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Summary

In the present study, a fully automated solid-phase extraction (SPE) system, a programmed 

temperature vaporisation (PTV) interface and gas chromatography (GC) with mass 

spectrometric (MS) detection are combined for the trace-level analysis of micropollutants in 

surface water. The PTV interface is selected because of its reliability regarding large volume 

injection and its robustness when analysing real-life samples. The mass spectrometer was 

used both in the full-scan and the selected ion monitoring mode and gave detection limits of 

about 15–40 ng/l and 0.7–5 ng/l (7.5 ml samples), respectively, for a series of organo-N/P 

pesticides.
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3.1. Introduction

The monitoring of water samples for the presence of organic pollutants at trace level requires 

sensitive and selective analytical methods. Because (inter)national directives tend to become 

more stringent each year, new methods have to be developed. To meet the present day’s 

demands, the determination of organic substances in water commonly has to involve trace 

enrichment of the compounds of interest. If possible, this preconcentration step is combined 

with capillary gas chromatography (GC), mainly because of the excellent separation 

efficiency of this technique. For selective and sensitive detection, the mass spectrometer (MS) 

is the preferred choice.

In recent years, much attention has been paid to the development of on-line techniques 

for water analysis, which combine sample preparation and separation plus detection in one, 

fully automated set-up. For such systems, solid-phase extraction (SPE) is generally preferred 

over liquid–liquid extraction as the isolation technique, because it is less laborious, uses less 

organic solvent, yields better analyte enrichment and is easier to couple on-line to the 

chromatographic technique to be used [1,2]. Various systems for water analysis based on on-

line sample preparation with subsequent GC analysis have been described in the literature 

[see, e.g., 3–8]. In these systems large volume injection (LVI) techniques hold a key position. 

In most of these studies, on-column LVI was used to transfer the extract to the GC system 

after SPE. The main problem of this approach is the limited lifetime of the retention gap when 

analysing real-life samples which easily cause undesirable active sites to be formed on the 

inner wall of the retention gap. This is especially disadvantageous when relatively dirty 

samples such as, e.g., waste water, are offered for analysis. The retention gap then has to be 

replaced frequently and this is a task which requires quite some experience. One way to 

remedy the above situation is by using a programmed temperature vaporiser (PTV) as 

injection interface. The PTV injector contains a packed liner with a large solvent capacity. 

When dirty samples are injected the packing material serves as a filter and protects the GC 

column. Many more analyses can now be performed than with an on-column injector and, in 

addition, replacing a liner is much easier than installing a new retention gap. The first 

temperature-programmable injectors were constructed in the late seventies/early eighties, but 

market interest in PTVs for LVI dates from the nineties [9]. In several papers it has been 

argued that PTV-based injection improves the robustness of LVI–GC procedures and,

following that, a publication by Öllers et al. [10] reported the use of PTV as interface to GC, 

after automated off-line SPE. The present contribution reports on the development of an on-

line SPE–GC–MS system using a PTV-based interface. This implies that the SPE extract (50 

µl; see below) is quantitatively transferred to the GC. This is in marked contrast with the 

automated off-line procedure. Here, the cartridge was desorbed with 4 ml of chloroform, but 

from this extract only 100 µl, or 2.5%, was introduced into the GC system. The performance 

of the present system was tested by analysing a selected group of NP-pesticides.
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3.2. Experimental

3.2.1. Instrumentation
The entire process of sample preparation was performed using a VISION system (ATAS 

International, Veldhoven, the Netherlands) which consists of a solvent delivery unit (Spark 

Holland, Emmen, the Netherlands), an automated SPE system, the Prospekt (Spark Holland), 

and a Midas autosampler (Spark Holland). The GC injector was an OPTIC 2 (ATAS 

International). Water samples were preconcentrated on a 10 mm x 2.0 mm I.D. cartridge 

containing a 15–25 µm styrene-divinylbenzene copolymer, PLRP-S (Polymer Labs, Church 

Stretton, UK). A Bischoff (Leonberg, Germany) Model 2200 HPLC pump was used to desorb 

the analytes from the cartridge. The GC–MS system was a Shimadzu (Kyoto, Japan) GC-17A 

gas chromatograph and a QP-5000 quadrupole mass spectrometric detector. The analytical 

column was a 50 m x 0.25 mm I.D. CP-SIL 5 CB-MS low-bleed capillary GC column coated 

with 0.4 µm of stationary phase (Chrompack, Middelburg, the Netherlands). Helium 

(Hoekloos, the Netherlands) was used as the carrier gas. Figure 3.1 shows the set-up of the 

system.

Figure 3.1: Set-up of the on-line SPE–PTV–GC–MS system.
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3.2.2. OPTIC 2 injection system
The OPTIC injector which, in this study, was used as a PTV, consists of a metal tube with a 

very low thermal mass into which a 80 mm x 3.4 mm I.D. liner can be inserted. The liner can 

be packed with a 20-mm high bed of a suitable sorbent. The liner can be electrically heated at 

a speed of up to 16°C/s. The injector is equipped with its own gas box which consists of an 

electronic pressure regulator (EPC), a controlled split line containing a thermal conductivity

detector (TCD) acting as solvent sensor, and a septum purge line. A schematic diagram of the 

OPTIC 2 is shown in Figure 3.2.

Figure 3.2: Schematic of the OPTIC 2. EPC, electronic pressure controller; PS, pressure sensor.

During sample introduction, the temperature of the liner is low, e.g. 20°C or more 

below the solvent boiling point, and there is a high split flow (100–150 ml/min), the so-called 

vent flow. Under these conditions the solvent is vented. The solvent venting time is controlled 

by the TCD solvent sensor which reads the solvent signal. As soon as this signal decreases 

below a pre-set threshold value, the split line is closed and the temperature programming of 
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the injector is started. During solvent evaporation, which requires energy, the temperature of 

the liner will decrease and a cold spot is created in the liner. Consequently the analytes are 

trapped in the liner by both cold-trapping and solvent effects. After the transfer of the analytes 

to the GC column, the split line is opened at a flow of 50 ml/min as is usually done in splitless 

analyses.

3.2.3. Materials
A 20-mg/l stock solution of ethoprophos, desethylatrazine, simazine, atrazine, propazine, 

terbutylazine, desmetryne, metribuzin, prometryn, terbutryn, cyanazine and parathion-ethyl 

was prepared in acetone. Working solutions were prepared by spiking water samples with the 

proper volume of the stock solution. Ethyl acetate was purchased from Merck (Darmstadt, 

Germany) and acetonitrile from Biosolve (Valkenswaard, the Netherlands). Milli-Q water was 

prepared in-house by a Millipore system (Milford, MA, USA). River Meuse water samples 

were taken at Eijsden (the Netherlands) and were filtered over a 0.2 µm membrane filter prior 

to analysis.

Table 3.1: Parameter settings of injector programme for on-line and off-line LVI.

Parameter Setting Parameter Setting

Vent flow

Split flow

Initial temperature

Vent time

Ramp rate

Final temperature

End time

120 ml/min

50 ml/min

40°C

automatic

5°C/s

325°C

40:00 m:s

split open time

purge pressure

transfer pressure

transfer time

initial pressure

final pressure

solvent threshold

3:00 m:s

73 kPa

107 kPa

3:00 m:s

107 kPa

239 kPa

50 arb. units

3.2.4. Procedures
The SPE procedure was largely analogous to the procedure described by Louter et al. [6]. 

First, the SPE cartridge is activated and conditioned by flushing it with 5 ml acetonitrile and, 

subsequently, 5 ml Milli-Q water, both at 2.5 ml/min. During this procedure, the sample is 

loaded into the sample loop of the autosampler; after conditioning, it is flushed onto the SPE 

cartridge with Milli-Q water at 1 ml/min delivered by the solvent delivery unit of the 

Prospekt. After sample loading, the cartridge is dried for 15 min with helium (200 ml/min) at 

ambient temperature. Finally, the analytes of interest are desorbed with 50 µl ethyl acetate at 

100 µl/min. The entire volume of desorption solvent is transferred to the GC–MS system. 

Solvent elimination is performed inside the PTV injector. Table 3.1 summarises the parameter 

settings of the injection programme which controls the injector for both off-line as well as 
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automated on-line large volume injections. The GC temperature programme was as follows: 

After an initial 30 s hold at 60°C, the temperature was linearly increased to 120°C at 

25°C/min and, next, to 200°C at 2.5°C/min. Finally it was programmed to 250°C at 15°C/min 

and held at that temperature for 1.77 min. The MS was used in both the full-scan and the 

selected-ion monitoring (SIM) mode. For the scan mode, the m/z 40–350 range was scanned 

at 2 scans/s. The ions selected for the SIM mode are summarized in Table 3.2. In both modes 

the MS interface temperature was 275°C.

3.3. Results and discussion

The main intention of the present study was to demonstrate (i) that the optimisation strategy 

of SPE–PTV–GC–MS is as userfriendly as that of more conventional SPE–on-column–GC–

MS, and that the analytical performance is of similar quality, while the PTV-based approach 

is more robust when analysing real-life samples, and (ii) that using on-line SPE–PTV rather 

than (automated) off-line SPE–PTV considerably improves analyte detectability (in 

concentration units). For this study, a number of well known N- and P-containing pesticides 

(see Table 3.2) were taken as test compounds. As the first step, the PTV–GC procedure was 

optimised according to the standard protocol [11]. Splitless injections were performed by 

injecting 1 µl of a 5.0 µg/ml standard solution in ethyl acetate using a splitless liner (80 x 1.2 

mm I.D.) and a liner (80 mm x 3.2 mm I.D.) packed with a bed of 20 mm of a modified 

Chromosorb-based sorbent. The splitless injection is regarded as the reference analysis. The 

maximum volume that can be injected onto the liner was found to be 75 µl. This is a fully 

satisfactory result, because the on-line extract volume is only 50 µl (see below). Next, 50 µl 

of a 0.1 µg/ml standard solution were injected to optimise the LVI procedure. Actually, a 

large volume injection is closely similar to a splitless injection, the only difference being the 

solvent elimination. With the selected NP-pesticides, it was found to be possible to eliminate 

the large amount of ethyl acetate in an automated fashion by using the TCD solvent vent 

sensor built in the split line (see Figure 3.2). The SPE procedure was optimised by extracting 

1-µg/l spikes of all compounds of interest in Milli-Q water. In this part of the study, 

extractions were firstly performed off-line. The extracts were transferred to vials and 

manually injected into the GC. With this procedure, the minimum extraction volume was 

found to be 40 µl; to be on the safe side, a volume of 50 µl was selected for all further work. 

Finally, the system was made on-line as is depicted in Figure 3.1, and evaluated. The 

calculation of the analytical data was performed on one target ion per component in both the 

full-scan as in SIM mode analyses; the ions are reported in Table 3.2.
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Table 3.2: Analytical data for automated SPE–PTV–GC–MS as determined for 7.5-ml water samples.

RSD (%)

(n=10)

Detection limit 

(ng/l) **

Analyte m/z

tR area

Recovery 

(%)

R2 *

full-scan SIM

Ethoprophos

Desethylatrazine

Simazine

Atrazine

Propazine

Terbutylazine

Desmetryne

Prometryn

Terbutryn

Cyanazine

Parathion-ethyl

158

172

201

200

214

214

213

184

185

225

109

0.02

0.02

0.02

0.03

0.02

0.02

0.05

0.02

0.02

0.03

0.02

4.4

1.7

5.2

2.3

2.8

3.3

3.6

3.2

5.1

6.0

4.5

90

71

79

83

78

77

85

91

93

87

96

0.996

0.999

0.999

1.000

0.999

0.999

0.999

0.999

1.000

0.997

0.995

15

15

30

30

35

15

20

15

25

45

50

3.5

2.5

1.5

1.0

2.0

0.7

0.7

1.0

1.0

4.0

9.5

* 8 data points in 0 – 10 µg/l range, in triplicate

** 7.5 ml of 0.06 µg/l (full-scan) and 0.02 µg/l (SIM) Milli-Q water samples were analysed.

3.3.1. Analytical data
In order to determine the repeatability of the on-line procedure, a surface water sample was 

spiked with 1 µg/l of each of the test compounds, and analysed ten times. The RSD data of 

Table 3.2 for both retention times and peak areas show ranges of 0.02–0.05% and 1.7–6.0%, 

respectively, which are fully acceptable results.

Analyte recoveries were calculated from the analytes of 1.0 µg/l spiked solutions of 

Milli-Q water, which were compared with manually performed large volume injections of 

standard solutions. The results are included in Table 3.2, which indicate recoveries of 77–96% 

for all but one analyte, the highly polar desethylatrazine (71%), and can be called highly 

gratifying.

Calibration plots were constructed to cover the analytically relevant concentration 

range of 0–10 µg/l. When using eight data points, which were each analysed in triplicate, all 

R2 values were found to be 0.995 or higher.

In order to determine detection limits, and to demonstrate the practicability of the 

automated procedure, river Meuse water was analysed without and with 1-µg/l spiking. A 

typical chromatogram is shown in Figure 3.3. Next to the peaks of the eleven test analytes 

(which were absent from all chromatograms of the non-spiked samples), five more peaks 

show up. Two of these, Nos. 11 and 15 – which can be assigned to diisobutyl phthalate and 

dibutyl phthalate – are due to blank problems. The other extra peaks, which were also present 

in the non-spiked samples, indicate the presence of tributyl phosphate (No. 1), N-butyl 

benzenesulphonamide (No. 7) and caffeine (No. 9). Each of these compounds was found to be 

present at a concentration of 0.4–0.6 µg/l. As an example of the MS identification, the insert 

in Figure 3.3 shows the mass spectrum of caffeine (hit quality, 92%). On the basis of similar 
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analyses for low-level spikes of Milli-Q water, the detection limits of Table 3.2 were 

calculated. The calculations were done using a rather stringent criterion [12], viz.:

)(99%(measured) t*ionconcentrat*
average

stdev
DL 










where the calculated detection limit should be between half and twice the measured 

concentration. Excellent results were obtained (Table 3.2) with samples of only 7.5 ml. The 

values are in the same range as these reported by Hankemeier et al. [13] for on-column GC–

MS and are significantly better than those of Öllers et al. [10]. 

During the optimisation study and the evaluation of the on-line system about 200 

analyses were carried out, next to a limited number of 1-µl splitless and 50-µl standard large 

volume injections. A majority of these were automated SPE–PTV–GC–MS analyses of 

surface water, the SPE cartridge being exchanged only once per ten runs. During the whole 

study there was no exchange of the packed liner. In other words, the combined information 

shows that the present PTV-based technique produces analytical data which are of, at least, 

the same quality as those reported in earlier studies on on-column systems [10,13], while the 

set-up itself distinctly is more robust.
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Figure 3.3: Full-scan GC–MS chromatogram of surface water spiked with the eleven NP-pesticides at the 1-µg/l 

level. 1, tributyl phosphate; 2, ethoprophos; 3, desethylatrazine; 4, simazine; 5, atrazine; 6, propazine; 7, N-butyl 

benzenesulphonamide; 8, terbutylazine; 9, caffeine; 10, co-elution of metribuzin and desmetryne; 11, diisobutyl 

phthalate; 12, prometryn; 13, terbutryn; 14, cyanazine; 15, dibutyl phthalate; 16, parathion-ethyl. Insert: mass 

spectrum of caffeine.
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3.4. Conclusion

The use of a PTV as an injection solvent elimination interface is a promising approach for the 

fully automated on-line SPE–GC–MS analysis of aqueous samples. The possibility to use one 

and the same liner for many tens of analyses, the automation of the solvent elimination, and 

the use of a sample-handling module which allows the automated exchange of SPE cartridges 

combine to make the system both robust and user friendly.
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4. Automated determination of fatty acid methyl 

ester and cis/trans methyl ester composition of 

fats and oils

Summary

The determination of the fatty acid composition (as methyl esters, FAMEs) of fats and oils 

and their cis/trans (CTME) distribution requires a simple, but manual and time-consuming 

sample preparation. The so-called BF3 method is often the preferred procedure. Because 

FAME/CTME analyses are encountered very frequently in the food industry, an automated, 

robot-based alternative is proposed which uses the sodium methylate procedure. After sample 

weighing and the (manual) addition of heptane, an XYZ robotic autosampler is used for all 

remaining work, which includes reagent addition, agitation, sample settling and the final 

injection into the gas chromatograph. The performance of the sodium methylate and BF3

methods are compared by analysing some thirty oil and fat samples. The novel procedure is 

much faster (less than 15 min vs. ca. 1 hour) and manual sample handling is drastically 

decreased. The experimental results obtained with the two methods are essentially the same, 

while small differences can be explained by (known) differences of the two methods in the 

conversion of minor oil/fat constituents, such as free fatty acids, wax esters and sterol esters. 

In the case of FAME analyses, a hot injection is to be preferred over a cold injection. The 

RSDs of the peak areas were 1.5% for the major fatty acids to 11 % for peaks that were just 

above the noise level. The detection limits were approx. 0.005%.
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4.1. Introduction

In the food industry, the preparation of oil and fat samples to enable the determination of the 

fatty acid composition (as their methyl esters or FAMEs), is one of the most frequently 

performed procedures. Next to the overall FAME composition, the cis/trans distribution is 

also important because of health aspects associated with trans fatty acids such as high 

cholesterol levels and heart diseases [1]. The currently most frequently performed so-called 

BF3 method [2-5] for FAME and CTME analysis requires a relatively simple but laborious 

and time-consuming manual sample preparation. There is, therefore, a distinct need for a user-

friendly, automated FAME/CTME preparation method based on the use of a robotic sample 

preparation system.

The popular BF3 procedure is, unfortunately, not an obvious choice if automated 

FAME sample preparation is the goal, since it involves heating to boiling point, the use of 

condensers and, also, large amounts of reagents. Alternative approaches to achieve 

methylation in a methanol medium, with the aid of acidic and/or alkaline catalysts, include the 

TMSH (trimethylsulfonium hydroxide) procedure [3], treatment with sulphuric acid or 

potassium hydroxide in methanol [2], and treatment with sodium methylate, NaOCH3 [2, 3]. 

Generally speaking, the various methods yield rather similar results. Minor differences 

between the methods, or within one method depending on the selected experimental 

conditions, mainly relate to differences in the methylation/transesterification of minor 

constituents of the fat or oil such as, e.g., the free fatty acids, wax esters and sterol esters. 

Unfortunately, most of these alternative methods are also time-consuming and some require 

boiling under reflux conditions. Upon closer scrutiny the NaOCH3 method was considered the 

best option for use in an automated procedure.

In the overall procedure for FAME analysis, the chromatographic separation is also 

time consuming. Reducing the separation time therefore clearly would be attractive too. The 

only strategy to achieve this would be through the use of a column with a reduced inner 

diameter. Unfortunately, the highly polar stationary phases, such as CP-Sil 88, required for 

cis/trans separation cannot yet be coated reliably into columns with an inner diameter below 

approx. 200 µm, due to Rayleigh instabilities [7,8].

In this chapter, a NaOCH3-based robotic sample preparation procedure was designed 

and used for a variety of fat and oil samples. The results obtained were compared with those 

of the manual BF3 procedure.
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4.2. Experimental

4.2.1. Instrumentation
The entire process of sample preparation was performed on a FOCUS XYZ Sample 

Processing Robot (ATAS International, Veldhoven, the Netherlands). The GC injection 

interface was an OPTIC 2 programmable injector (ATAS International) containing a 80 mm x 

3.4 mm I.D. liner with a glass frit located 15 mm from the bottom (ATAS International). The 

GC system was a HP6890 with FID detection (Hewlett-Packard, Wilmington, NC, USA). The 

capillary columns used were a 50 m x 0.25 mm I.D. CP-SIL 88 for FAME with 0.4 µm 

stationary phase and a 100 m x 0.25 mm I.D. CP-SIL 88 for FAME with 0.4 µm stationary 

phase, both delivered by Varian Chrompack (Middelburg, the Netherlands). Helium 5.0 

(Hoekloos, Schiedam, the Netherlands) was used as carrier gas.

4.2.2. FOCUS XYZ sample preparation robot
The FOCUS XYZ sample preparation robot is a versatile system designed to process samples 

for routine GC and GC–MS analysis.  The sample processor is based on a robotic XYZ arm 

with a motorised syringe, and comprises separate vial trays for samples, solvents and 

reagents, a syringe wash station and a heated sample agitator for mixing. Control is via a local 

module or a PC with software running under Windows. When using the PC software control 

the system can be user-programmed to emulate procedures commonly used in sample 

preparation for chromatographic analysis. Sample preparation procedures such as liquid–

liquid extraction and derivatisation can be selected, programmed and performed automatedly 

to meet specific analytical requirements. The entire operation can be easily observed and any 

changes to the programme can be readily made. The FOCUS is located on top of the GC 

system and requires no additional bench space.

4.2.3. Chemicals
Solutions of fats and oils were prepared in heptane (Merck, Darmstadt, Germany). A saturated 

solution of sodium methylate (Merck) was prepared in LiChrosolv-grade methanol (Merck) 

and stored at 4°C.

4.2.4. Procedure and parameters
The BF3 procedure was performed according to the AOCS Official method [4]. From the final 

extract 1 ml was transferred to an autosampler vial. From this vial 1 µl was injected in the hot 

split mode. The automated NaOCH3 procedure was based to the method of Schulte and 

Weber [3]. In the Schulte and Weber method 10 mg fat are dissolved in 1 ml of petroleum 
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ether. Next, 20–50 µl of a 2 mol/l sodium methylate solution in methanol are added and the 

mixture is shaken for 30 s. After 30 min about 100 mg of calcium chloride salt are added, and 

after brief shaking the mixture is centrifuged. The upper layer is then ready for injection. In 

the automated procedure designed here sample preparation and analysis are synchronised. 

This means that the sample preparation is performed 'just-in-time'. About 10 min before the 

GC is ready for the injection of the next sample, sample preparation of that sample in the 

sample queue is started. This sample is then ready for injection at the moment the GC returns 

to the ready status. The total sample preparation, inclusive of weighing and heptane addition 

(2 min) takes 12 min.

Cis/trans FAME, i.e. CTME, separation requires careful selection of the isothermal 

oven temperature. Therefore, the optimum column temperature was determined using the 

procedure described by the AOCS [9]. For the 100 m column the isothermal temperature 

found for optimum separation was 176°C. For the CTME analyses the temperature was held 

at this value for 35.0 min. After elution of the last peak of interest the oven was rapidly 

(50°C/min) heated to 220°C and held at that temperature for 5.0 min to bake out the capillary 

column. During the run the carrier pressure was 467 kPa. For the 50 m column the whole 

analysis was performed isothermally at 176°C with a column head pressure of 150 kPa.

4.3. Results and discussion

In the process of setting up the automated NaOCH3 transesterification it was found that a few 

minor changes to the procedure described by Schulte and Weber were necessary. Firstly, it is 

difficult to accurately weigh 10 mg of the oil/fat sample into a 2-ml autosampler vial. To 

make sure that the amount of NaOCH3 added is sufficient, also if the sample amount exceeds 

10 mg, 100 µl of the NaOCH3 solution were added to the sample instead of the 20–50 µl as 

described in the quoted procedure. Secondly, the Schulte and Weber procedure uses a reaction 

time of 30 s under shaking. The shaking time was increased to 60 s just to make sure that the 

reaction would always proceed to completion. In the original procedure, finally, CaCl2 was 

added to the sample to improve phase separation and to remove traces of water that could 

affect the stability of the sample. In our experiments phase separation was found to be fast. 

The needle penetration depth was adjusted to ensure that the clear top layer of the reaction 

mixture was sampled. Moreover, as the sample was analysed immediately after preparation 

there was no need for stabilisation: any delay that could cause slow saponification of the 

FAMEs is avoided.
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4.3.1. Hot versus cold injection
FAME samples can cover a wide range of boiling points (C4–C24). To avoid discrimination 

problems in the analysis of such samples it is often better to perform a cold injection rather 

than a hot sample introduction. To study the difference between a hot and a cold injection all 

samples prepared using the sodium methylate method were injected both at 70°C

(temperature-programmed cold split) and 280°C (isothermal or hot split). The overall results 

of the analyses showed that, in case of CTME analyses, a hot injection is to be preferred over 

a cold injection. The CTME separation has to be performed at an isothermal oven 

temperature. This means that – contrary to the situation in temperature-programmed GC – the 

slightly larger band width caused by the programmed heating of the injector cannot be 

improved by refocusing on the GC column. Figure 4.1 shows chromatograms of a hot and a 

cold split injection of a NaOCH3-prepared oil. The resolution obtained using hot split 

injection clearly is superior. Using a programmed GC oven, in contrast with the AOCS

FAME method, and/or the use of a more polar solvent will overcome the band broadening 

[10]. However, this was not tested within this project.
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Figure 4.1: GC–FID chromatograms of fish oil CTME analysis after sample preparation by the automated 

NaOCH3 method. Upper trace: cold split injection at 70°C. Lower trace: hot split injection at 280°C. Column: 

100 m x 0.25 mm I.D. CP-SIL 88 for FAME with 0.4 µm stationary phase.

4.3.2. BF3 versus NaOCH3  method
To be able to check the performance of the automated NaOCH3 method, 29 samples covering 

a range of raw and processed vegetable oils and oil/fat blends widely differing in FAME 

composition, trans content, etc. were prepared and analysed using the standard BF3 method. 

In addition to the vegetable oils, a fish oil sample was also included in the study. 

Subsequently, the samples were reanalysed using the automated NaOCH3 method and the two 
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sets of data were compared. Figure 4.2 shows chromatograms of a sample prepared by the 

BF3 and the automated NaOCH3 method. The quantitative results of the two methods are 

compared in Figure 4.3. From the linear relationship which is observed with 

Y(BF3) = 1.0066 X(NaOCH3) + 0.0042, and R2 = 0.998, it is evident that the experimental 

results are closely similar for all samples.  The slope of the line is very close to unity 

indicating that the methods yield identical results. The somewhat larger discrepancy observed 

for the point marked by an asterisk is probably due to the fact that the BF3 method also 

converts the free fatty acids (FFAs) into methyl esters, whereas these compounds are not, or 

only partly, methylated by the NaOCH3 method [2]. Because most edible fat/oil samples 

contain only small amounts of FFAs, this is not a serious problem. This is even more true 

because the composition of the FFAs generally reflects that of the fatty acid composition of 

the triglycerides, consequently, no further attention was devoted to this aspect.

Figure 4.2: GC–FID chromatograms of fish oil CTME analysis. Lower trace: FAMEs prepared by the manual 

BF3 method. Upper trace: FAMEs prepared by the automated NaOCH3 method. The insert is of the C20:5 peak 

of the NaOCH3 prepared sample. Column: 50 m x 0.25 mm I.D. CP-SIL 88 for FAME with 0.4 µm stationary 

phase.
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Figure 4.3: Comparison of the relative peak areas obtained by GC–FID for BF3 versus NaOCH3 FAME sample 

preparation. The graph contains the data of 29 oil/fat samples containing fatty acids with from 6 to 24 carbon 

atoms and widely differing in e.g. trans content.

In Figure 4.4 the results of the two methods are compared at the level of the individual 

FAMEs. The figure shows that for the major peaks in the chromatograms, e.g. C16:0 and 

C18:1c, the agreement is better than for the minor peaks such as, e.g., C12:0, C16:1 c and 

C18:1t. Most likely this reflects problems encountered with peak integration for peaks close 

to the noise level and not of the analytical procedures themselves. Again, the general 

agreement is satisfactory with all relative areas being in the range of 0.75–1.25. Except for the 

C12:0 all variations were random. The systematic deviation found for C12:0 might be a result 

of volatility losses in the BF3 method.

4.3.3. Method performance
Three other characteristics of the newly implemented analytical procedure were assessed, 

repeatability, limit of detection and robustness. In the repeatability studies a fish oil sample 

was analysed (sample preparation and chromatography) nine times using the automated 

NaOCH3 method. The RSDs of the relative peak areas were in the range of 1.5% for the 

major fatty acids to 11% for the peaks that were just above the noise level. For a complex 

sample as a fish oil this is clearly acceptable. The detection limits were determined from 
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minor peaks present in the chromatograms. As an example, the insert in Figure 4.2 shows the 

peak of C20:5 which is present at 1%. At a signal-to-noise ratio of 3:1, the detection limit was 

found to be 0.03%, which meets the desired range of 0.02–0.05%. During the study more than 

100 samples were analysed without the need to change the injector liner and without 

encountering any instrumental problems. In other words, the automated method is robust and 

reliable.
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Figure 4.4: Comparison of the areas of selected FAME peaks recorded after BF3 and NaOCH3 FAME sample 

preparation.

4.4. Conclusions

The experimental results of the proposed robot-based automated NaOCH3 procedure 

for FAME/CTME sample preparation of fat and oil samples and the standard BF3 method are 

closely similar, with small differences being due to the presence of, usually minor amounts of, 

compounds such as FFAs, which are methylated by the BF3 method, but not fully converted 

in the NaOCH3 transesterification. The automated NaOCH3 method effects considerable cost-

savings because of the reduced manual operator time and the increased sample throughput: it 
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is about 4-fold faster (less than 15 min vs. ca. 1 hour) than the BF3 method. This makes it 

relevant to similarly reduce the GC run time, i.e. to devote due attention to developing 50 µm 

I.D. columns coated with highly polar stationary phases. The automated system, which is 

robust and user-friendly, has since its introduction been used for the analysis of thousands of 

real-life samples.
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5. Automated liner exchange – a novel approach in 

direct thermal desorption–gas chromatography

Summary

A system was developed for fully automated liner exchange in direct thermal desorption – gas 

chromatography – mass spectrometry (DTD–GC–MS). Samples are put into a newly 

developed liner which is capped with a standard crimp cap. The liners are placed in a sample 

tray and transported to the thermal desorption device. Both liner transport and liner exchange 

(which can be performed after each analysis) are automated. The system was tested for spores 

and pollen, vegetable oil, wood (preservative), car exhaust (BTEX), and tobacco (nicotine) 

analysis to demonstrate the robustness and flexibility of the approach.
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5.1. Introduction

Thermal sample pre-treatment methods such as thermal desorption and headspace analysis, 

are widely used in combination with gas chromatography for the preparation of solid samples. 

Some typical application areas of thermal desorption techniques are the analysis of geological 

samples [1], characterization of polymers [2] and pine needles [3] and the screening of soil for 

contamination [4].

In recent years, much attention has been paid to the development of automated liquid 

and gas sampling systems for both gas chromatography (GC) and column liquid 

chromatography (LC). Because of their solid nature, it is difficult to automate the introduction 

of samples such as rocks, wood or plastics to perform thermal desorption (TD)–GC. With one 

fairly advanced device, the samples are put into rather large so-called desorption tubes which 

are, next, heated in the desorption unit [5]. A high gas flow causes the analytes to be 

transported to the GC injection device via a heated transfer line. The injection device is a 

programmable temperature vaporiser (PTV) which contains a liner packed with Tenax or a 

similar suitable sorbent. The analytes are refocused in this liner by cold trapping. 

Subsequently, the injector is rapidly heated in order to obtain a narrow injection band on the 

capillary column. Disadvantages of such a system are the limited sample capacity and the 

fairly complicated two-step desorption which involves high-flow conditions and interfacing 

via a heated transfer line. It will be obvious that analyte losses can easily occur. A preferred 

approach is to use direct thermal desorption–GC or DTD–GC. With this technique, the head

of a PTV injector is opened, the liner containing the sample is introduced and the head is 

closed. The liner is purged with carrier gas and, subsequently, heated and the analysis is 

started [1,2]. The advantages of this approach are the use of only one PTV, the absence of a 

heated transfer line resulting in a short path and the use of gas at a flow rate suitable to create 

optimum GC column conditions. There is, however, still one major disadvantage: liner 

introduction and exchange is a manual operation.

This chapter discusses the design of a fully automated DTD system with liner 

exchange and its performance with solid samples, enriched gaseous samples, and samples 

with a difficult matrix.

5.2. Experimental

5.2.1. Instruments
During the research different types and brands of GC and GC–MS systems were used. Also a 

range of different capillary GC columns were applied. The carrier gas was always helium 5.0, 

but of different suppliers. All thermal desorption experiments were performed using an 

OPTIC 2 programmable injector (ATAS International, Veldhoven, the Netherlands). The 
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injector is shown schematically in Figure 5.1 [2]. It consists of a holder with a very low 

thermal mass into which a 81 x 3.4 mm I.D. liner can be inserted. The liner can be packed 

with a solid sample, a 20-mm high bed of a suitable sorbent, or a so-called µ-vial or DMI 

(difficult matrix introduction) insert. The liner can be electrically heated at a speed of up to 

16°C/s. The injector is equipped with its own control box which consists of all electronics and 

an electronic pressure regulator (EPC) for the carrier gas. The liners were exchanged using a 

FOCUS XYZ sample preparation robot (ATAS International) equipped with the newly 

developed system, which replaces the standard OPTIC head to open and close the OPTIC

injector automatedly. This is described in more detail below as are the specially designed 

SepLiners for automated DTD. 

Septum

Septum purgeCarrier Gas

Split flow
2 AC
Supply

O-ring

Thermocouple

Liner containing a packing material
Oven wall

Mounting brass

Septum head

Figure 5.1: Schematic overview of OPTIC programmable injector [2].

5.2.2. Focus XYZ sample preparation robot
The Focus XYZ sample preparation robot is a versatile system designed to process samples 

for routine GC and GC–MS analysis. The sample processor is based on a robotic XYZ arm 

with a motorised syringe, and comprises separate vial trays for samples, solvents and 

reagents, a syringe wash station and a heated sample agitator for mixing. Control is via a local 

module or a PC with software running under Windows. When using the PC software control 

the system can be user-programmed to emulate procedures commonly used in sample 

preparation for chromatographic analysis. Sample preparation procedures such as liquid-

liquid extraction and derivatisation can be selected, programmed and performed automatedly 
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to meet specific analytical requirements. The entire operation can be easily observed and any 

changes to the programme can be readily made. The Focus is located on top of the GC system 

and requires no additional bench space. Due to the flexible programming possibilities is it 

also possible to add auxiliary equipment.

5.3. Results and discussion

The main intention of the present study was to develop a system to make DTD–GC–MS 

analysis as user-friendly as other types of GC–MS analysis, with an analytical performance 

that is of equal quality as in the case of manual or indirect thermal desorption. The analytical 

performance of the system is tested on different samples like impregnated wood, car exhaust, 

tobacco, spores and pollen and vegetable oils.

5.3.1. Automated liner exchange
To be able to exchange the liners automatedly, the Focus XYZ sample preparation robot was 

equipped with a newly developed injector head to open and close the OPTIC injection 

interface. A picture of this injector head is shown in Figure 5.2 in the open (left) and closed 

(right) position. To install the new injector head, the original mounting brass of the injection 

interface (see Figure 5.1) was unscrewed. This led to the removal of the whole injector head 

including the mounting brass, the carrier tube, septum head and septum. In its stead the 

mounting brass of the new injector head was installed. This injector head can be opened and 

closed by a pneumatic cylinder. When the head is open, the XYZ robotic arm picks a liner 

from the sample tray, which is sealed with a magnetic septum cap, and inserts the liner into 

the injector. After inserting a liner the head is automatedly closed. The new injector head 

contains a needle to which the carrier gas delivery is mounted via a flexible gas line coming 

from the electronic pressure regulator. When closing the injector head, the needle penetrates 

the liner septum (see section on SepLiner), and the carrier gas stream is reconnected. Besides 

the septum in the magnetic cap on the liner to prevent for gas leaks, there is a extra seal in the 

injector head to ensure that the head closes leak-tight even when the cap of the SepLiner is 

not positioned in a totally proper way. When the injector head is open, the carrier gas can be 

re-routed to the bottom end of the injector via a low-dead-volume T-piece connected to the 

column connection part of the injection interface. This is done to prevent air diffusing into the 

capillary column and to generate a back flow of carrier gas through the injector body (not 

shown in Figure 5.2).
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5.3.2. SepLiner
The standard liner of the OPTIC injection interface has been redesigned to the patented 

SepLiner. As can be seen from Figure 5.3, the SepLiner is based on the design of the standard 

fritted liner of the OPTIC injector: it contains a glass frit and has the same dimensions. The 

top of the SepLiner is designed such that it can be tightened similar to an autosampler vial. 

The cap, which is a standard, commercial available, 11 mm cap to be used for sample vial 

capping, is made of a magnetic material to assist in its transportation by the Focus XYZ 

sample preparation robot. When in place, the liner is kept sealed by the downward force from 

the injector head on the top of the liner, which maintains the sealing against the gas pressure 

inside the injector. The design of both the liner and the injector is such that, when the liner 

with its cap and septum is placed in the injector, a gas-tight seal is made between the injector 

and the liner. Before capping the liner, the sample is placed in the liner, either directly or onto 

a packing material. The septum and cap are then fitted to the liner and the complete assembly 

is stored in a sample tray specially designed to place onto the Focus sample preparation robot. 

When the sample is to be analysed, the liner is transported to the OPTIC injection interface of 

the GC and sealed in place. Gas is then passed through the septum and moves the sample into 

the column by direct thermal desorption. After the analysis and cool-down of the oven, the 

head is opened and the liner replaced by a fresh one. When the matrix of a sample is expected 

to strongly contaminate the analytical system and/or damage the liner, making it difficult to 

perform a series of analyses one after the other, there is a possibility to place a low cost µ-vial 

on the frit of the liner. The technique of using a µ-vial for difficult matrix introduction (DMI) 

was already reported by Amirav et al. [6,7], but now the analysis can be automated by 

combination with a SepLiner. It is possible to put the sample with the contaminating matrix in 

the µ-vial. The analytes of interest are desorbed from the sample and transferred to the 

analytical column, leaving the strongly contaminating part of the sample in the µ-vial. After 

the liner is exchanged and de-capped, the µ-vial is discarded and a clean one installed; the 

system is then ready for re-use without laborious and time-consuming cleaning of the liner. 

Another feature of the µ-vial is the possibility to perform in-vial reactions in the injector. A 

sample is put in the µ-vial and subsequently a reagent is added by the robotic sample 

processor. When the reaction has to be performed at room temperature, the liner remains in 

the sample tray until the reaction is finished. Then the liner is transported to the injector for 

analysis. When the reaction needs a certain temperature, the injector is set to that temperature 

and the whole reaction can be performed inside the injector.
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Figure 5.3: Schematic of liners. Left: Standard fritted liner. Right: Newly developed patented SepLiner.

5.3.3. Leak testing
To test for leakage two different tests are performed. By using a leak detector sensitive for 

helium the system is tested for leakage of helium. During helium leakage testing, the injector 

head pressure was increased stepwise to find the maximum pressure that can be used. This 

pressure was at least 3 bar. The second leak test is performed using the mass selective 

detector to check for diffusion of air into the system. First, the injection interface is equipped 

with the standard injection head to check the signal for nitrogen (m/z 28). Next, the injection 

head is replaced with the liner exchange head and the same test is performed. The signal for 

nitrogen was the same for both approaches.

5.3.4. Fatty acid profile in vegetable oils 
Fatty acids are the principal components of most natural lipids and portray an immense 

diversity in terms of chain-length, mode of unsaturation, geometry and substitution pattern. In 

life sciences there is a distinct need for profiling fatty acids from various natural sources, for 

example to identify the source and quality of certain vegetable oils. However, the analysis of 
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fatty acid profiles of natural lipids often involves intensive and laborious sample preparation 

procedures to hydrolyse the ester-bound fatty acids and remove non-volatile matrix 

components. Furthermore, derivatisation is essential to obtain the proper chemical properties 

for GC analysis [8]. The use of the DTD allowed direct injection of a vegetable oil solution 

combined with a special transesterification reagent without prior sample preparation or 

purification. The transesterification reagent converts the triglycerides into the corresponding 

fatty acid methyl esters (FAMEs), which can subsequently be analysed with GC–MS. After 

analysis the Sepliner can be removed to avoid problems with  residues remaining in the liner. 

The following vegetable oils were studied: sunflower oil, hazelnut oil and olive oil. From 

these oils solutions were prepared in dichloromethane of, respectively, 0.41 mg/ml, 0.33 

mg/ml and 0.28 mg/ml. For the optimum FAME yields of the oils, the sample processor was 

programmed to transfer 1 µl of a triglyceride solution into a GC sample vial. Subsequently, 9 

µl of a 0.1 M TMAH solution were added and the two solutions were mixed by multiple 

strokes of the syringe plunger. Then, 1 µl was injected into a Sepliner at 40°C and dried for 5 

s under solvent venting conditions. After venting the temperature was increased to 350°C at 

16°C/s. under splitless conditions. The GC oven was programmed from 60°C (3 min hold) to 

120°C at 30°C/min and, then, at 8°C/min to 320°C (5 min hold). A C24D50 alkane internal 

standard was used to determine the relative FAME yields. This internal standard did not take 

part in the methylation reaction and easily evaporated in the injector. Table 5.1 shows some 

analytical data for the FAME analysis of the sunflower oil. In general all vegetable oils 

provided FAME yields similar to, or higher than, the conventional off-line method used. 

Figure 5.4 shows chromatograms of the oils studied here. This pioneer study of on-line 

transesterification reaction of fatty acids illustrates that the use of the DTD interface in 

combination with the automated sample processor provides a simple and accurate way of 

sample handling and introduction into a GC–MS system. During the study of three months of 

optimisation of the chemical conversion of oils into FAMEs, except for liners, no part of the 

analytical system was replaced. 20-30 analyses could be performed before exchange of the 

liner was required. In order to make the system robust, the robot can be programmed to 

replace the liner automatedly after, for example, 15 analyses.

Table 5.1: Sunflower RSD values

FAME C16 C18:2 C18:1 C18

%RSD 5.7 5.7 5.5 5.4
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Figure 5.4: Full-scan thermally assisted methylation (THAM)/GC-MS of three vegetable oils. Numbers indicate 

FAME chain length and degree of unsaturation. Column: CP-Sil 8 CB/MS 15 m x 0.25 mm I.D., 0.25 µm film 

thickness.
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5.3.5. Chemical analysis of spores and pollen
In paleontology microfossils are used for the reconstruction of past ecological communities 

and climates. Especially spores and pollen present in sediments and peat bogs play an 

important role in these reconstructions, since they provide information about the floral 

composition of the surroundings in ancient times. Paleontological information obtained in this 

fashion is solely based on the outer morphology of the spores and pollen. However, in system 

ecology there is a distinct need for additional, chemical information on these fossil spores and 

pollen. However, since pollen in sediments or peat bogs are often scarce and hard to isolate, 

the sample size (1-20 pollen per sample, ca. 20 µm pollen size) hampers chemical analysis, 

especially when the compounds of interest are chemically bound. As with small sample sizes 

such as these, extraction procedures and chemolysis reactions are virtually impossible to 

perform, conventional pyrolysis methods are often applied. However, from a practical point 

of view handling samples like individual pollen is often difficult. The use of a DTD combined 

with the DMI liner inserts circumvented these problems. Ten pollen from an aqueaous 

suspension of Betula pendula and Pinus silvestris were transferred to a DMI liner insert 

located in the Sepliner. Subsequently, 1 µl of a 2 M tetramethylammonium hydroxide 

(TMAH) solution in methanol (Acros) was injected into the cold liner. After drying under 

vacuum conditions, the Sepliner was transported automatedly into the injection interface 

which was heated from 40°C to 350°C at a rate of 16°C/s after closing the injector head. The 

compounds released by the chemolysis reactions were transferred to the capillary column 

under splitless conditions. The GC oven was initially held 3 min at 35°C and then 

programmed at 20°C/min to 120°C, followed by programming to 260°C at 8°C/min. Finally 

the GC oven was held at 260°C for 2 min. Since the sample could be directly introduced and 

automatedly placed into the injection interface, this allowed the analysis of extremely low 

numbers of Pinus and Betula pollen (Figure 5.5), with detection limits for phenolic 

compounds like p-coumaric acid (ion traces 161 and 192) and ferrulic acid (ion traces 191 and 

222) of 1 to 10 pollen. (See Figure 5.6 for ion traces.) Furthermore, the use of the DTD–

interface–FOCUS combination provided the opportunity to run large samples series, since, 

different from most conventional pyrolysis systems, placing the liner containing the insert and 

sample is automated.
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Figure 5.5: Full-scan DTD–GC–MS chromatogram of methylated Betula pendula pollen (bottom) and recorded 

mass spectrum of  p-coumaric acid (top).
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Figure 5.6: The partial mass chromatograms of the TMAH-pyrolysates of ten fresh pine pollen. The mass 

chromatogram of m/z 192 reveals p-coumaric acid methyl ester  and that of m/z 222, ferulic acid methyl ester.
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Figure 5.7: DTD–GC–MS chromatogram of pine wood impregnated with 56 ppm HDO. Bottom: Full-scan 

chromatogram. Top: Extracted ion chromatogram of m/z 114. Insert: mass spectrum of HDO peak at 4.46 min. 

Column: HP5-MS 25 m x 0.25 mm I.D, 0.25 µm film thickness.
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5.3.6. Analysis of preservatives in wood
HDO (bis-N-cyclohexyl-diazeniumdioxide) is an active substance widely used in the 

protection of organic materials against fungal attack. Recently, the behaviour of the 

preservative in impregnated wood became of interest. Correct sampling, however, is a 

problem due to the very inhomogeneous distribution of the preservative and the application of 

the impregnated wood. It is therefore, necessary to take a range of samples to determine a 

mean value. Consequently, a fast and reliable method for analysis is required which has been 

found in DTD–GC–MS. In this application a 10-mg splinter of wood was put in the SepLiner, 

followed by capping of the liner. The liner was automatedly placed in the OPTIC 2 injection 

interface and heated, thermally desorbing the volatiles from the wood at 200°C within 60 s.

The desorbed analytes were transferred to the capillary column and analysed by GC–MS in 

the full-scan mode [9,10]. Figure 5.7 shows a DTD–GC–MS chromatogram of the analysis of 

HDO in impregnated wood. The procedure was found to be linear in the range of 50 to 400

ppm preservative in wood, with RSD values of 5%–10%. The limit of detection was found to 

be 4 ppm.

Other, less modern, preservatives which are, still often used, are pentachlorophenol 

and lindane. Preliminary study of these compounds also gave promising results.

5.3.7. Miscellaneous applications
Analysis of car exhaust. SepLiners were packed with a 20-mm high bed of Tenax TA 30-60 

mesh (Chrompack, Middelburg, the Netherlands) and conditioned for 1 h at 200°C and a 

helium flow of 100 ml/min. The DTD liners were manually loaded with car exhaust in 

forward flow using a 60-ml syringe. After loading the liners were capped and placed in the

DTD sample tray. Analysis was performed by automated DTD–GC–MS. Figure 5.8 shows a 

chromatogram of car exhaust with a cold engine catalyst. Due to insufficient column 

refocusing the peak shapes of benzene and toluene are somewhat poor. For better peak shapes 

a thick-film column or a cryo trap is recommended. After automated introduction into the 

injection interface, the liner was heated from 40°C to a final temperature of 200°C at 16°C/s. 

The split was set to 200 ml/min. The GC oven programme started at 40°C and was ramped at 

10°C/min to the final temperature of 220°C.

Nicotine in tobacco. Another interesting application of DTD–GC–MS is the analysis of 

nicotine in tobacco. Tobacco leaves were ground and 10 mg were put into a liner. After 

automated introduction into the injection interface, the liner was heated from 40°C to 300°C

at 16°C/s. The column oven was programmed from 40°C with a ramp of 30°C/min to 350°C

which was held for 12 min. The split flow was set to 100 ml/min. An extracted ion 

chromatogram at m/z 84 showed the nicotine peak at 4.56 min on an undisturbed baseline; the 
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mass spectrum was closely similar to that of the NIST library. When a second desorption of 

the same sample was performed, the chromatogram did not show a peak of either nicotine or 

any other analyte, indicating an exhaustive desorption.

1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00

200

400

600

800

1000

1200

1400

1600

1800

2000

2200

2400

2600

Time(min)

R
es

p
on

se
--

>

In
de

ne

m
-/

p
-X

yl
e

ne
E

th
yl

 b
e

nz
en

eTo
lu

en
e

B
en

ze
n

e

o-
X

yl
en

e

1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00

200

400

600

800

1000

1200

1400

1600

1800

2000

2200

2400

2600

Time(min)

R
es

p
on

se
--

>

In
de

ne

m
-/

p
-X

yl
e

ne
E

th
yl

 b
e

nz
en

eTo
lu

en
e

B
en

ze
n

e

o-
X

yl
en

e

Figure 5.8: Full-scan DTD–GC–MS chromatogram of 60 ml of car exhaust. Column: HP5-MS 25 m x 0.25 mm 

I.D., 0.25 µm film thickness.

5.4. Conclusions

The use of the newly developed liner exchanging system based on a XYZ sampling robot is a 

promising approach for the fully automated DTD–GC–MS analysis of solid and enriched 

samples. After insertion of a µ-vial it can also be used to analyse complex samples and 

samples that need derivatisation before analysis. The possibility of automated exchange of the 

liners and the possibility of loading over 100 samples in the sampling tray of the XYZ robot 

make the system both robust and user-friendly. The automated liner exchange system can be 

considered as a breakthrough in sample preparation techniques for GC and should open a 

wider application range for PTV–GC.
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6. Trace-level determination of pesticides in food 

using difficult matrix introduction–gas 

chromatography–time-of-flight mass spectrometry

Summary

A procedure for the fully automated analysis of food samples for pesticides by means of 

difficult matrix introduction–gas chromatography–time-of-flight mass spectrometry (DMI–

GC–ToF MS) is discussed. After extraction, samples require very little clean-up and are 

injected in a micro- or µ-vial which is held in a liner. Next, the liner is placed in the injector 

and the contents of the vial are thermally desorbed and led directly to the capillary GC 

column. After GC–ToF MS analysis, the data are processed automatedly by using a peak 

deconvolution algorithm. The practicability of the procedure was demonstrated by analysing 

pesticide-spiked grape and pineapple samples down to the 1–10 ng/g concentration level.
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6.1. Introduction

The routine analysis of food samples for residues of pesticides by means of gas 

chromatography–mass spectrometry (GC–MS) requires high-quality analytical techniques and 

poses high demands on contract laboratories. Next to proper analytical performance, cost 

efficiency is becoming increasingly important today. Because of the frequently complex 

matrix of food samples, a wide variety of interfering compounds has to be eliminated by 

means of, often, time-consuming clean-up procedures. Studies performed by Amirav [1] and 

Lehotay [2] showed that the use of a µ-vial placed in a GC injector is an interesting option to 

handle complex samples. With this approach, sample clean-up can be virtually eliminated. 

However, the set-up used by these authors cannot easily be automated. Recently, de Koning et 

al. [3] introduced an automated liner-exchange unit. The liner is wide enough to hold a µ-vial 

and is sealed with a standard 11-mm magnetic crimp cap. With this set-up it is, in principle, 

possible to perform the complete sample introduction procedure in an automated fashion, 

whilst using a fresh liner-plus-vial for each analysis. 

Another important aspect is the time required for data analysis, i.e. the data processing 

time. Since selected ion monitoring cannot be used for the present purpose because, next to 

target analytes, also unknowns have to be detected, the real problem is the abundance of 

peaks in a full-scan GC–MS trace. In this chapter, the problem is solved by combining direct 

thermal desorption (DTD) on-line with gas chromatography–time-of-flight mass spectrometry 

to enable so-called difficult matrix introduction, i.e., DMI–GC–ToF MS. After ToF MS data 

acquisition, the data are processed by a peak deconvolution algorithm which extracts ´pure´ 

analyte peaks and spectra, even when there is multiple overlap of analyte and matrix-

compound peaks.

6.2. Experimental

6.2.1. Chemicals and samples
Pesticides-mix standards containing either 4 µg/ml or 400 ng/ml of each compound, and 

pesticide-free extracts of grapes and pineapples dissolved in ethyl acetate were obtained from 

a commercial contract laboratory. The 400-ng/ml mix was used for standard injections to set 

up the application. The 4-µg/ml mix was used to prepare spiked extracts in the range of 10–

200 ng/ml. The matrix content of the extracts was kept constant at the equivalent of 4.7 g/ml.
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6.2.2. Instrumentation
GC–MS analysis. GC analysis was performed on a Model 6890 GC (Agilent Technologies, 

Palo Alto, CA, USA) instrument which was equipped with an OPTIC 3 injector (ATAS GL 

International, Veldhoven, the Netherlands), a DTD direct thermal desorption unit and a 

FOCUS XYZ sample preparation robot, both from ATAS GL. The capillary GC column was 

a CP-SIL 8 CB Low/Bleed 25 m x 0.25 mm I.D. capillary GC column with a film thickness of 

0.25 µm (Varian, Middelburg, the Netherlands). The liner was a DTD liner (ATAS GL) 

which holds an MPI-µ-vial (ATAS Deutschland, Magdala, Germany). This combination 

comprising a liner with a µ-vial is the DMI set-up.

Detection was performed on a Pegasus III time-of-flight mass spectrometer (LECO, 

St. Joseph, MI, USA) controlled by the ChromaTOF software package (LECO) for data 

acquisition, data processing and peak deconvolution.

Injection. The OPTIC 3 is a stand-alone injector consisting of an electronic controller 

(injector temperature, carrier gas flow rate) and an injector body mounted in the GC oven 

wall. The injector body consists of a holder with a very low thermal mass into which an 80 

mm x 3.4 mm I.D. liner can be inserted. The liner can be packed with a solid sample for 

thermal desorption analysis, or a µ-vial for DMI analysis; the latter option was used in this 

study. Heating can be done at a speed of up to 16°C/s. The liners can be exchanged by using a 

sample preparation robot equipped with a DTD direct thermal desorption unit, as discussed 

below.

Sample preparation robot. The Focus XYZ sample preparation robot, which is located on top 

of the GC system, has a robotic XYZ arm with a motorised syringe, holds separate vial trays 

for samples, solvents and reagents, a syringe wash station and a heated sample agitator for 

mixing. Control is via a local module or a PC with software running under Windows. When 

using the PC software control, the system can be user-programmed to emulate procedures 

commonly used in sample preparation for GC analysis such as liquid–liquid extraction and 

derivatisation. The procedures can be selected, programmed and performed automatedly to 

meet specific analytical requirements. Changes to the programmes can be readily made. Due 

to the flexible programming of the robot it is also possible to add auxiliary equipment such as 

a direct thermal desorption unit and a 98-position (7 columns x 14 rows) liner tray, which 

were needed in the present study.

Direct thermal desorption unit. The DTD desorption unit is a mechanical injector head that is 

controlled by the sample preparation robot. It can be opened and closed automatedly by 

means of a pneumatic cylinder. Prior to installation of the DTD unit, the standard injector 

head of the OPTIC injection interface was removed and the DTD unit was installed instead. 

When the head is open, the XYZ robotic arm picks a liner, which is sealed with a magnetic 
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septum cap, from the liner tray and inserts it into the injector. Next the head is automatedly 

closed. The DTD injector head contains a needle which is connected to the electronic gas 

regulator of the OPTIC via a flexible gas line. When the head is closed, the needle penetrates 

the septum and the carrier gas stream, which was disconnected by opening the head, is 

reconnected. 

6.3. Results and discussion

The main goal of this preliminary study is to show the potential of the proposed system for 

the automated screening of pesticides in food samples after (rapid) sample extraction and 

(very) limited sample clean-up. The set of pesticides (see Table 6.1) was selected on the basis 

of the application of interest, the analysis of grapes and pineapple.

Table 6.1: Pesticides studied and analytical data.

Correlation coefficient* RSD (%)**Compound Quant. 

mass grapes pineapple grapes pineapple

Biphenyl

Dichlofluanid

Diflubenzuron

Flusilazol

Iprodion

Myclobutanil

Oxadiazon

Pyrimethanil

Teflubenzuron

Tetradifon

Tolylfluanid

Trifluralin

Vinclozoline

154

123

153

233

314

179

175

198

223

159

137

264

212

0.994

0.992

0.999

0.999

0.993

0.999

0.999

0.998

0.998

0.997

0.999

0.999

0.999

0.993

0.998

0.996

0.999

0.990

0.999

0.995

0.997

0.999

0.996

deconv. problem

0.998

0.997

2.5

16

6.0

4.0

18

3.5

3.0

5.5

3.7

5.5

13

2.7

1.5

6.0

20

16

3.0

45

6.0

5.5

3.0

18

4.5

deconv. problem

3.3

3.0

* range 10–200 ng/ml, 5 data points in duplicate.

** spike, 50 ng/ml; n = 10

The injection parameters were optimised in two steps. First, the minimum transfer 

temperature was optimised by a sequence of splitless injections where the transfer 

temperature of every next injection was increased by 10°C in the range of 250–350°C. It was 

found that, as a minimum, a temperature of 280°C is needed. Higher temperatures will only 

result in the transfer of more and higher boiling matrix compounds. Next, the solvent 

evaporation time for 5-µl injections was optimised at an injector temperature of 50°C and a 

carrier gas flow of 150 ml/min – values selected on the basis of earlier experience – by 
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decreasing the evaporation time from 180 to 100 s in 10-s steps. It was found that, for the set 

of pesticides being studied, the evaporation time is not a very critical parameter: a time 

window of 110–130 s could be used. Shorter evaporation times caused flooding of the column 

and, consequently, bad peak shapes while longer evaporation times led to evaporation of the 

sample to dryness and loss of analytes. An evaporation time of 120 s was used in the further 

work.

Because one can expect that the chromatograms will contain a large number of co-

eluting matrix compounds next to the analytes of interest, and because a peak deconvolution 

algorithm (see below) will have to be used anyway for data processing, it was decided not to 

perform an extensive optimisation of the GC oven programme, but to use a rather simple one. 

Because the boiling point of ethyl acetate is 77°C, the initial oven temperature was set at 60°C 

to create some solvent effect in the capillary column. After a 2-min hold, the temperature was 

linearly increased to 280°C at 20°C/min, with a final hold of 12 min. MS data acquisition was 

performed over the mass range of 50–450 amu, with an acquisition rate of 20 spectra/s.

Finally, after the detailed description of the procedure given in the Experimental section, the 

analytical procedure can be summarized in a few lines of text. Vials containing fruit extracts 

were placed in the sample tray of the FOCUS XYZ sample preparation robot and a DTD liner 

containing a µ-vial was placed in the liner tray. Next, the robot takes an aliquot of an extract 

from the sample vial and introduces it into the µ-vial. Then, the injector is opened 

automatedly and the DTD liner is put into place. After closure of the injector head, the sample 

solvent is vented. Next, the compounds are thermally desorbed from the µ-vial and transferred 

to the capillary GC column. After GC–ToF MS analysis, the data are processed by the 

ChromaTOF software.

6.3.1. Analytical performance
The information provided with the sample extracts (cf. above) was that the extraction of a 

fruit or vegetable sample contaminated with pesticides at a level of 10 ng/g (the baby-food 

level) will lead to a pesticide concentration of about 50 ng/ml in the extract. In order to be 

able to get reliable data at the 10 ng/g level, the detection limit of the analytes in the extracts 

should, preferably, be 10-fold lower, i.e. 5 ng/ml. Since the specified detection limit of the 

LECO mass spectrometer is 2 pg injected for hexachlorobenzene, one can assume that a 5-µl 

injection will certainly create the possibility to record clean mass spectra. In order to check 

whether the injection of such a fairly large mass of analytes will not cause overload 

conditions, the injection linearity was studied in the range of 1–5 µl injected (5 data points) 

for a pesticide standard in ethyl acetate at the level of 400 ng/ml. For all eight analytes tested, 

peak area measurements gave R2 values in the 0.992–0.999 range.

As a next step, the system was matrix-calibrated for grapes. Pesticide-free extracts 

were spiked with the pesticides-mix at five concentration levels in the range of 10–200 ng/ml; 
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all measurements were carried out in duplicate. With a matrix content in the extracts of 4.7 

g/ml (cf. above), one can calculate that the pesticide levels then are in the range of 2–40 ng/g, 

which nicely brackets the baby-food maximum residue levels of 10 ng/g. (e.g. spike, 50 

ng/ml; matrix, 4.7 g/ml; amount of pesticide / amount of sample, 50/4.7=10.7 ng/g). After the 

successful completion of this work, an identical study was carried out for pineapple extracts. 

As is shown below, comparable results were obtained in both instances.

Processing of the data by the software package and the construction of the calibration 

plots were performed automatedly. The results, which are included in Table 6.1, are fully 

satisfactory. In order to study the repeatability of the total procedure, ten subsequent 

injections were made of extracts spiked at the 50 ng/ml level; quantification was fully 

automated. Most of the results shown in Table 6.1 are according to expectations, with RSDs 

of about 6% or below. However, there are a few exceptions, notably dichlofluanid, iprodion 

and tolylfluanid. As regards iprodion, this analyte is known [4,5] to be sensitive to thermal 

degradation, which can occur in both the injector and the capillary column. Moreover, its 

detectability was poorer than that of the other pesticides studied. With dichlofluanid and 

tolylfluanid there were serious deconvolution problems due to matrix interferences, which are 

discussed in the next section. For the analyses of both grape and pineapple extracts, the 

correlation coefficients obtained for the calibration plots were in the range of 0.990–0.999. On 

the basis of the several sets of analytical performance data which were obtained, the limits of 

detection for all analytes could be calculated to be 1–10 ng/g, i.e. in the expected range. 

Because the software builds the MS spectra which are compared with reference spectra before 

quantitation is carried out, it will be clear that the limits of detection and quantification 

actually are the limits of identification.
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Figure 6.1: Left: Extracted ion chromatograms of grape extract spiked at the 50 ng/ml level (equiv. with 10 

ng/g). Mass traces of oxadiazon (quantification mass, m/z 175; unique mass, m/z 258) and co-eluting compounds 

(unique masses, m/z 71, 101, 153, 158, 220 and 331). Right: experimental (top) and reference spectrum (bottom).
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6.3.2. Peak deconvolution
The main problem of data processing of complex samples is the tremendous number of peaks 

in the GC chromatogram. In such a case data processing of full-scan chromatograms without 

loss of mass spectrometric information can only be achieved by using a peak deconvolution 

algorithm. The data-analysis software searches the whole chromatogram for the presence of 

peaks in every mass trace. With this procedure, peaks with different m/z values found at the 

same retention time and having the same shape, are combined to build the compound 

spectrum. Co-eluting peaks with slightly different retention times – i.e. with four or more data 

points between their peak apices – and/or peak shapes are attributed to other, i.e. additional, 

compounds. For this research an acquisition rate of 20 Hz was used, which means that ´pure´ 

deconvoluted spectra can be obtained from peaks which are only 0.2 s apart. Two examples of 

successful deconvolution are displayed in Figures 6.1 and 6.2. They both show a multiple co-

elution problem in grape extracts, viz. for oxadiazon and trifluralin, respectively. The merits 

of the deconvolution approach are illustrated best by a comparison of the experimental and 

the reference spectra included in the figures. In the case of oxadiazon, the mass spectra are 

virtually identical. In the case of trifluralin, the similarity of (see m/z 248, 264, 290, 306 and 

335) is also fully satisfactory, but the high peaks at the low m/z 81 and 96 values appearing in 

the spectrum of the extract, indicate a somewhat less than ideal outcome.
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Figure 6.2: Left: Extracted ion chromatograms of grape extract spiked at the 50 ng/ml level (equiv. with 10 

ng/g). Mass traces of trifluralin (quantification mass, m/z 264; unique mass, m/z 306) and co-eluting compounds 

(unique masses, m/z 71, 108, 152, 173, 291 and 341). Right: experimental (top) and reference spectrum (bottom).
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The practicability of DMI–GC–ToF MS is demonstrated by the fact that recognisable 

mass spectra were obtained in 25 of the 26 cases studied. The only exception was with the 

determination of tolylfluanid in pineapple extract. As Figure 6.3A shows, there was a huge 

interfering peak at m/z 124. As a consequence, the resulting experimental mass spectrum was 

much too impure to automatically identify/quantify the presence of tolylfluanid. But again, 

this was the exception to the rule.
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Figure 6.3: Left: Extracted ion chromatograms of pineapple extract spiked at the 50 ng/ml level (equiv. with 10 

ng/g). Mass traces of Tolylfluanid (quantification mass, m/z 137; unique mass, m/z 181) and co-eluting 

compounds (unique masses, m/z 124 (10 times reduced), 206, 220 and 255). Right: experimental (top) and 

reference spectrum (bottom).

6.4. Conclusions

The use of the fully automated DMI–GC–ToF MS system for the screening of pesticides in 

fruits shows a promising analytical performance. Due to the flexibility and the automation of 

the DMI/DTD introduction approach and the powerful deconvolution algorithms of the MS 

data handling, sample clean-up can be reduced to a minimum without loss of performance. 

The possibility of loading 98 samples in the sampling tray and automated liner exchange 

makes the system very user-friendly. To all probability, the system can create a breakthrough 

in the field of pesticide screening in food samples. The general experience is that the proposed 

procedure is robust. The analysis of a wider range of pesticides, fruits and vegetables over a 

prolonged period of time is part of the on-going research.
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7. AT-column, a novel concentrating technique for 

large-volume injections in gas chromatography

Summary

Nowadays, large-volume injection is widely used for the GC determination of trace analytes, 

specifically to improve detectability. The most popular injectors for large-volume injections 

are the programmable temperature vaporisation (PTV) injector and the cold on-column 

(COC) injector, where each device has its own advantages and limitations. The novel AT-

column concentrating technique combines features of two other injection techniques, loop-

type large-volume and vapour overflow. AT-column injection is based on solvent evaporation 

in an empty liner with solvent vapour discharge via the split line. Little or no optimization is 

required. The only relevant parameter is the injection temperature which can easily be 

calculated using the equation of Antoine. As an application, AT-column injection is combined 

with GC–MS for the trace-level determination of labile analytes and with GC–FID for the 

analysis of high molecular-weight polymer additives. In summary, AT-column is an injection 

technique that combines the inertness of the COC, and the flexibility and robustness of the 

PTV large-volume technique.
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7.1. Introduction

In recent years, many studies were reported in which large-volume injection (LVI) methods 

were efficiently used for the GC determination of trace-level analytes. The major advantage 

of LVI techniques is that a much better analyte detectability can be obtained. Instead of the 

maximum volume of about 2 µl that can be injected when using a conventional technique 

such as splitless injection, with LVI injection volumes of 50–100 µl can easily be used [1,2]. 

Alternatively, if the improved detectability is not, or only partially required, sample 

preparation can be simplified by omitting time-consuming solvent evaporation steps which, in 

addition, often cause analyte losses. Typical LVI injectors are the programmable temperature 

vaporiser (PTV) [3,4] and the cold on-column (COC) injector [4-7]. In the PTV technique, the 

injector contains a liner packed with a sorbent to retain the large volume of solvent in the 

liner. When a PTV-type large-volume injection is performed, the injector temperature is set 

10–40°C below the boiling point of the solvent. The large volume is rapidly injected into the 

injector in the split mode, thereby providing a high carrier gas flow rate. The solvent is 

evaporated and the solvent vapour is eliminated through the split line by the high flow of 

carrier gas, while the analytes are retained on the packing of the liner. After evaporation of the 

solvent, the injector is switched to the splitless mode and the temperature is programmed to 

volatilise the analytes, which are then transferred to the capillary column. A disadvantage of 

PTV large-volume injection is that quite a few labile compounds are prone to decomposition 

due to catalytic effects of the packing material [8,9]. Moreover, heavy compounds are so 

strongly retained on the packing that desorption cannot be effected anymore. With the large-

volume COC technique, a long pre-column is used to separate the sample solvent and the 

analytes of interest. A solvent vapour exit (SVE) is mostly positioned between the pre-column 

and the capillary GC column. The large volume is injected onto the pre-column where it is 

evaporated. Then, the solvent vapour is vented to waste via the SVE. After evaporation of the 

solvent the SVE is closed and the analytes are transferred to the capillary column. The large-

volume COC technique needs a pre-column and the injection speed of the autosampler should 

be precisely controlled to prevent solvent flooding of the system [10,11]. Hence, optimisation 

can be tedious. Investigations to make GC injection techniques for LVI easier, more flexible 

and robust continue to receive a great deal of attention. An example is the “concurrent solvent 

recondensation LVI splitless injection (CSR-LV)” technique of Magni et al. [12].

In order to eliminate the drawbacks of the injection techniques briefly introduced in 

the previous paragraph, a novel injection technique has been developed, AT-column LVI. 

With this technique, a PTV-type injector is used, but now with an empty liner combining the 

features of two other injection techniques, loop-type large-volume [13-18] and vapour-

overflow [19-21]. As a consequence, no decomposition of labile compounds occurs, and there 

are no losses due to too strong adsorption either. Solvent evaporation occurs in the liner and 

the target compounds are concentrated at the inlet of the capillary GC column under relatively 
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low-temperature conditions, as with the COC technique. Consequently, there is no need for a 

long pre-column, and no precise control of the injection speed is required. In the present 

chapter the principle, optimisation and application of AT-column LVI will be discussed. AT-

column LVI should not be confused with the at-column technique described by Hagman et al.

[22] in the early nineties. This technique, where ‘at’ is written in lower case, was developed 

for injecting sample volumes not exceeding 2.5 µl into narrow-bore columns.

7.2. Experimental

7.2.1. Instrumentation
For the AT-column experiments two gas chromatographic systems were used. The first part of 

the work was performed on an HP 5890 GC (Agilent Technologies, Wilmington, DE, USA) 

equipped with an OPTIC 2 programmable injector (ATAS GL International, Veldhoven, the 

Netherlands) and a flame ionisation detector (FID). This system was used to set up the 

injection parameters based on alkane standard solutions; the injections were performed 

manually. The second part of the work was performed on an HP 6890 GC (Agilent 

Technologies) equipped with an OPTIC 3-S programmable injector (ATAS GL International) 

and an HP 5973 MSD (Agilent Technologies). This system was used to test the system for 

´activity´ and assess the robustness of the method when injecting labile compounds. The 

injector liners used for hot splitless, packed PTV LV and on-column injections were from 

ATAS GL. The injections were performed using a FOCUS sample introduction system 

(ATAS GL International). In both systems, the capillary GC column was a DB-5MS 30 m x 

0.25 mm I.D. column, with a film thickness of 0.50 µm (Agilent Technologies). The pre-

column was a 60 cm x 0.53 mm I.D. de-activated fused-silica capillary (Agilent 

Technologies) which was connected to the capillary GC column by means of a press-fit 

connector (Techrom, Purmerend, the Netherlands). Helium 5.0 (Hoekloos, Schiedam, the 

Netherlands) was used as carrier gas in all experiments.

7.2.2. Chemicals
An S1280 alkane standard in heptane (C10–C44 even carbon numbers at 50 ng/µl, C26 at 75 

ng/µl and C42 missing) was purchased from AccuStandard (New Haven, CT, USA). 

Dichlorvos, bendiocarb, carbaryl, methiocarb, endrin, 4,4’-DDT, iprodion and EPN were 

from Riedel-deHaën (Seelze, Germany) and were of at least 98% purity. Eicosane with a 

purity of 97% was purchased from Fluka (Buchs, Switzerland). The solvents to prepare 

dilutions and/or mixtures were from various sources and were all of p.a. quality.
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7.3. Results and discussion

7.3.1. Principle and design of the AT-column injector
Next to the PTV and on-column methods that are now widely used for large-volume 

sampling, several other methods have been developed for GC LVI. Two techniques worth 

mentioning are the loop-type large-volume method and the vapour-overflow technique. The 

AT-column LVI method combines features of both the loop-type and the vapour overflow 

method. To explain the mechanism of the AT-column injector it is, therefore, appropriate to 

take a closer look at these two earlier LVI methods.

In the loop-type LVI technique, an LC-type injection valve ('loop-type valve') is 

installed on top of the GC. A transfer capillary runs from the valve through the oven wall and 

is connected to the capillary column using a press-fit connector. For proper operation the 

temperature setting of the GC oven is crucial: it has to be slightly above the pressure-

corrected boiling point of the solvent. Upon injection, the sample, that was temporarily stored 

in the loop of the injection valve, is transferred through the transfer capillary into the GC 

oven. The driving force for this transport is the carrier gas flow. Carrier gas pushes the 

contents of the loop into the transfer capillary. When the plug of sample enters the section of 

the transfer capillary that penetrates the GC oven wall, it enters a zone with a positive 

temperature gradient. At some point in the gradient the front of the solvent plug reaches a 

temperature where the liquid starts to evaporate. The vapour pressure created in that way 

pushes the liquid back into the colder zone and an equilibrium situation is reached where the 

pressure created by the evaporating solvent balances the carrier gas pressure. The solvent plug 

continues to evaporate from the front until all the solvent has evaporated. Solvent vapour 

formed upon evaporation is discharged via an early SVE. Loop-type injection was the first 

method that was developed for LVI in GC. It gained some popularity, but is now largely 

replaced by on-column and PTV methods because of three distinct disadvantages: (i) losses of 

volatile analytes, (ii) uncontrolled 'shooting' of liquid into the capillary column as a result of 

boiling-delay, and (iii) carry-over due to liquid lagging behind in the transfer capillary 

between valve and column.

The new AT-column injection technique closely resembles loop-type injection, but 

eliminates the disadvantages summarised above. As with loop-type injection it is again 

essential to introduce the sample into a zone where a temperature gradient exists. This is now 

the liner of the AT-column injector. When the injector is kept at a temperature below the 

solvent boiling point while the GC oven temperature is above this value, a positive 

temperature gradient is created. A schematic of the injector-column configuration is shown in 

Figure 7.1. The liner now basically replaces the transfer capillary of the loop-type interface. A 

distinct improvement is that the volume of the liner, 120 µl, is large enough to accommodate 

the entire sample. At the end of the injection the liner is heated, thereby eliminating carry-

over. From the cool liner the liquid flows into a 60 cm x 0.53 mm I.D. de-activated fused-
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silica capillary pre-column. This deactivated capillary is press-fit connected to the outlet of 

the liner, at one end, and to the capillary GC column at the other end. There is no vapour exit 

between the capillary pre-column and the GC capillary. At some point in the first few 

centimetres of this capillary the solvent reaches the boiling temperature. The vapour pressure 

created upon evaporation pushes the excess of liquid that entered the fused-silica capillary 

back towards the colder liner. The liquid that has entered the capillary evaporates and new 

liquid can only flow into it once the pressure created inside the capillary has dropped below 

the carrier gas pressure set on the system. Again, a steady state is created where the flow of 

liquid solvent into the column equals the (mass) flow of solvent vapour leaving the system via 

the GC column. This process is repeated until the very last drops of solvent have flown into 

the capillary. As a result, all sample constituents will be concentrated at the top of the de-

activated fused silica capillary. Next, the injector and oven temperature are programmed to 

their respective final values and the GC separation is started.

Figure 7.1: Schematic of the AT-column injector configuration.
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A crucial feature in the design of the AT-column liner is the approx. 1-mm diameter 

glass bead present in the bottom section. This glass bead functions as a restrictor for liquid 

flow. It prevents large volumes of liquid sample from entering the de-activated fused silica 

capillary at the start of the injection process when the pressure in the deactivated capillary 

does not yet balance the carrier gas pressure. The use of a short length of a small diameter 

capillary, e.g. 0.2 mm I.D., would probably also provide the required flow resistance. 

However, for practical reasons (no need for a press-fit connection) we prefer the glass bead 

approach. An important drawback of the loop-type injector, the ‘shooting’ of liquid into the 

column due to boiling-delay, is nicely eliminated by this restriction. As mentioned previously, 

carry-over caused by the liquid film adhering to the wall of the transfer capillary or the 

sample loop is absent because the only zone that is in contact with the liquid sample, the 

injector liner, is heated to a high temperature after each injection. Finally the other 

disadvantage of loop-type LVI, the loss of volatile analytes, can be circumvented when using 

AT-column LVI. With standard loop-type injection, solvent evaporation only takes place 

from the 'hot side' of the solvent zone. Analyte molecules that escape from the liquid enter a 

zone where the temperature is even higher, and are readily lost. This situation is further 

aggravated by the low flow resistance: it is only a short distance to the nearest exit, the SVE. 

The AT-column injection exploits the vapour-overflow mechanism. Solvent evaporation 

mainly occurs from the ‘cold’ side of the solvent zone. Solvent vapour formed in the injector 

liner is discharged via an exit at the top of the injector. To effect this, a liner with a 2-mm 

diameter gas exit in the top section has to be used. Because of the large flow resistance of the 

GC column, only a marginal fraction of the solvent vapour is discharged from the system via 

the column. 

Due to the shape of the AT-column liner, contact of analytes with the metal surface of 

the injector body is excluded. The solvent elimination process in the AT-column injector is 

rather different from that in a packed liner. Firstly, the surface from which the solvent 

evaporates is much smaller. Secondly, the solvent vapour leaves the AT-column injector by 

diffusion, which is a rather slow and inefficient process compared to that occurring in packed-

bed liners where the carrier gas flows through the bed and dynamically purges the solvent 

vapour from the liner. As a consequence, with the AT-column injector, the initial injector 

temperature has to be substantially higher. Typically, a liner temperature close to the 

pressure-corrected solvent boiling point plus a high purge flow have to be applied to obtain 

acceptable solvent vent times. Although, at a first glance, these are unfavourable settings with 

regard to loss of volatiles, in practice good recoveries were obtained because of the small 

solvent surface area from which these analytes can escape and the strong solvent effect in the 

bulk liquid phase present in the injector. As explained before, the GC initial temperature has 

to be above the solvent boiling point to create a sufficiently high solvent vapour pressure to 

prevent flooding of the capillary column. Too high an initial GC temperature should be 

avoided, because this will adversely affect the focusing effect for low-boiling compounds.
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Optimisation of the AT-column LVI method is straightforward. Basically only three 

parameters have to be considered: injector temperature, purge flow and maximum sample 

volume. The maximum sample volume to be injected at-once is determined by the volume of 

the liner, which is typically 120 µl. Larger sample volumes can be handled when doing speed-

controlled or repetitive injections. The purge flow is not very critical because the evaporation 

process is fully self-adjusting. A purge flow between 100 and 200 ml/min will give good 

results. The only parameter that has to be carefully selected is the liner temperature. Due to 

the fact that there is an elevated pressure in the system, the solvent boiling point is higher than 

at atmospheric pressure, as described by the equation of Clausius–Clapeyron. The pressure-

corrected boiling point can be calculated using this equation or, preferably, the empirical 

Antoine equation.
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C
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Here A, B and C are the solvent-dependent empirical Antoine coefficients. The pressure, P, is 

in mm Hg and the temperature, T, in °C. By substituting the proper Antoine coefficients for 

the solvent to be injected and the carrier gas pressure, the corrected boiling point can be 

calculated. To obtain corrected boiling points close to the atmospheric boiling point and, 

consequently, to be able to keep the GC initial temperature as low as possible, the purge 

pressure should be set as low as possible. Table 7.1 gives the Antoine coefficients as well as 

the corrected boiling points of some common solvents at an injector carrier gas pressure of 

125 kPa (absolute pressure).

Table 7.1: Corrected boiling point of common solvents as calculated by Antoine equation.

Solvent

(atmospheric boiling 

point, °C)

A B C Corrected boiling 

point (°C)*

Pentane (36)

Hexane (69)

Dichloromethane (40)

Heptane (98)

Acetonitrile (81)

iso-Octane (99)

Methyl acetate (57)

6.87632

6.89748

7.08030

6.89385

7.07350

6.81189

6.31695

1075.78

1181.85

1138.91

1264.37

1279.20

1257.84

815.09

233.205

225.500

231.460

216.636

224.010

220.735

179.411

43

76

46

106

88

107

63

* Injector carrier gas pressure, 25 kPa.
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7.3.2. Temperature optimisation
Initial injector temperature. To keep the solvent boiling point inside the injector as low as 

possible, the pressure in the injector during solvent venting (‘purge pressure’) was set to 22 

kPa. Due to the flow resistance of the long split line, this was the lowest pressure at which the 

carrier-gas system could still maintain the split flow at the desired value of 140 ml/min. The 

sample used for the optimisation was a hydrocarbon standard containing C10–C44 in n-hexane. 

The corrected boiling point of n-hexane at 22 kPa injector purge pressure (122 kPa absolute 

pressure) is 75°C. To ensure that the solvent vapour pressure in the capillary column is high 

enough, the GC initial temperature was set to 100°C. After solvent evaporation the GC was 

ramped to 350°C (10 min hold) at 15°C/min; During the analysis the injector pressure was 

kept constant at 100 kPa with a split flow of 35 ml/min. The injection volume was 100 µl and 

the injector initial temperature was varied from 66°C to 78°C in steps of 2°C. The venting 

flow was 140 ml/min for all injections and the capillary column was a 30 m x 0.25 mm I.D. 

HP5-MS with a film thickness of 0.5 µm. A somewhat thicker stationary phase film was 

chosen to improve focusing at the relatively high initial oven temperature. Figure 7.2 shows

typical response results for the C20 peak. This compound was selected because it will be 

focused sufficiently at an initial oven temperature of 100°C. Moreover, it will not easily be 

lost during solvent evaporation in the injector liner. Figure 7.2 clearly shows that the selection 

of the liner temperature is not very critical. There is no real minimum temperature, except that 

evaporation times can become unacceptably long. Higher temperatures constitute a risk of 

explosion-like evaporation of the solvent in the liner. Typically the initial temperature can be 

set slightly above the boiling point of the solvent. It is also clear from the figure that the 

recovery rapidly decreases at higher temperatures. If recovery losses of up to 10% are 

considered acceptable, this results in a venting temperature of 72–73°C. To generalise, the 

optimal initial injector temperature is 2–3°C below the corrected boiling point of the solvent.
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Figure 7.2: Influence of injector venting temperature on () the C20 peak area and () the solvent venting time. 

▲ indicates situation where recovery loss is 10% (see text). 



AT-column concentrating technique 161

Initial GC temperature. The experiments on the optimisation of the initial injector 

temperature showed that an initial GC temperature of 100°C can be used for semi-volatile 

compounds like C20. In order to obtain stronger focusing for lower-boiling compounds, the 

initial GC temperature has to be as low as possible, but, evidently, too low temperatures 

where flooding of the column can occur, should be avoided. The initial GC temperature was 

optimised in 5°C steps from 100 down to 70°C. The initial injector temperature was set at the 

optimised value of 73°C. All other parameter values were the same as before. Figure 7.3

shows that at an initial GC temperature of 70°C the column becomes flooded with solvent, 

which results in collapsing of the peaks. On the other hand, there is essentially no difference 

between the peak shapes recorded at 75, 80 and 85°C. Based on these results it was decided to 

take 80°C as the optimum initial oven temperature. To generalise, the initial oven temperature 

should be about 5°C above the corrected boiling point of the solvent, equal to 7–8°C above 

the initial injector temperature. Figure 7.4 shows a GC–FID chromatogram of a 100-µl AT-

column injection of the alkane mixture in hexane performed at the optimised initial 

temperature settings. Due to the constant-pressure approach of the analysis and the relatively 

thick film, the later eluting peaks are rather broad. Nevertheless, their relative recoveries are 

close to 100%, as can be read from the legend to the figure.

0

100

200

16.0 16.5 17.0 17.5

Retention time (min)

R
el

at
iv

e 
re

sp
o

n
se

70°C

75°C
80°C

85°C

0

100

200

16.0 16.5 17.0 17.5

Retention time (min)

R
el

at
iv

e 
re

sp
o

n
se

70°C

75°C
80°C

85°C

Figure 7.3: Influence of initial oven temperature (indicated for each peak in °C) on peak shape of C20.
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7.3.3. Application range
As is true for all LVI methods, the current method also has a finite application range. Very 

volatile analytes will be lost, while there will be also a limit on the higher molecular weight 

side. The results presented in Figure 7.4 (and its legend) show that the recovery for C14 (and 

lower boiling compounds) is less than 90% compared with C20. In order to establish the actual 

application range of the AT-column injection technique, alkane solutions were prepared in 

several frequently used GC solvents, viz., hexane, pentane, heptane, dichloromethane, 

acetonitrile, iso-octane and methyl acetate. The injection parameters were set according to the 

rules derived above. Figure 7.5 shows a selected set of chromatograms recorded at the 

predicted optimal temperatures. Quantitative recovery data are given in Table 7.2 for a 

selected number of analytes. Table 7.3 lists the first eluting compound for which 90% 

recovery was obtained for each of the solvents tested. In this table also the difference in 

atmospheric boiling points between the compound and the solvent are given. 
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Figure 7.4: GC–FID chromatogram of a 100-µl AT-column injection of an alkane mixture in hexane, using 

optimised injector and oven temperatures (73 and 80°C, respectively). For selected alkanes, the relative 

recoveries (compared with C20) were: C14, 84%; C16, 93%; C30, 102%; C40, 97%; C44, 97%.

One important conclusion that can be drawn from the chromatograms in Figure 7.5 is 

that the application range extends up to at least C44 (the highest molecular weight alkane 

tested), independent of the solvent used. This maximum is determined only by the final 

temperature of the PTV and the GC column. On the lower side the solvent clearly affects the 

performance of the method. Table 7.3 shows that there is a minimum boiling point difference 

between the solvent and the first eluting 90% compound of 180–195°C for apolar organic 

solvents, which increases to 260°C for more polar organic solvents. The poorer recovery seen 

for the more polar solvents is caused by the reduced solubilisation of the non-polar analytes in 

these solvents in the injector liner.
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Figure 7.5: Selected set of 100 µl AT-column–GC–FID chromatograms at predicted optimal initial temperatures 

for a selection of solvents: (A) pentane, (B) dichloromethane, (C) methyl acetate and (D) iso-octane. Recoveries 

vs. C20 (or C30*) for selected compounds are given in Table 7.2.
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Table 7.2: Recoveries for selected compounds injected in four different solvents. For further 

conditions see text and Figure 7.5.

Solvent Init. inj. temp. (°C) Init. GC temp. (°C) Rel. recovery

Pentane 39 47 C10   0.89

C12   0.98

C44   0.96

Dichloromethane 42 50 C14   0.59

C16   0.90

C44    0.97

Methyl acetate 60 68 C14   0.87

C16   0.96

C44   0.93

iso-Octane 103 111 C20   0.83*

C22   0.91*

C44   0.95*

* Recovery compared to C30; others to C20.

Table 7.3: Difference in atmospheric boiling point between solvent and first alkane yielding 90% 

recovery.

Solvent 

(atm. boiling point, °C)

First 90%-recovery compound

(atm. boiling point, °C)

Difference in atm. 

boiling point (°C)

Pentane 

Hexane 

Dichloromethane

Heptane

Acetonitrile

iso-Octane

Methyl acetate

(36)

(69)

(39)

(98)

(81)

(126)

(57)

C10

C14

C16

C16

C20*

C24*

C14

(216)

(253)

(287)

(287)

(342)

(391)

(253)

180

184

248

189

261

265

196

* Recovery compared to C30; others to C20.

Table 7.4: Analytical performance data for AT-column–GC–FID of n-alkanes.

Alkane Area = f(vinj) + C Correlation coefficient*

(r2)

%RSD**

C10

C12

C20

C26

C30

C40

C44

0.064 vinj + 0.556

0.075 vinj + 0.459

0.117 vinj + 0.087

0.180 vinj + 0.073

0.120 vinj – 0.068

0.113 vinj – 0.220

0.119 vinj – 0.801

0.992

0.993

0.999

0.999

0.999

0.999

0.998

14

6.5

4.0

4.0

5.0

5.0

6.5

* Based on injections of 10, 25, 50, 75 and 100 µl

** n=8 (100-µl injections)
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7.3.4. Analytical performance data
If the carrier gas is monitored for the presence of solvent vapour during solvent venting, no 

optimisation of the vent time is needed. This means that the optimised settings can also be 

used for sample volumes other than 100 µl. For a study on the analytical performance the 

injection parameters were set as optimised in the previous sections; the alkane solution was 

prepared in pentane. Table 7.4 shows the relevant analytical performance data for the linearity 

of the peak area response as a function of the injection volume and the repeatability for a 

selected number of alkanes. The results for both parameters can be called satisfactory. Except 

for C10 and C12 all r2 values were above 0.998, while the RSD values were, typically, 4–5%.

7.3.5. Applications
Labile pesticides. Because of the design of the AT-column injector it is expected that there 

will be less degradation of labile analytes than with the conventional PTV large-volume 

technique. To test the degradation behaviour of analytes in AT-column LVI, a 0.1 ng/µl 

solution in pentane was prepared which contained dichlorvos, bendiocarb, carbaryl, 

methiocarb, endrin, 4,4’-DDT, iprodion, EPN (O-ethyl O-(4-nitrophenyl)ester phenyl 

phosphonothioic acid) and eicosane (used as internal standard). With this solution 100-µl 

injections were performed using both AT-column LVI and conventional PTV LVI with a liner 

packed with a Chromosorb-based material. A 100-fold more concentrated solution of the 

same mixture was used to perform hot splitless and COC injections to create reference 

chromatograms. All four types of injection were carried out on the same OPTIC 3 

programmable injector. Figure 7.6 shows full-scan GC–MS chromatograms for the four 

injection techniques. The GC traces of the hot splitless injection and the PTV LVI analysis 

show severe analyte degradation as is manifest from the, sometimes complete, loss of the test 

compounds and the occurrence of several new peaks resulting from the degradation. In 

marked contrast, both the AT-column and the COC chromatograms show only the peaks of 

the injected compounds. This indicates that the inertness of the AT-column technique is 

similar to that of the COC method. These techniques are clearly superior to hot splitless and 

conventional PTV LVI injections. 

Finally, the ruggedness of the AT-column approach was tested by a series of 100 

injections of 100 µl of the labile analytes’ test sample. Comparison of the first (Figure 7.6C) 

and the last chromatogram (Figure 7.6E) convincingly illustrates that there is (almost) no 

difference in the peak heights and the absence of degradation.
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Figure 7.6: Full-scan chromatograms of hot splitless (A), packed PTV LVI (B), AT-column (C), on-column (D) 

injection, and AT-column Run 100 (E). 1 = dichlorvos, 2 = bendiocarb, 3 = carbaryl, 4 = methiocarb, 5 = endrin, 

6 = 4,4’-DDT, 7 = iprodion, 8 = EPN and C20 = eicosane. The designation ‘d’ indicates degradation products: 

d2 = unknown, d3 = 1-naphthalenol, d4 = unknown, d51 = endrin aldehyde, d52 = endrin ketone, d61 = DDMU, 

d62 = DDD; Injector: 39°C - 4°C/min - 300°C, 140 ml/min vent flow, 1 ml/min constant column flow; GC oven: 

47°C (2 min) - 4°C/min - 200°C - 10°C/min - 300°C (10 min).
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Figure 7.7: AT-column–GC–FID analysis of 500 µl of a solution of 100 ppb polymer additives. GC oven 

programming at 20°C/min to 300°C and next at 35°C/min to 400°C. Capillary column: DB5-HT, 15 m x 0.32 

mm I.D., film thickness, 0.1 µm. Pre-column: J&W deactivated prosteal capillary of 2 m x 0.53 mm I.D. 

Sorption problems. The GC analysis of high-molecular-weight compounds often causes 

problems, primarily due to losses during the transfer of sample from the injector to the 

column, with one main cause being the adsorption of the target analytes on the wall of the 

liner or, if present, the surface of the packing material. Hence, RSD values for such analytes 

are often very high. AT-column LVI should be an approach to improve such analyses, 

because the analytes are now transferred to the GC column dissolved in the last droplets of the 

injection solvent flowing from the injector into the column, which reduces the risk of liner 

adsorption to a minimum. Figure 7.7 shows an AT-column–GC–FID analysis of 500 µl of a 

sample consisting of polymer additives dissolved in dichloromethane (100 ng/ml), with the 

alkane C20 as internal standard. The polymer additives have molecular weights ranging to well 

over 900. This represents the upper limit of molecular weights amenable to gas 

chromatography [23]. Table 7.5 shows RSD and recovery data. The latter were calculated by 

comparison with a 1-µl on-column injection. Because of the very large sample volume, the 

injection had to be performed at a controlled rate. An injection speed of 500 µl/min was used. 

During injection and solvent elimination, the injector conditions were 43°C and 25 kPa with a 
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150 ml/min vent flow; the GC oven was held at 56°C. After solvent elimination, the injector 

was heated to 475°C at 1°C/s, where the pressure was programmed from 62 kPa to 241 kPa. 

The data of Table 7.5 clearly show that, while the recoveries are satisfactory with values of 

82–105% for all but one additive, the repeatabilities are good, with RSDs ranging from 2 to 

7% (n=5).

Table 7.5: Repeatability and recovery data for AT-column GC–FID additive analysis.

PETSPeak AO 2246 Irganox 1076

1 2 3 4

RSD (%)* 33.5 22.0 7.0 3.5 6.5 5.5

Recovery (%) 105 68 82 84 88 100

* n=5

7.4. Conclusions
AT-column large-volume injection is a promising alternative to existing large-volume 

injection techniques. The AT-column technique combines the user-friendliness, flexibility and 

robustness of PTV injections with the high inertness of on-column sample introduction. The 

tolerance for contaminated samples is at least comparable to that of the on-column LVI 

technique. The use of the Antoine equation for the selection of the initial injection 

temperatures makes optimisation straightforward. AT-column LVI can be used with a wide 

range of solvents and its analytical performance data are fully satisfactory. Interesting areas of 

application are the analysis of samples that contain thermally labile analytes or high-

molecular-weight compounds. 
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