drawbacks associated with the split/splitless inlet, including 
discrimination of high boiling analytes [6, 7] and poor quantitative repeatability [8-10]. Two of 
the more prominent causes of the problems associated with the split/splitless injector is 
irreproducible vaporization in the inlet liner of the gas chromatograph [11, 12] and partial sample 
evaporation from the syringe needle [6]. Various techniques have been used in attempts to attain 
complete, non-discriminating evaporation. Spraying the sample into the liner with the use of a 
preheated needle gives rather repeatable amounts of injected sample, but does not avoid in-
needle discrimination [6]. Performing a fast injection with a cold needle avoids in-needle 
discrimination but requires the use of glass wool in the liner to aid evaporation of the sample, 
which can cause catalytic breakdown of reactive solutes [13].  
 
In this thesis, improvements in the field of sampling a well as sample introduction are presented. 
The first part covers a new technique for preparing tailor-made phases for sorbent enrichment of 
trace amounts of organic species. A straightforward means of obtaining mixed polymer phases is 
presented and evaluated using a development of the open tubular trap (OTT) concept [14]. In 
the second part, a novel type of inlet system for split and splitless injections in GC is described. 
The technique developed is based around a high voltage electrospray injection, resulting in a fine 
mist of droplets entering the glass liner while being attracted to the hot liner wall. This resulting 
vaporization is highly repeatable and shows no signs of discriminating high boiling analytes. 
Injections made with a cold needle without the use of glass wool means that the risk of the 
above-mentioned problems associated with glass wool and a hot needle is greatly reduced.  
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4 Analyte enrichment of samples with low analyte 
concentration  
 
Analyte enrichment is required whenever the analyte concentration in a sample is too low to 
permit a direct injection of the sample into a gas chromatograph. Selective enrichment can also 
be utilized to rid a sample from potentially instrument-fouling species from the matrix, such as 
non-volatile material that can accumulate in the sample inlet. Enrichment can be performed in a 
number of ways, with the different techniques suiting different sampling scenarios. Some of the 
most commonly employed techniques are described below.  
 

4.1 Cryotrapping 
Cryotrapping is applicable to gaseous matrices and involves cooling the gas to a point where the 
analytes of interest condense onto a suitable surface, a so-called “cold trap”. The trap can consist 
of a tube submersed in a coolant, such as liquid nitrogen or acetone cooled by solid carbon 
dioxide, through which the gaseous sample is sucked. Sample components with a dew point 
below the temperature of the trap (as dictated by the temperature of the coolant) will pass 
through the trap as gas, whereas components with a dew point above the temperature will 
condense in the trap. This not only means that virtually the entire matrix is removed by passing 
through the trap; the analyte volume is also greatly reduced. A 100 liter air sample containing 1 
ppm (i.e. 0,1 ml) of gaseous hexane can be reduced to roughly 0,5 µl of liquid hexane. No 
enrichment phase is required; the sample can be collected in an empty vessel. A problem with 
cryotrapping is that not only the desired analytes are condensed; everything with a dew point 
above the temperature of the trap will condense. 

4.2 Liquid-liquid extraction 
Liquid-liquid extraction (LLE) is an old enrichment technique based on the partitioning of 
analytes between two immiscible liquid phases, usually a polar, e.g. water, phase and a non-polar, 
e.g. an organic solvent, phase. The goal is to transfer analytes from the water to a solvent more 
suitable for injection into the gas chromatograph, while at the same time increasing the 
concentration of the analytes. Agitation of the two phases causes the non-polar compounds 
present in the water phase to transfer from the water to the organic solvent. Depending on the 
distribution coefficient of the analyte in the two phases, a more or less complete extraction can 
be achieved. The extraction efficiency, ηe, for a single extraction step of substance A from water 
to an organic solvent can be calculated by the equation: 
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Where Ke is the partition coefficient ([A]org/[A]aq), Vorg is the volume of the organic phase and 
Vaq is the volume of the aqueous phase. A high Ke will lead to a higher efficiency, as will an 
increase in the volume of organic solvent. 
 
Liquid extraction is a convenient way of transferring a solute from one solvent to another. One 
drawback of using LLE for sample enrichment prior to a GC analysis is that the volumes used to 
extract the analytes are often too large to be injected in their entirety into the gas chromatograph. 
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Only injecting an aliquot of the extractant means that only a fraction of the available analytes are 
used, leading to a lower detector signal as compared to injecting all the analytes, sometimes 
erroneously referred to as “loss in sensitivity”. In a worst case scenario, the injected amount is 
less than what the detector can detect, rendering the enrichment pointless. Another disadvantage 
of LLE is the actual usage of organic solvents, which often are hazardous to humans and the 
environment and also expensive to dispose of after usage.  

4.3 Adsorbent based enrichment 
Adsorbent- based enrichment is in a sense similar to LLE, but with the liquid extractant replaced 
by a solid material with a very large surface to volume ratio, such as activated charcoal. The 
sample is pumped or sucked, depending on if the matrix is a liquid or a gas, through a tube 
packed with adsorbent. Adsorbents are generally very effective at trapping even highly volatile 
analytes, making them suitable for e.g. ambient air monitoring [15]. The analytes of interest are 
adsorbed onto the surface of the extraction phase, whereas the matrix (liquid or gas) is not. 
Analytes present in solid or liquid matrices not compatible with the adsorbent, such as pesticides 
in soil, can be extracted by the so-called purge and trap technique (P&T). In P&T, the analytes 
are stripped from the matrix by passing an inert gas through it and subsequently sucking the gas 
through the adsorbent tube. The analyte-loaded adsorbent can be “stripped” of its contents with 
the use of a small volume of solvent (substantially smaller than the bulk volume from which the 
analytes were adsorbed) or by heating the adsorbent to release the analytes, avoiding the use of 
solvents altogether. Thermally desorbing the sample means that the problem associated with 
having to limit the injection to an aliquot of the extraction solvent (as in injections following 
LLE) is avoided. All of the enriched analytes can be injected in a single analysis, thereby 
increasing the signal-to-noise ratio for the detected analytes.  
 
As beneficial as thermal desorption of adsorbents may seem, it has some rather serious 
drawbacks. Adsorption forces can be very strong, thereby requiring high temperatures in order 
to release the analytes from the adsorbent. In some cases, the temperature required for 
desorption is so high that the analytes can become thermally degraded [16]. Adsorbents are also 
reported to be prone to chemically degrade [17], whereby degradation products can be released 
from the adsorbent and show up as background peaks in the chromatogram. The strong 
adsorption can also lead to incomplete desorption of the analytes. If the adsorbent is reused, 
which is often the case, the analytes remaining from the previous sampling can be released 
together with the new analytes, resulting in a systematic error. Species other than the analytes of 
interest may also be adsorbed, filling the potential adsorption sites and thereby decreasing the 
available adsorption sites for the analytes, referred to as competitive binding. Finally, the 
adsorptive trapping may become nonlinear, i.e. that an increase in sample volume does not lead 
to a corresponding increase in sampled material, if the adsorbent is close to saturation. 

4.4 Sorbent based enrichment 
Sorbent based enrichment is principally similar to adsorption based enrichment; enrichment 
using a solid phase and a possibility of solvent free (thermal) desorption. The difference lies in 
the way the analytes interact with the enrichment phase. In adsorbent based enrichment, the 
analytes are adsorbed onto the surface of the enrichment phase, leading to strong interactions 
between analyte and enrichment phase. In sorbent based enrichment, the analytes are 
“dissolved” into the bulk of the enrichment phase, similar to dissolution into a liquid, generally 
leading to relatively weak interactions. Poly(dimetyhl siloxane) (PDMS) is a polymer with a very 
high diffusivity and is therefore very often used as sorbent phase. The weak interaction between 
analyte and sorbent enables the use of lower desorption temperatures as compared to adsorbent 
based enrichment, leading to less risk of degradation of the analytes. However, PDMS is itself 
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prone to releasing degradation products at elevated temperatures, similar to adsorbents, leading 
to background peaks in the chromatogram.  
 
The amount of analyte extracted, na, from a sample volume Vs with an initial analyte 
concentration C0 into a sorbent volume Vf can be calculated according to equation 2 [18]: 
 

sffs

s0fc
a VVK

VCVKn
+

=          [2] 

 
Where Kc is the partition coefficient of the analyte between the sorbent and the sample 
([analyte]f/[analyte]s). An exhaustive extraction, when all the analytes are transferred from the 
sample into the sorbent phase, is achieved when KcVf >> Vs, whereby na = C0Vs. Quantification 
following exhaustive extractions is straightforward, as C0 = na/Vs. For a given Vs, analytes with a 
low Kc requires a large Vf in order to achieve exhaustive extraction. Quantification following a 
non-exhaustive extraction requires knowledge of the partition coefficient, which can vary 
depending on matrix properties such as temperature, pH and ionic strength. This makes non-
exhaustive analyte extraction less suitable for quantification, as small variations in the partition 
coefficient, unknown to the analyst, gives rise to a biased quantification. 
 
Sorption based enrichment techniques were introduced in the mid 1980s in the form of PDMS-
coated fused silica capillary columns [19], a technique named open tubular trapping (OTT). 
Later, the concept was further developed by Blomberg and Roeraade [3] by introducing traps 
with thicker coatings and thereby a larger Vf. Other techniques followed; all sorption based but 
with different ways of introducing the sample to the sorbent; solid phase micro extraction 
(SPME) [20], stir bar sorptive extraction (SBSE) [21], gum phase extraction (GPE) [22] and high 
capacity sorptive extraction (HCSE) [23]. A brief description of these techniques will be given in 
the following sections. 

4.4.1 Solid phase micro extraction 
Solid phase micro extraction is the most commonly used method for sorbent sampling. The 
main reason for this is the ease of use both when sampling and also when desorbing the analytes 
into a gas chromatograph. The system is based on a fiber coated with a sorbent phase, housed 
inside a syringe needle. The fiber is protected inside the needle during insertion and withdrawal 
from the sample container and gas chromatograph inlet, respectively. Analyte transfer into and 
out of the sorbent coating is performed by depressing the plunger to expose the fiber during 
sampling and desorption. A standard gas chromatograph inlet, without any need for 
modifications or additions to the instrument, can be used for desorption, which makes SPME a 
very user-friendly technique. The sampling and desorption procedure is schematically depicted in 
figure 1.  
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Figure 1. Schematic illustration of SPME sampling (not to scale). A: The needle is inserted into a sample vial with 
the fiber retracted. B: The fiber is exposed to the sample, analytes start to migrate into the sorbent coating. C: 
Sampling is completed, the analyte-loaded fiber is retracted back into the needle. D: The needle is withdrawn from 
the sample container. E: The needle is inserted into the hot gas chromatograph inlet. F: The fiber is exposed and the 
analytes migrate out of the fiber. 
   
The volume of a typical SPME sorbent coating is very small, usually less than 1 µl. This makes 
exhaustive extraction practically possible only for analytes with a very high partition coefficient; 
100% extraction of analytes from a 10 ml sample using a 1 µl sorbent coating requires a Kc of 
105, which is rarely the case. Theoretically, the volume of the sorbent coating can be increased 
100-fold or more, but the syringe needle thickness required to hold the fiber would not permit 
insertion into a gas chromatograph’s inlet. Thereby, one of the key benefits of SPME, desorption 
using a standard gas chromatograph inlet, is lost.  
 

4.4.2 Stir bar sorptive extraction 
SBSE is based on a magnetic stir bar, covered with a film of sorbent phase, and is predominantly 
applied to liquid samples. A typical SBSE bar has a coating thickness of 1 mm and a length 
between 10 and 40 mm, resulting in a total sorbent volume between 55 and 200 µl [21], far more 
than achievable with a standard SPME fiber coating. The stir bar is placed in a sample container 
and sampling is performed by rotating the bar with the use of a magnetic stirrer plate. When the 
extraction is completed, the stir bar is removed from the sample container, gently washed and 
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dried to remove the matrix and placed in a thermal desorption unit, coupled to a gas 
chromatograph inlet, see figure 2. 
 

 
 
Figure 2. Schematic illustration of SBSE sampling (not to scale). A: The stir bar is placed in the beaker and set to 
rotate. B: The analytes migrate into the stir bar. C: The loaded stir bar is washed, dried and placed in a desorbing 
unit. D: The analytes are thermally desorbed and transferred to the gas chromatograph. 
 
The large amount of sorbent phase means that SBSE generally can be used for exhaustive 
extractions. A drawback of SBSE is the need for an external desorption chamber, making 
desorption more laborious than when using SPME.  

4.4.3 Open tubular trapping 
In OTT, the sample is sucked through a column with its internal walls covered with the sorbent 
phase. The trap is typically a few hundred cm long and has a film thickness of up to 100 µm, 
resulting in hundreds of µl of sorbent phase. OTT is predominantly used for gaseous sampling. 
Sampling can be performed in two different modes; exhaustive extraction, referred to as break 
through extraction, or equilibrium extraction for trapping maximum amount of analytes. During 
sampling, all the analytes are trapped in the coating of the OTT, until they start to break through 
(Fig 3D). The sample volume that has passed through the trap at the point of analyte break 
through occurs is called the break through volume, which can be calculated for each component 
of the sample. By sampling less than the break through volume, exhaustive extraction is ensured. 
Prolonged sampling eventually leads to the sorbent phase being in equilibrium with the sample, 
whereby the trap is saturated with analytes. This mode of sampling can be used for very low 
analyte concentrations and is comparable to SPME sampling, with the benefit of trapping 
hundreds of times more analytes thanks to the much larger sorbent volume. 
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Figure 3. Schematic illustration of OTT sampling (not to scale). A: Sampling is started and the trap is empty of 
analytes. B&C: Analytes are sorbed into the coating. Longer sampling time leads to an increase in the amount of 
trapped analytes. D: Analytes start to break through. E: The sorbent is in equilibrium with the gas sample. F: The 
trap is desorbed in backflush mode.  
 
Desorption is performed by heating the trap while backflushing it with an inert gas. The analytes 
leaving the trap are generally refocused in a cold trap, to avoid an excessive initial band width, 
prior to introducing it into a gas chromatograph. The similarity between OTT sampling and 
regular chromatography, i.e. analytes passing through a column covered with a stationary phase, 
means that well established theories on chromatography can be applied to the OTT. This makes 
the OTT technique highly suited for evaluation of sorbent phases, as distribution constants and 
diffusivity data can be calculated from chromatographic data obtained when using the OTT as a 
GC column.  

4.4.4 Gum phase extraction 
GPE is principally similar to OTT, but the trap is packed with particulate sorbent material 
instead of having a wall coating of sorbent. Sampling and desorption is performed in the same 
way as in OTT.  

4.4.5 High capacity sorptive extraction 
A HCSE probe is essentially a very large version of an SPME probe. Sampling is performed 
similarly to SPME, i.e. submersion of the probe into a liquid or a gaseous matrix. The large 
amount of sorbent phase enables quantitative extraction, but the physical dimensions of the 
probe means that an external desorption chamber must be used for desorption, similar to SBSE.  
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5 A novel method for preparing mixed sorbent 
phases 
 
One of the major disadvantages of sorbent sampling techniques is the limited number of suitable 
enrichment phases. To minimize absorption and desorption times, the enrichment phase should 
preferably have high analyte diffusivity. The need for a highly diffusive material has meant that a 
very limited number of sorbent phases have been used. For sampling techniques employing thick 
sorbent coatings, such as thick film OTT and SBSE, high analyte diffusivity is especially 
important, since diffusion paths are longer than those encountered in e.g. SPME. For this 
reason, PDMS is used in almost all high capacity sorption based sampling techniques. However, 
PDMS is non-polar and thereby not very suitable for extracting polar analytes, especially if they 
are highly volatile.  
 
A novel method for attaining sorbent phases by physical mixing of various components has been 
developed, as presented in Paper I. Solid or liquid material was dispersed in pre-polymer PDMS 
using a high speed mixer and an ultrasonic probe. Depending on the components used, the 
retention characteristics of the sorbent coating could be altered, allowing for tailor-made sorbent 
phases. Poly(ethylene glycol) (PEG) was mixed in with PDMS, resulting in a sorbent phase more 
polar than pure PDMS. The technique developed allows different materials to be mixed into 
PDMS, provided that the material can be disintegrated with the use of a mixer and/or 
ultrasonication.  

5.1 Fabrication of mixed sorbents 
Three different mixtures of PEG and PDMS were prepared and used as sorbent phases. Two 
mixtures were made by mixing solid or liquid PEG (PEG-20k and PEG-600, respectively) and 
the PDMS prepolymer using a combination of manual stirring, mixing with a high speed 
disperser and ultrasonication by means of a 750 Watt ultrasonic processor. This resulted in an 
opaque, white dispersion of PEG particles in the PDMS. The third mixture was made from 
larger PEG-particles, obtained from grinding PEG-20k flakes under liquid N2 and then sieving 
them between 36 and 71 µm, mixed into the PDMS prepolymer without any disintegration of 
the flakes. Curing agent was added to all three mixtures which then were deaerated in a vacuum 
desiccator. Removal of air was necessary in order to avoid bubble formation when curing the 
mixtures. The mixtures were then used to coat the inside of glass tubes according to a method 
developed at the department [14]. Briefly described, the tube was placed in a gas chromatograph 
oven (room temperature) and filled with the dispersed PEG/PDMS prepolymer mix from a 
pressurized vessel. After the tube was filled with prepolymer mix , the polymer reservoir was 
removed and additional pressurization forced the bulk of the prepolymer mix out of the tube, 
leaving behind a thick, irregular film on the wall of the tube, as illustrated in figure 4.  
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Figure 4. OTT coating procedure (not to scale). A: The glass tube is submerged in the prepolymer mix. B: 
Pressurization of the container forces the mix through the tube. C: The tube is eventually filled. D: The prepolymer 
mix is removed from the container. Pressurization forces the mix out from the tube. E: An irregular film remains 
within the tube. F: The tube is placed in an oven and the film is cured under flow of inert gas. 
 
The prepolymer coating was polymerized by quickly raising the temperature of the gas 
chromatograph oven, while maintaining a gas flow through the tube. A smooth film trap, made 
from pure PDMS, was used as reference. The properties of the different prepared traps are listed 
in Table 1. 
 
Table 1. Properties of the prepared traps (taken from Paper I). 
 

 Trap #1 Trap #2 Trap #3 Trap #4 

PEG content [%] 0 7.5 7.5 7.2 
Average molecular 
weight of PEG [g/mol] - 600 20000 20000 

Physical state of PEG - liquid particles 
(<1 µm) 

particles (36-
71 µm) 

Trap length [cm] 155 200 284 200 
Trap I.D. [mm] 0.72 0.72 0.71 0.71 
Sorbent volume [ml] 0.28 0.34 0.55 0.30 
Average film thickness 
[µm] 91 84 102 75 

Phase ratio (β), void 
volume/sorbent volume 1.26 1.41 1.04 1.65 
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5.2 Evaluation of mixed sorbent phases 
The sorbent phases were evaluated both visually and chromatographically. Visual inspection was 
done in order to examine the size of the PEG particles, and was performed using a high 
resolution field emission scanning electron microscope (SEM). The SEM images revealed crater 
like structures as well as sub-micron particles lodged in the PDMS matrix, as seen in figure 5. 
The craters are believed to be indentations left by particles which have fallen out during 
preparation for the SEM imaging. 
 

 
 
Figure 5. Sorbent phase with 7.5 % PEG-600. Craters (top) and white PEG particle lodged in PDMS at 30.000 
times magnification (bottom) (Taken from Paper I). 
 
The sorbent phases’ partition coefficient (KC) for a number of components were determined and 
compared to the sorbent trap containing pure PDMS, see table 2. A clear increase in affinity 
towards polar components was observed for the traps containing PEG.  
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Table 2. Partition coefficients (Kc) determined for three different phases and for a number of  
compounds. These values were determined through elution analysis at a temperature of 25 °C. 
 
  Determined partition coefficient (Kc)  

 CAS# Trap #1  
0% PEG 

Trap #2 
7.5 % PEG-600 

Trap #3 
7.5 % PEG-20k 

methanol 67-56-1 45 114 87 
hexane 110-54-3 204 210 204 
n-propanol 71-23-8 227 490 344 
isopropanol 67-63-0 123 202 210 
1,3-dichloro-2-propanol 
(1,3-DCP) a 96-23-1 1050 3338 2194 

1,2-ethanediola 110-80-5 527 2812 4235 
3-chloro-1,2-propandiol 
(3-MCPD)a 96-24-2 2524 30910 29790 
a The partition coefficient was determined at 50°C to reduce the elution volumes and thereby the analysis time.  
 
The increase in Kc was more pronounced for diols than for alcohols, which is suggested to be 
due to the higher polarity of the diols compared to the alcohols. The possibility to increase the 
sorbent phase’s polarity by a simple and straightforward physical mixing of two phases was 
thereby confirmed.  
 
The height equivalent to a theoretical plate (H) can be used as a measure of a columns 
chromatographic efficiency. A low H leads to a high chromatographic efficiency, and vice versa. 
H for the sorbent phases used in the three traps listed in Table 2 was determined using 
isopropanol (IPA) as analyte, see figure 6. Since the analyte diffusivity of PDMS is very high, it 
was suspected that the chromatographic efficiency of the sorbent phase would decrease with the 
addition of PEG. Since the traps were used for gas sampling and not chromatographic 
separations, the volumetric flow was more relevant than the gas velocity and was therefore used 
as abscissa.  
 

 
 
Figure 6. Plot of H for IPA vs. flow for two traps containing PEG and one pure PDMS trap. ○: PEG-600 (trap 
#2), ●: PEG-20k sub-µm flakes (trap #3), □: PDMS (trap #1) 
 
As can be seen, H was virtually unaffected by the addition of PEG. Thus, the polarity of the 
sorbent phase had been increased without losing almost any efficiency, which is an important 
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parameter in gas sampling since a decrease in efficiency lowers the break through volume of the 
trap [24]. The reason for this lack of loss in efficiency may not be apparent, however. The 
efficiency of a trap can be given by the Golay equation, here in a form reported by Giddings et al. 
[25]: 
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Where Dm

0 and Ds are the diffusivity in the gas phase at the outlet pressure and in the stationary 
phase, respectively, j is the James-Martin gas compressibility factor, f is the Giddings’ plate height 
correction factor, r is the column radius, uav is the average mobile phase linear velocity, df is the 
stationary phase film thickness and k is the retention factor.  For thick films (as is the case with 
the traps in figure 6), the third term in equation 3 becomes the dominant one. The plate height is 
then inversely proportional to the retention factor, meaning that an increase in retention factor 
causes a decrease in H and thus an increase in efficiency. This increase counteracts the decrease 
in efficiency caused by using PDMS containing materials with lower diffusivity (i.e. PEG).  
 
To what extent the particle size of the PEG particles affects the efficiency of the sorbent phase is 
another interesting topic to investigate. This was done by comparing the two traps containing 
PEG-20k; sub-µm and 36-71 µm flakes, respectively. For the prepared traps, with a negligible 
pressure drop, a KC value between 50 and 300 and Kc>> β (void volume/sorbent volume of the 
trap), the third term in equation 3 can be rewritten to a form dependent on β and Kc [26]: 
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Where F is the average flow rate. Simplifying further, approximating Kc/(Kc+β)2 with 1/Kc 
(since Kc >> β) and rearranging gives: 
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Plotting the left side of equation 5 against the average flow rate results in a line with a slope of 
1/DS. This was done for the two PEG-20k containing traps, as shown in figure 7. 
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Figure 7. Plot of  
( )2

c

ββ12

K3πH

−+⋅

⋅⋅ vs. F for traps with different sized PEG-20k flakes. ●: sub-µm particles, +: 36-

71 µm flakes. 
 
 
As can be seen from figure 7, the size of the PEG particles affects the efficiency of the sorbent 
phase. The slope is higher, i.e. the Ds is lower, for the sorbent phase with larger PEG particles, 
which is according to expectation. The longer diffusion paths in the larger PEG particles likely 
cause an increase in resistance to mass transfer, resulting in a decrease in efficiency. It is 
therefore evident that in preparation of physically mixed sorbent phases, minimizing the PEG 
particle size is necessary in order to maximize the efficiency of the mixed sorbent phases.  
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6 Sample introduction in gas chromatography 
 
Proper sample introduction is a critical step in any gas chromatographic analysis. Quantitative 
measurements must be preceded by a calibration, which can be performed in a number of ways. 
Two of the most common calibration techniques are internal and external calibration. Internal 
calibration avoids problems with poor repeatability of the injected amount of analyte as the peak 
area ratio, analyte peak area/internal standard peak area, is used for quantification. With a 
properly selected internal standard, the ratio is constant regardless of how much sample is 
introduced into the column. Samples containing analytes with a wide range of boiling points can 
be hard to calibrate using an internal standard. An internal standard that works well for one 
analyte may not do so for an analyte with a much higher or lower boiling point, as possible 
discrimination effects will affect the analytes differently. Internal calibration is thereby not always 
a viable option.  
 
Performing an external calibration requires a high repeatability of the injected amount, as 
comparisons between sample with unknown analyte concentration and calibration samples 
become pointless if the same amount is not injected for all the samples.  Automated injectors can 
inject a given sample volume with a very high repeatability, but the amount of analyte reaching 
the column can be highly affected by the sample inlet of the gas chromatograph. It is the role of 
the sample inlet system to act as a bridge between the syringe and the column, introducing the 
sample to the column in a repeatable and unbiased manner. Depending on the characteristics of 
the sample, e.g. concentration of analyte, amount of contaminants, volatility and heat sensitivity, 
different sample inlets are employed.  
 
One of the most versatile and commonly used sample inlets in gas chromatography is the 
split/splitless inlet (SSI), schematically depicted in figure 8. The central part is a vaporization 
chamber with internal walls covered by a glass liner. Carrier gas is continuously flushed through 
the liner and into the column. Injected liquid samples are vaporized in the chamber, which is 
connected to the separation column. The vaporized sample can be divided into two parts, with 
one part entering the column and the other part being flushed out through a split vent.  
 
The amount of sample entering the column is managed by changing the split ratio (split 
flow/column flow); normally, samples with a high analyte concentration are split so that only a 
few percent of the injected amount enters the column, to avoid overloading of the column and 
excessive band width. Samples with a very low analyte concentration are transferred to the 
column almost in their entirety by keeping the split vent closed for roughly one minute after the 
injection (so-called splitless injection). The vent is eventually opened to purge the liner of any 
remaining sample, which otherwise would continuously flow into the column. 
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Figure 8. Schematic illustration of a commercial split/splitless inlet (not to scale). 
 

6.1 Split injection 
Splitting a flow into two predetermined parts requires that the sample is homogenous at the split 
point, where the flow is separated into two parts, i.e. at the entrance of the column. Incomplete 
vaporization of the sample can lead to an inhomogeneous distribution of sample at the split 
point. Then, even though the split flow and column flow are kept constant, the ratio between the 
amount of sample entering the column and the amount exiting through the split vent will differ 
from injection to injection. A schematic illustration of the different vaporization scenarios in a 
split injection is depicted in figure 9. 
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Figure 9. Schematic difference between possible scenarios encountered in split injection. A: homogenous 
distribution of vaporized sample. B & C: Non-homogenous distribution of sample. 
 
Figure 9A shows the ideal case where the sample is completely vaporized prior to reaching the 
split point, resulting in a correct split ratio. In figure 9B, the sample is not vaporized and the 
liquid jet misses the column completely, causing an infinite split ratio. In figure 9C, the whole 
sample enters the column, with a split ratio of zero. In both 9B and 9C, the split ratio set by the 
operator has no effect on the actual split ratio, since the sample does not distribute itself 
according to the two gas flows.  Neither 9B nor 9C show a true scenario, but rather the two 
possible extreme cases of what happens when the sample is not vaporized before reaching the 
split point. A situation in between A, B and C is more likely to occur; a mix of vaporized and 
liquid sample. The randomness with respect to the trajectory of the liquid jet causes a widely 
varying amount of sample reaching the column, giving rise to very poor repeatability. The 
situation is somewhat different in splitless injections, but obtaining complete vaporization is still 
very important, as will be explained in the following part. 

6.2 Splitless injection 
In splitless injections, the sample is withheld in the vaporization chamber for a much longer time 
than in split mode, giving more time for the sample to vaporize and homogenize before entering 
the column. Liquid sample shooting past the column entrance during the injection process, as in 
figure 9B, will still be able to reach the column entrance; either by splashing against the bottom 
of the vaporization chamber and “bouncing” back up into the liner or by remaining at the 
bottom of the chamber and evaporating from there. However, not all analytes situated at the 
bottom of the vaporization chamber are equally capable at reaching the column entrance. High 
boiling analytes require more time to evaporate as compared to low boiling analytes. The low 
boiling analytes and the solvent evaporate first, leaving the high boiling analytes at the bottom. 
The solvent and low boiling analytes has a greater chance at forming a vapor cloud large enough 
to reach above the column entrance compared to the vapor from the higher boiling analytes, see 
figure 10. The longer time required for high boiling analytes to evaporate also increases the risk 
of them being flushed out when the vaporization chamber is purged. High boiling analytes are 
thus discriminated, which gives rise to biased quantification.  
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Figure 10. Evaporation of material condensed at the bottom of the vaporization chamber. A: Liquid sample 
positioned at the bottom of the liner. B: Solvent and low boiling analytes evaporate, forming a vapor cloud large 
enough to expand over the column entrance. C: The vapor cloud formed from the high boiling analytes is not 
sufficiently large to reach a position above the column entrance. 
 
Lowering the column could be seen as an obvious solution to the problem depicted in figure 10. 
However, septum debris, formed when the needle penetrates the septum, and non-volatile 
residues can sometimes accumulate on the bottom of the vaporization chamber. Positioning the 
column entrance in line with the bottom of the vaporizing chamber means that the analytes have 
to pass through the debris.  The septum debris can act as a stationary phase and retain high 
boiling analytes to a higher degree than low boiling ones [27] (p95-96), which also can cause 
discrimination.  

6.3 In-needle discrimination of high boiling analytes  
Split and splitless injections share a common source of discrimination; partial sample evaporation 
in the syringe needle as it heats up in the gas chromatograph inlet. The needle can hold a 
substantial volume of sample, usually around 0.5 - 2 µl, which is not included in the volume read 
on the barrel. Drawing sample to the “1 µl” mark on the barrel results in more than 1.5 µl of 
sample in the syringe in total. The needle rapidly heats up as it is inserted into the inlet, causing 
evaporation of solvent and low boiling analytes. When depressing the plunger, 1 µl of the liquid 
exits the needle and the rest remains within the needle. Following depression of the plunger, the 
solvent and low boiling analytes start to evaporate from the needle while leaving higher boiling 
analytes behind, giving rise to discrimination, see figure 11.  
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Figure 11. Partial pre- and post injection evaporation from the needle leading to discrimination (not to scale). A: 
Prior to injection, solvent and low boiling analytes start to evaporate as soon as the needle is inserted. B: Low 
boiling analytes start to evaporate from the needle after injection. C & D: Low boiling analytes continue to 
evaporate, leaving high boiling analytes in the needle. 
 
The problem with discrimination of high boiling analytes has been addressed in two different 
ways; “cold needle” or fast injection and “hot needle” injection. The two techniques and the 
behavior of the sample in each technique have been thoroughly investigated by  Grob et al. [10, 
12, 13, 28-39].  
 

6.3.1 Cold needle injection 
Fast injections via a cold needle were made possible with the introduction of the fast 
autosampler by Hewlett Packard in 1985 [40]. Insertion, injection and withdrawal of the needle 
are performed in 0.1 seconds, thereby suppressing heating of the needle and the resulting  
discriminating evaporation. Liquid injected through a cold needle at high speed will remain as a 
liquid and leave the syringe needle as a band, as illustrated in figure 9B & C. If injected into an 
empty liner, the liquid will traverse the vaporization chamber in a fraction of a second and most 
likely hit the bottom of it. The heat transferred to the liquid sample from the liner wall and 
carrier gas during the short time available before reaching the bottom is usually not enough to 
cause complete vaporization [37]. Obtaining homogenization is thereby not possible and 
different amounts of sample will enter the column from injection to injection, depending on how 
much of the liquid hits the column inlet.  
 
Increasing the vaporization can be achieved by increasing the heat transfer to the liquid; either by 
increasing the time the liquid spends in the vaporizing chamber or by bringing the liquid in 
contact with a larger heat reservoir than the carrier gas (i.e. the liner wall). The first approach can 
be achieved by physically withholding the liquid in the liner with the use of a physical barrier 
such as a plug of glass wool. The liquid is then caught in the wool and held there long enough to 
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evaporate. The glass wool itself does not supply much heat [37], it merely keeps the liquid 
stationary to allow heat transfer from the surrounding carrier gas and glass wall. A drawback of 
glass wool is that it can contain detrimental active surfaces, on which certain analytes can be 
degraded [13].  
 
The second approach is to force the liquid into contact with the liner wall, which can supply 
ample heat. Liners with various constrictions and obstacles for the liquid to get past, such as the 
Jennings cup [41], have been used. The problem with this approach is the fact that liquids can 
form a cushion of vapor upon contact with a surface whose temperature is well above the 
boiling point of the liquid, known as the Leidenfrost phenomenon [42]. The liquid is thus 
“shielded” from the hot surface and passes the constrictions without being vaporized in the 
rapid fashion required in a GC injection.   

6.3.2 Hot needle injection 
The hot needle technique entails heating the needle in the inlet for a few seconds prior to 
depressing the plunger. The sample is first drawn into the barrel of the syringe so as to not 
evaporate from the needle during needle heating. Secondly, the needle is inserted into the inlet 
and kept there for 3-5 seconds. Finally, the plunger is rapidly depressed and the liquid sample is 
rushed through the heated needle and is partly vaporized on the hot needle surface. This 
vaporization leads to a pressure build up in the liquid which causes an “explosion” upon exiting 
the needle. The liquid forms a spray of small droplets, which are slowed down by friction against 
the carrier gas [12] and are thus given more time to evaporate before reaching the column 
entrance. It would seem plausible that the increase in surface area from the formation of small 
droplets (as compared to the same volume of liquid held together in a band) also contributes in 
terms of an increased heat transfer rate. 
 
Drawing the liquid sample into the barrel prior to injection avoids pre-injection evaporation, but 
does not decrease post-injection evaporation from the needle as the needle is left in the inlet for 
a period of time after the injection. Furthermore, the hot needle technique is limited by the heat 
capacity of the needle. The evaporation of sample needed to form the spray cools the needle. 
Too large injections or injections of high boiling solvents can cool the needle to a temperature 
below what is necessary to form a spray. Any sample left in the needle after the heat is exhausted 
will then leave the syringe as a band [12]. Further, since the metallic inside of the needle acts as a 
vaporization chamber, a host of problems are introduced [38]: the metal surface can be 
catalytically active, which can cause degradation of analytes [3] and the inside of the needle is 
impossible to inspect for build up of non-volatile sample residue, which would be a reason to 
discard the syringe.   

6.4 Summary 
Neither of the two described injection techniques for the split/splitless inlet is without 
drawbacks. Injection with liquid band formation avoids in-needle discrimination, but creates the 
problem of having to assist vaporization with glass wool packing or similar. The hot needle 
technique has the opposite problem; vaporization at the cost of discrimination of high boiling 
solutes. An ideal inlet system would be one which combines the benefits of the two injection 
techniques, but without the drawbacks. That is, an inlet system where a spray is formed but 
without the need for a heated needle. Development of a system with these characteristics is 
included in the work of this thesis and will be described in the next section. 
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7 The electrostatic inlet  
 
The electrostatic inlet was constructed in an attempt to combine the benefits of spraying the 
sample to achieve complete vaporization and using a cold needle to minimize discrimination as 
described in Paper II. As the name implies, the inlet relies on electrostatic forces to form a spray 
of sample from the needle. A schematic illustration of the system is shown in figure 12.  
 

 
Figure 12. Schematic illustration of the electrostatic inlet (not to scale). 
 
The heart of the system consists of an aluminum tube encasing the glass liner, connected to a 
positive high voltage. Surrounding the aluminum tube is a polyimide casing, which provides 
electrical (but not thermal) insulation between the aluminum tube and a heating block. This 
allows the heating block to supply heat to the liner while being electrically insulated from the 
aluminum cylinder. The needle is inserted via a commercial split/splitless inlet top and 
connection between the liner and the column is accomplished using a Swagelok reducing fitting 
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and graphite ferrules. The reducing fitting protrudes from the upper heating block to enable 
exchanging of the capillary column. The protruding end is heated by the lower heating block, 
ensuring heating of the entire vaporization chamber. Nitrogen (N2) was used as carrier gas and 
was supplied and managed via the gas chromatographs´ electronic pressure control.  
 

7.1 Evaluation of the electrostatic inlet 
A number of tests were performed in order to evaluate the electrostatic injector; visual evaluation 
of the processes occurring in the liner during electrostatic sample injections as well as 
repeatability and discrimination tests of model samples injected in split and splitless mode into a 
gas chromatograph. 

7.1.1 Visual evaluation of performed injections 
In order to evaluate the efficacy of the electrostatic injector, visual observations of the injector 
were made on a model inlet system. A glass tube with a single metal wire loop wrapped around it 
was used as liner and high voltage was applied to the metal wire. The model liner was heated by 
means of a hot air gun. Ethanol solutions of perylene, a highly fluorescent compound, were used 
as sample and the injections were performed in a dark room with the glass tube irradiated with a 
UV-lamp. The injected sample manifested itself in the form of bright streaks or clouds and could 
easily be studied. A high speed camera was used to video tape the injections, which were made 
both with and without high voltage applied to the metal wire. 

 
 
Figure 13. Model liner with electrode wire wrapped around it. A: injection without high voltage, B: injection with 
high voltage. The white trace representing the needle has been added for clarity. 
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One can clearly see the increased width of the liquid leaving the needle in figure 13B as 
compared to 13A. The nebulized liquid in figure 13B appears to not reach the liner wall, as the 
region closest to the wall shows very little fluorescence. This could be explained by instant 
evaporation of the ethanol upon contact with the liner wall, as perylene is only weakly 
fluorescent when not in solution [34]. The mechanism responsible for the spreading of the liquid 
is at the moment not known. One theory is that electrostatic attraction between the charged 
aluminum cylinder and the sample molecules draws the liquid towards the liner wall. This could 
happen if the charge on the aluminum tube induces an opposite charge on the syringe needle. 
Sample passing the charged needle could pick up  charge and thereby be repelled from the 
needle while at the same time be attracted to the opposite charge of the aluminum tube. This 
would require a sample liquid able to carry a charge, such as water or another polar molecule. 
The spraying effect was in fact only observed for polar molecules, such as water and ethanol, and 
not non-polar liquids such as hexane, giving some credence to the theory of attraction/repulsion 
between charges. The theory is far from being completed and much work remains before any 
conclusions can be drawn.  
 

7.1.2 Repeatability tests for split injections 
Four straight alcanes, C9-C12, were dissolved in three different solvents; methanol (MeOH), 
dichloromethane (DCM) and ethyl acetate (EtOAc) at a concentration of 1000 ppm (w/v) each. 
Four alcohols, MeOH, ethanol (EtOH), propanol (PrOH) and butanol (BuOH) were dissolved 
in water, also at 1000 ppm (v/v). All four solutions were injected 6 times into a straight, empty 
liner with high voltage applied to the electrostatic injector and 6 times without high voltage. The 
relative standard deviation (RSD) for the peak areas was calculated for each set of 6 injections. 
The results are displayed in Table 3. 
 
Table 3. Relative standard deviation for peak areas obtained with or without high voltage, respectively. 
 
 C9 C10 C11 C12 Solvent 
MeOH 0 kV 27.1 42.2 51.2 60.0 30.0 
MeOH 5.7 
kV 

1.4 1.5 1.8 2.2 1.5 

      
DCM 0 kV 25.9 37.2 48.5 57.1 4.5 
DCM 5.9 kV 1.9 2.9 3.6 4.1 0.9 
      
EtOAc 0 kV* 33.5 44.9 48.6 50.7 23.0 
EtOAc 5.9 
kV 

1.5 1.6 1.8 1.9 0.7 

 MeOH EtOH PrOH BuOH  
H2O 0 kV 26.2 27.7 28.1 28.9  
H2O 4.2 kV 1.2 1.5 1.3 1.5  
* n=5, one outlier removed from the data. 
 
A clear decrease in RSD was observed when using electrostatic injections. The autoinjector used 
to perform the injections has a stated precision of <0.8% RSD for the amount of liquid it injects 
into the inlet. An RSD of around 1% for the amount of analytes reaching the detector, which is 
what is presented in table 3, is thereby close to what is possible to achieve with the autoinjector 
used. The RSD increases with increased molecular weight for the organic analytes, both with and 
without high voltage. This is probably due to the increase in required vaporization energy with 
increasing molecular weight. The more energy needed to vaporize the analyte, the more an 
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imperfect injection will manifest itself in the form of poor reproducibility. In other words, an 
analyte requiring little energy to vaporize will more likely do so even if the injection is not 
perfect. An analyte requiring a lot of energy will be affected to a higher degree by the reduction 
in transferred energy caused by an imperfect injection.  

7.1.3 Evaluation of discrimination in splitless injections 
For the splitless injections, the emphasis was on studying the discrimination of high boiling 
analytes, to assess whether the electrostatic inlet could perform non-discriminated injections. 
Splitless injections of straight alcanes (C9-C26 and C28) in dichloromethane at a concentration of 
10 ppm (w/v) were performed in an empty gooseneck liner, which is tapered at the bottom to 
avoid contact between the analytes and the metallic bottom part of the inlet, with or without the 
high voltage turned on and compared to injections into a gooseneck liner with a glass wool 
packing. Data from on-column injections of the same solution were taken as reference. On 
column injections are performed by inserting the needle into the column, ensuring that 
everything leaving the needle is injected into the column. An on-column injection was therefore 
assumed to be totally free from discrimination. The peak area obtained from the splitless 
injections was divided with the peak area from the on-column injection, giving a percentage of 
how much of each analyte reached the column in the splitless injections. Furthermore, to avoid 
peak area differences caused by a difference in the sample amount injected by the autoinjector, 
the C9 peak area ratio was set to 1, for the other peak areas to be related to. The calculated peak 
area ratios are displayed in figure 14. 
 

 
 
Figure 14. Splitless injections compared to on-column injection. ▲ Empty gooseneck liner at 0kV, ■ Gooseneck 
liner with glass wool 0kV, ● Empty gooseneck liner at 4,2 kV. 
 
The empty liner with 0 kV showed increasing discrimination from C10 and upwards, which was 
what one would expect. The empty liner with high voltage and the liner with glass wool packing 
show virtually no discrimination. The sample entering the column when injected with a cold 
needle into an empty liner with the electrostatic inlet has the same exact composition as the one 
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injected on-column. This makes glass wool redundant when injecting alcanes up to C28 in 
dichloromethane in the splitless mode. 
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8 Conclusions and future outlooks 
 
The mixed phase sorbent preparation technique presented in this thesis should allow for a vast 
range of solid and liquid material to be incorporated into a PDMS pre-polymer. This enables the 
preparation of tailor-made sorbent phases with a wide range of retentive properties. The 
applications are not restricted to open tubular trapping; once the mixed phase has been prepared 
it should be straight forward to use it to coat an SPME fiber, prepare an SBSE stir bar or cross-
link it and grind it to particles to fill a GPE tube with. The preparation procedure is simple and 
straightforward. 
 
The electrostatic inlet system provides a means to obtain a spray from the injection needle 
without having to heat it prior to depressing the plunger. This provides a means of injecting a 
liquid sample into a split/splitless inlet in a repeatable and non-discriminated fashion. Since the 
system operates with parts placed outside the inlet liner, any type of liner can be used. The 
electrostatic inlet principle could possibly be used for other inlet types than the one used for this 
study, such as the programmable temperature vaporizer.  Optimization of the electrostatic inlet, 
to perhaps be able to spray non-polar liquids, is only possible once the fundamental mechanisms 
involved in the spray formation are fully understood. This will hopefully be the result of future 
studies on the electrostatic inlet.  
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