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Abstract

In recent years, comprehensive two-dimensional gas chromatography (GC) has attained increasing attention for its
outstanding separation potential and capability to solve demanding analytical tasks. Trace level analysis of pesticides residues
in complex food matrices represents such a demanding task. For some commaodities, such as baby food, the requirements on
method detection limits are very strict and the unambiguous confirmation of the pesticide presence based on mass spectrometric
detection is required. In this work, G GC coupled to time-of-flight mass spectrometry (TOF MS) has been evaluated for the
determination of pesticides residues in fruit samples. Twenty modern pesticides with a broad range of physico-chemical properties
were analysed in apple and peach samples. It has been demonstrated that the application of comprehensive two-dimensional
gas chromatography brings distinct advantages such as enhanced separation of target pesticides from matrix co-extracts as
well as their improved detectability. The limits of detection of the pesticides comprised in the study (determipRd-a5p
ranged from 0.2 to 30 pg, injected with the exception of the last eluted deltamethrin, for which 100 pg could be detected. When
compared to one-dimentional GC-TOF MS analysis under essentially the same conditions the detectability enhancement was
1.5-50-fold. Full mass spectral information by time-of-flight mass spectrometry and the deconvolution capability of the dedicated
software allowed for reliable identification of most pesticides at levels below 0.01 mg#@g injected) in fruit. Performance
characteristics of the G& GC-TOF MS method, such as linearity of calibration curves, repeatability of (summed) peak areas,
as well as repeatability of first and second dimension retention times, were shown to fully satisfy the requirements for trace level
analysis of the pesticide residues in food.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction task, since multiple target analytes have to be deter-
mined within one run in samples containing large

Gas chromatographic multi-residue analysis of amounts of co-extracted matrix components. Con-
pesticides in food represents a challenging analytical ventional GC multi-residue methods involve element
specific detectors such as NPD, FPD or ECD and the
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recently GC-MS has increasingly becoming a pri-
mary tool for the determination of pesticides residues
in food. According to European Commission guide-
lines [1], confirmation of analyte identity by SIM

or full MS methods has to be performed by the de-
tection of at least four characteristic ions matching
the relative abundance criteria. However, GC-MS
determination/confirmation of pesticides can be com-
plicated by the interference of matrix components,
co-eluting with the analytes of interest. Especially
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matographic peak. Therefore, until recently detection
in GC x GC was limited to the use of fast analogue
detectors such as FID or ECD. However, the commer-
cialisation of TOF MS instruments providing very fast
acquisition rates has considerably enlarged the appli-
cation potential of GG« GC technique. Very promis-
ing results of the coupling of GEGC with a TOF MS

for the analysis of petrochemical samp[6%, essen-
tial oils [10], cigarette smok§gl1] and trace-level de-
termination of pesticides in vegetabld2] have been

troublesome are those analytes possessing low andreported. Very recently, the first fully-integrated GC

hence unspecifiovz value ions in their mass spectra.
Conventional GC-MS methods may, therefore, fail to
determine and confirm these analytes at sufficiently
low concentration levels. This problem becomes crit-
ical if a low regulation limit is set for the particular
commodity, e.g. baby food, MRE 0.01 mg/kg.

One of the approaches to overcome this problem
is to improve the gas chromatographic separation.

GC-TOF MS instrument has been introdudéd].
This system uses a robust dual-stage jet cryogenic
modulator and the integrated software enables to fully
exploit the capabilities of this powerful technique.

In our study, the LECO Pegasus 4D GGC-TOF
MS system was evaluated for the analysis of pesti-
cides residues in fruit matrices. Special focus was
laid on the potential of the technique to reliably

Recently introduced technique, the comprehensive identify the pesticides at levels0.01 mg/kg, which

two-dimensional gas chromatography (GCGC)
brings the separation potential superior to any con-
ventional gas chromatographic separation. GC
invented by Liu and Philips in 199[P] is an entirely
new form of two-dimensional gas chromatography
[3]. The principles and instrumentation of compre-

is the maximum residue limit for pesticide residues
in baby/infant food. Also, we aimed to evaluate the
guantitative performance characteristics of a devel-
oped GCx GC-TOF-MS method.

hensive two-dimensional gas chromatography have 2. Experimental

been recently reviewed in several pap@s8]. In
GC x GC, two columns of different selectivity are
serially coupled via a modulation device, which cuts
small portions (typically 2—-10s) of the effluent from

2.1. Instrumentation

GC x GC-TOF MS instrument Pegasus 4D from

the first column, refocuses them and samples onto LECO, Co. (USA) consisted of Agilent 6890N gas
the second column. Each pulse generates its ownchromatograph with split—splitless injector, 7683 Se-
very fast chromatogram. A suitable computer pro- ries autosampler and time-of-flight mass spectrometer
gramme has to be used to generate a two-dimensionalLECO Pegasus Il (10 ml/min pumping capacity).
chromatogram. For visualizing the G< GC data, Inside the GC oven a dual-stage jet modulator and
contour plots, representing the “bird’s-eye view” of the secondary oven were mounted. Resistively heated
the chromatogram, are often used. In €GC, every air was used as a medium for hot jets, while cold
compound in the sample mixture is subjected to two jets were supplied by gaseous nitrogen, secondary
independent separation mechanisms, therefore, thecooled by liquid nitrogen. Instrumental parameters of
technique has enormous potential to resolve very com-a GC x GC-TOF MS method were as mentioned
plex mixtures. Application potential in petrochemical, below.
essential oil, food and environmental analysis has
been demonstrated by many authf@ks 2.1.1. GCx GC-TOF MS analysis

Since GCx GC produces very narrow chromato- 2.1.1.1. Gas chromatographyPrimary column
graphic peaks (typically 50-600ms at the baseline), DB-XLB (30 m x 0.25 mmx 0.25um) and secondary
the detection system applied has to be fast enoughcolumn DB-17 (1 mx 0.1 mm x 0.1 um), both from
to provide sufficient density of data points per chro- Agilent, USA; oven temperature program: @ for
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1.1 min, 20°C/min to 300°C, 20-300C for 10 min, mixture was filtered under vacuum and the filtrate
secondary oven was held6 above the main oven; was evaporated and made up to 50 ml with cyclohex-
helium flow: 1.2 ml/min; injection mode: pulsed split- ane to obtain the ratio cyclohexane—ethyl acetate (1:1
less; 50 psi at 1.1 min; injection temperature: 260 (v/v)). Two milliliter of crude extract were purified
injection volume: Jul; modulation time: 2s (hot pulse by high-performance gel permeation chromatography

0.4 s); modulation temperature offset: 30 (HPGPC) using a PL gel column (600 mwn7.5 mm,
50A) and cyclohexane—ethyl acetate (1:1 (v/v)) at
2.1.1.2. Mass spectrometric detectiorAcquisition a flow of 1 ml/min as a mobile phase. The eluate
rate: 250 Hz; mass range: 45-400 amu; ion source tem-fraction of 14.5-31ml was evaporated, the resid-
perature: 220C; transfer line temperature: 28G; ual solvent was blown down under the stream of
detector voltage=1800 V. nitrogen and the content was redissolved in 1ml
of standard pesticides at 50 or 10 ng/ml to prepare
2.1.2. GC-TOF MS analysis spiked matrix samples at 50 and 10 ng/ml, respec-

For the purpose of comparison, samples were mea-tively. Blank sample was prepared in a similar way
sured also by one-dimensional GC-TOF MS method, by dissolving the evaporated GPC fraction in ethyl
under essentially identical conditions. acetate.

2.1.2.1. Gas chromatographyPrimary column DB-
XLB (30 mx0.25 mmx0.25um), Agilent, USA; oven 3. Results and discussion
temperature program: 7@ for 1.1 min, 20°C/min to

300°C, 20-300C for 10 min; helium flow: 1.2 ml/ Fig. 1(A) and (B) show contour plots obtained
min; injection mode: pulsed splitless; 50 psiat 1.1 min; by the analysis of peach and apple blank samples.
injection temperature: 25; injection volume: By mass spectral comparison to a library, the major
Lpl co-extracts were identified as succinic acid in peach
and malic and fumaric acids in appl€&ig. 1(C)

2.1.2.2. Mass spectrometric detectiorAcquisition shows the contour plot of the pesticides standard at
rate: 5Hz; mass range: 45-400 amu; ion source tem-a concentration of fug/ml. For the identification of
perature: 220C; transfer line temperature: 28G; individual pesticides in this figure s@able 1

detector voltage=1800 V.

Total analysis time was 29.1 min for both GC 3.1. Improved chromatographic separation
GC-TOF MS and GC-TOF MS methods. Chro-
maTOF software (LECO, Co.) was used for the proce-  The application of GC< GC in pesticide analysis

ssing of collected data. resulted in improved chromatographic resolution both
in terms of: (i) separation of individual pesticides from
2.2. Test samples each other; and (ii) separation of pesticides from ma-

trix components.

The test mixture comprised of 20 pesticides possess- An example is given irFigs. 2 and Jor the sep-
ing a wide range of physico-chemical properties (see aration of the pesticides heptachlor, carbaryl and
Table ). The calibration mixtures were prepared by chlorothalonil. Chlorothalonil was not included in
diluting the stock standard solution into ethyl acetate. the spiking mixture; however, it was present in the
The concentration of pesticides in individual standard peach sample as a contaminant. In 1D analysis,
solutions were approximately 1000, 500, 100, 50, 25, chlorothalonil coelutes with both heptachlor and car-
10 and 5ng/ml. baryl (seeFig. 2(A)). By using the deconvolution

The purified apple and peach samples were pre- feature of the ChromaTOF software it was possible to
pared using the following procedure: 25g of homo- obtain a pure mass spectrum and identify heptachlor
genized blank sample were mixed with 100 ml of ethyl (seeFig. 2(B)). However, in the case of chlorothalonil
acetate. After addition of 759 of N&Qy, the sample  and carbaryl, complete overlap existed between the
was blended using Turrax tissumizer for 2min. The two peaks. Therefore, the deconvolution algorithm



176 J. Zrostikowa et al. / J. Chromatogr. A 1019 (2003) 173-186

1000

DBXLB

Fig. 1. Contour plots obtained by analysis of pesticide samples: (A) blank peach sample (1 g/ml GPC purified extract in ethyl adetate), 1
injected; (B) blank apple sample (1g/ml GPC purified extract in ethyl acetaid)jnjected; (C) standard of pesticides in ethyl acetate,
1ug/ml each pesticide, I injected.
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Table 1

Limits of detection of pesticides in peach (extrapolated for signal-to-noise a9, estimated for a spiked peach sample at 50 and
10ng/ml for GC-TOF MS and G& GC-TOF MS techniques, respectively

Pesticide m'z 1D 2D Detection enhancement
SIN Limit of detectioft SINP Limit of detectior? facto
(ng/ml-ug/kg of peach) (ng/ml—ug/kg of peach)
1 Methamidophos 94 44 6 28 2 3
2 Dichlorvos 109 24 10 26 0.2 50
3 Acephate 136 25 10 30 15 6
4 Dimethoate 125 62 4 40 1.5 3
5 Lindane 181 17 15 67 0.8 20
6 Pirimiphos-Me 290 25 10 23 2 5
7 Heptachlor 272 30 9 45 1 8
8 Carbaryl 144 37 7 78 0.6 11
9 Methiocarb 168 35 7 34 15 5
10 Chlorpyrifos 197 47 5 29 1.7 3
11 Procymidone 96 17 15 71 0.7 20
12 Thiabendazole 202 39 6 15 35 2
13 Captan 149 6 42 8 7 6
14 Endosulfan | 241 14 19 11 4.5 4
15 Endosulfan 1 241 10 24 5 10 2
16 Propargite 173 13 19 7 7 3
17 Endosulfan-S@ 272 19 13 7 8 2
18 Phosalone 182 18 14 8 6 2
19  Permethrind 183 7 37 8 30 1
19 Permethrin f 183 11 23 25 10 2.5
20 Deltamethrifi 181 4 140 5 100 1.5

a Extrapolated to signal-to-noise (S/N) 5.

b The highest (base) modulated peak has been considered for the calculations.

¢ As a ratio of LOD for 1D GC-TOF MS analysis to LOD of GCGC-TOF MS analysis.

d Estimated from the analysis of peach matrix-matched standard /8@ for both techniques.
€ Estimated from the analysis of peach matrix-matched standard atgil60 for both techniques.

failed and only one peak with a mixed mass spectrum base peak in the mass spectrum, is commonly used
was identified (seéig. 2(C). By the application of for quantification. However, in this particular case, in
GC x GC carbaryl is completely separated from the conventional 1D GC separation a matrix compound
other two compounds and pure mass spectra with high interferes with dichlorvos atwz 79 and 109 (see
match values can be obtained for all three pesticides Fig. 4(A)). In this situation, neither effective decon-
(seeFig. 3. volution nor identification of dichlorvos based on the
Regarding the separation of pesticides from co- ratios of the three qualifier ions (as is commonly used
extracts, application of a “boiling-point” separation on with classic GC-MS method) is achievable. When
a 1D DB—XLB column followed by polarity separa- applying GCx GC separation, the matrix compound
tion on 2D DB-17 column led to significant improve- was fully separated from dichlorvos based on dif-
ment in resolution when compared to the 1D fering retention behaviour on a DB-17 column (see
setup. The benefit of GEGC was obvious, especially  Fig. 4(B)). In this case, a pure mass spectrum could
for the early eluting analytes, where the risk of matrix be taken from the separated peak, which resulted
interference is most significariig. 4shows an exam-  in unambiguous identification of dichlorvos with a
ple of dichlorvos in an apple sample at 10 ng/ml. The library search reverse factor of 940 (seig. 4(C).
most abundant ions in the mass spectrum of dichlor- The interfering matrix component was identified
vos arem/z 79, 109 and 185. Mass 109, being the as 5-(hydroxymethyl)-2-furancarboxaldehyde (see
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Fig. 2. (A) Chromatogram obtained by 1D GC-TOF MS analysis of GPC purified peach sample spiked with pesticides at 50 ng/ml each:
(1) heptachlorm/z = 272, (2) carbarylm/z = 144 and 115; (3) chlorothaloniin/z = 266; (B) deconvoluted mass spectrum of heptachlor,
despite co-elution with two other pesticides, a pure mass spectrum could be obtained by deconvolution; (C) mass spectrum of co-eluted
peaks of carbaryl and chlorothalonil, since these two peaks completely overlap, mass spectra could not be “purified” by deconvolution.

Fig. 5), most probably originating from non-enzymic 3.2. Enhancement of signal-to-noise ratio
browning reactions of fruit sugars. by GC x GC

Although dichlorvos is shown as a typical example
here, the separation from co-extracts was improved In GC x GC separation, the peaks of analytes are
generally for most pesticides. In many cases, this fact considerably narrower compared to conventional GC.
resulted in a considerable decreasing of detection lim- This is a result of cryofocusing in the modulator re-
its as discussed iSection 3.3 gion and subsequent very fast separation on a second
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Fig. 3. (A) Chromatogram (selected modulation segment) obtained by GC-TOF MS analysis of GPC purified peach sample spiked

with pesticides at 50 ng/ml each: (1) heptachioiz = 272; (2) carbarylm/z = 144, 115; (3) chlorothaloniliwz = 266. Deconvoluted
mass spectrum of: (B) heptachlor; (C) carbaryl; and (D) chlorothalonil.

column. However, the mass of one analyte is subdi- four segments to maintain the first dimension sepa-
vided into several modulation segments. It is, there- ration [8]. This approach assumes that the peaks of
fore, obvious that the longer the modulation period components (partially) separated in the first dimen-

and the lower the resulting number of segments are sion have Gaussian shapes and comparable widths.
created from a first dimension peak, the better the However, the analyses of the apple and peach samples
limits of detection obtained by G& GC. On the have shown that the most “troublesome” co-extracts
other hand, the separation already achieved in the firstoften elute from the first column as broad asymmetric
dimension should be preserved and, therefore, somebands and completely overlap the analytes of interest.
minimum number of modulation per peak has to be In such a case, the requirement for 4-5 modulation per
made. As a rule of thumb, it is often stated that a first dimension peak is not fully justified. For this rea-
first dimension peak should be modulated into at least son, in the presented experiment, the number of mod-
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Fig. 4. Separation of: (1) dichlorvos from matrix co-extract, (2) 5-(hydroxymethyl)-2-furancarboxaldehyde, spiked apple sample at 10 ng/ml
(10 pg injected). Plotted are three most abundant ions in the mass spectrum of dichlorvos (79, 109, and 185). Chromatogram from: (A)
GC-TOF MS analysis of zoomed section shows the peak of dichlorvos at mass 185, at masses 79 and 109 matrix interference is recorded
(B) GC x GC-TOF MS analysis, base modulation, matrix interference has been resolved on secondary DB-17 column; (C) hit table for
the peak of dichlorvos obtained by GCGC-TOF MS analysis.
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Fig. 5. Library search results for the peak of matrix interference (peak 2) obtained by @G-TOF MS analysis: (A) measured mass
spectrum (upper), NIST library mass spectrum (bottom); (B) hit table; (C) structure.

ulation per peak was set to 2—3 to obtain maximum although peak area remains practically constant. The
detectability of pesticides. Ifable 2 signal-to-noise  extent of this enhancement is, however, dependent on
ratios are calculated for both one-dimensional (1D) the phase of modulatioji4] and the resulting ratios
and two-dimensional (2D) analyses for two pesticides, of intensity of secondary peaks. In the example shown
pirimiphos-Me and lindane, in a solvent standard at here, pirimiphos-Me has been modulated into two sec-
50pg/ml. It should be noted that 1D and 2D anal- ondary peaks of comparable heights, whereas the lin-
yses were performed to obtain a comparable num- dane peak has been modulated three times, forming
ber of spectra acquired per peak (ca. 20). From this the main peak that is much more intensive than the
table it is clear that with the number of 2-3 mod- other two peaks (sekig. 6). Therefore, in the latter
ulations per first dimension peak, considerable en- case more S/N enhancement by GGC could be
hancement of signal-to-noise ratio occurs (ca. 510  achieved.

Table 2
S/N enhancement for pirimiphos-Me and lindane by SGC?
Pesticide 1D analysis 2D analysis Enhancement
factor
Peak: (1) height, Peak-to- S/IN  Peak: (1) height Peak-to- SIN
(2) area, (3) width peak noise (2) ared, (3) widtlP  peak noise
Pirimiphos-Me (Wz = 290), (1) 5600, (2) 30000, 300 19 (1) 2200, (2) 29000, 25 88 5
modulation: two peaks of (3) 3.5s (3) 0.1s
similar intensity
Lindane (nz = 181), (1) 14000, (2) 83000, 300 47 (1) 12000, (2) 76000, 30 400 9
modulation: three peaks, (3) 4s (3)0.1s

central one much higher
than the other two

@ Calculated for standard in ethyl acetate at 50 ng/ml.
b Width at baseline.

¢ Height of most intense modulated peak.

d Summed area of all modulated peaks.



182

2250 .
2000 .
1730 E
1500 q
1250 1
1000 .
730 .
500 L
250 .

J. Zrostikowa et al. / J. Chromatogr. A 1019 (2003) 173-186

Case 1: pirimiphos-Me

.

T T T
1068 1070

T
1072

15t Time (seconds)
2nd Time (seconds) ] 0 i}
Spectrum # 142000 142500 143000
9000 4 Case 2: lindane
8000 -
Fooo E
E000 4
2000 -
4000 e
3000 4
2000 5
1000 e
b | f
I I |
15t Time (seconds) 1020 1022 1024
2nd Time (seconds) 1 1 1
Spectrum # 130250 130750 131250
(81}

Fig. 6. Example of analytes modulated with different modulation
period, GCx GC-TOF MS analysis of standard 50 ng/ml in ethyl

acetate.

3.3. Performance characteristics of the
GC x GC-TOF MS method

3.3.1. Limits of detection

In Table 1 limits of detection of target pesticides
in peach matrix are shown. They were estimated
from GC-TOF MS and G& GC-TOF MS analyses

ing 23-75 spectra per peak at an acquisition rate of
250 Hz.

FromTable 1 it is obvious that by GG« GC-TOF
MS the achieved limits of detection are consider-
ably lower than those obtained by 1D GC-TOF MS
analysis (by factor 1.50-50). Detection enhancement
observed is a result of two above-discussed effects,
i.e. the narrowing of peak bands and better separation
from co-extracts by GG GC. Relatively great vari-
ability in the detection enhancement was observed
among particular pesticides, depending on their boil-
ing points (typically the enhancement in detectability
was less pronounced for higher boiling components),
relative ratios of modulated peaks as well as particular
coelutions with matrix component.

By the application of GCx GC-TOF MS tech-
nigue, the limits of detection of most pesticides were
well below 10ng/ml (10 pg injected). These results
are especially important for pesticides known for poor
detectability by conventional GC-MS. As an exam-
ple may serve the relatively polar organophosphorous
pesticides methamidophos and acephate. These com-
pounds have very low, hence, unspecific qualifiéz
in their mass spectra and, therefore, GC-MS determi-
nation is often impaired by matrix interference. More-
over, peaks of these compounds typically tail (in the
first dimension) due to adverse injector phenomena.
In Figs. 7 and 8 determination of methamidophos
and acephate is documented at the concentration level
10 ng/ml (corresponds to 0.01 mg/kg of matrix). It is
obvious that even at this low level the above pesti-
cides can be reliably determined in fruit matrix and
unambiguously identified by means of their full mass
spectra. In addition, they are eluted as sharp and
symmetrical peaks from the secondary column.

Relatively poor detectability was obtained in the
case of deltamethrin. Because of high retention time,
the elution zone of this compound is broad in both
first and second dimension. This leads to two effects:

of spiked peach extract at 50 and 10 ng/ml, respec- (i) since the first dimension width of deltamethrin

tively, by extrapolation to signal-to-noise ratio of 5.

peak is ca. 12 s, it is modulated into 67 segments in-

The detection limits of 1D and 2D techniques were stead of 2—-3 as for most other pesticides. This natu-
evaluated using comparable number of data point per rally leads to worsened detectability of this compound,;
chromatographic peak. 1D analysis provided peaks (ii) since the second dimension peak of deltamethrin
of pesticides broad 3-9s at the baseline. At 5Hz, is 500 ms wide, the number of mass spectra acquired
acquisition rate this resulted in 15-45 spectra per for this peak is ca. 125 (at 250 Hz). This “oversam-
peak for individual analytes. For 2D analysis, peaks pling" again leads to low signal-to-noise for this com-

with widths 90-300 ms were typically obtained, giv-

pound. The above-mentioned problem could be most
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Fig. 7. Methamidophos in GPC purified peach extract (1g/ml) spiked at 10ng/ml (10 pg injected). Plotted are the three most abundant
ions in the mass spectrum of methamidophos (94, 95, and 141). The peak was identified by library search with reverse factor 841.
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Fig. 8. Acephate in GPC purified peach extract (1 g/ml) spiked at 10 ng/ml (10 pg injected). Plotted are the two most abundant ions in the
mass spectrum of acephate (94 and 136). The peak was identified by library search with reverse factor 809.



Table 3
Repeatability of peak areas, first and second dimension retention times, calculated from five repetitive injections of spiked peach sample at 50 ng/ml
Pesticide m/'z  R.S.D. of peak First dimension Second dimension Correlation coeffici&) (
ared (%) b 5
tR1 Peak S.D.of R.S.D.of tro Peak S.D. of R.S.D. of Conc. range Conc. range
(s) width® (s)  triP(s) tri® (%)  (5) widthd (s)  tro°(ms) tr® (%)  5-500ng/ml  5-1000 ng/ml
Methamidophos 94 6.55 644 10 3.6 0.56 1.152 0.129 8.9 0.78 0.9996 0.9953
Lindane 181 5.92 1028 4 4 0.39 0.828 0.110 3.2 0.39 0.9994 0.9990
Chlorpyrifos 197 3.73 1098 4 3.6 0.33 0.828 0.160 2.8 0.34 0.9994 0.9998
Captan 149 5.04 1148 4 4 0.35 0.984 0.120 2.8 0.29 0.9990 0.9996
Phosalone 182 4.17 1321 4 3.6 0.28 1.502 0.270 6.7 0.45 0.9982 0.9968

@ Summed area of all modulated peaks.

b For the most abundant modulated peak.

¢ As “number of modulations per peak modulation time”.
d At the baseline.
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probably solved by using higher upper temperature  As regards literature data, Dallige et HZ2] re-

in the oven programme (and hence compression of ported 0.11-0.16s standard deviation of second di-
both 1D and 2D chromatographic peaks), however, mension retention time for peaks of pesticides 1-2.9s
this was not possible in this study due to limited wide (R.S.D. = 5-11%, = 5) with the use of longi-
temperature stability of DB-17 column used in the tudinal modulation cryogenic system (LMCS). Shellie
second dimension (maximum 300). Possibly, also et al.[15] reported average run-to-run retention times
the modulation conditions (hot-pulse time) could repeatability in second dimension 0.74A4£ 6) when
affect the signal of this compound. In further exper- using LMCS system. With thermal sweeper modulator
iments, some approaches to address this issue will bestandard deviations of the second dimension retention

tested. times of PCBs relative to an internal standard 0.07 s
(n = 8) were reported by de Geus et Hl6].
3.3.2. Repeatability of responses In the study presented here, very good retention time

Response repeatability was determined as relative repeatability comparable to data of Shellie et[ab]
standard deviation (R.S.D.) from five repetitive analy- has been observed. This is a result of very narrow peak
ses of matrix-matched standard of a peach at 50 ng/mlwidths produced by dual stage jet modulator as well as
(corresponds to 5@g/kg of peaches, 50 pg of pesti- precise modulation timing provided by the integrated
cides injected), se®able 3 R.S.D.s of summed areas GC x GC-TOF MS system.
of modulated peaks of current analyte ranged from  Regarding the linearity and peak area repeatability
4.2 to 6.6% for these pesticides. Pesticides shown in data, they are in good agreement with the results re-
this table were selected to cover the wide range of ported by Dallige et a[12].
physico-chemical properties, such as volatility or po-
larity. Therefore, the data obtained in this study can
be generalized to some extent. 4. Conclusions

3.3.3. Linearity of calibration In this study, GCx GC-TOF MS has been demon-
In GC x GC, quantification is performed by sum- strated as a powerful tool for solving the problems

ming peak areas of all modulated peaks correspond- with reliable confirmation of pesticide residues at very

ing to the particular analyte. Very good linearity has low concentration levels as required for the analysis

been achieved in the concentration range 5-500 ng/ml of some types of samples such as baby food.

(R? = 0.9982-0.9996). Including also the standard By the application of GG« GC, considerably im-

1000 ng/ml in the calibration resulted in slightly worse proved separation from matrix co-extracts has been

correlation factorsk? = 0.9968-0.9998), seEable 3 achieved. This benefit was obvious especially for the
early eluting pesticides, for which the risk of ma-
3.3.4. Repeatability of retention times trix interference is most pronounced. The most trou-

In Table 3 repeatability of retention times in both  blesome matrix interferences observed in apple and
first and second dimension is demonstrated. Both first peach were eluted as very broad asymmetric peaks
and second dimension retention time was considered completely overlapping the peaks of pesticides in the
for the apex of most intense modulated peak. Despite first dimension “boiling-point” separation. However,
the process of modulation is relatively complex, from thanks to differing retention of these co-extracts on a
this table it can be seen that excellent repeatability of DB-17 column, these co-extracts were in most cases
retention times was achieved. In the first dimension, efficiently separated in the second dimension.
the standard deviation (S.D.) of retention time (reten-  Applying a 2s modulation cycle, 2—-3 modula-
tion time of the most intense modulated peak) was tions per peak were obtained for most pesticides
ca. 4s for all selected pesticides, which corresponds studied. Under these conditions, the enhancement
to two modulation cycles. The second dimension re- in detectability was 1.5-50-fold when compared to
tention time standard deviation for peaks 90-160 ms one-dimensional GC-TOF MS analysis. The limits
broad at the baseline was in range of 0.0028-0.0089 s,of detection for most pesticides were well below
which corresponds to 0.29-0.78%. 10ng/ml and the reliable confirmation of analyte
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identity was possible at 10 ng/ml level even for typ- [2] Z. Liu, J.B. Phillips, J. Chromatogr. Sci. 29 (1991) 227-231.
ically troublesome pesticides such as polar organo- [3] J.C. Giddings, in: H.J. Cortes (Ed.), Multidimensional
phosphorus pesticides, methamidophos or acephate. , \;"3ct 2™, e JEHE R O S o) 16r-
The only compound for which relatively poor de- 181.

tectability has been achieved was the last eluted [5]J.B. Phillips, J. Beens, J. Chromatogr. A 856 (1999) 331-
pesticide, deltamethrin. This was due to very broad 347.

elution zones of the deltamethrin peak in both dimen- [6] P.J. Marriott, R. Shellie, Trends Anal. Chem. 21 (2002) 573—

. o ) 583.
sions, resulting in a high number of modulated peaks [7] M. Pursch, K. Sun, B. Winniford, H. Cortes, A. Weber, T.

as well as too many data points acquired per (second "~ yiccabe, J. Luong, Anal. Bioanal. Chem. 373 (2002) 356—
dimension) peak at the given MS acquisition rate. 367.

For the selected pesticides, quantitative parameters [8] J. Dallige, J. Beens, U.A.Th. Brinkman, J. Chromatogr. A
of GC x GC-TOF MS analysis were assessed. The " ’tlogo f/i???;eigr;;?&J Beens, 3. Reijenga, P. Lipman, C
r_epeatablllty (_as R'S'D') of peak areas, thamed from Cramers, J. High Resolut. Chromatogr. 23 (2000) 507-510.
five consecutive analyses of GPC purified peach ex- [10] r. Shellie, P. Marriott, P. Morrison, Anal. Chem. 73 (2001)
tract spiked at 50 ng/ml ranged from 3.7 to 6.6%. The 1336-1344.
repeatability of retention time as R.S.D. ranged from [11] J. Dalliige, L.L.P. van Stee, X. Xu, J. Williams, J. Beens, R.J.J.
0.28 t0 0.56% and 0.29 to 0.78% in the first and sec- ~ Vreuls, UATh. Brinkman, J. Chromatogr. A 974 (2002)

. . ) . : 169-184.
ond dimensions, respectively. Good lineariy*(= [12] J. Dallige, M. van Rijn, J. Beens, R.J.J. Vreuls, U.A.Th.
0.9982-0.9996) was achieved in the concentration Brinkman, J. Chromatogr. A 965 (2002) 207—-217.
range of 5-500 ng/ml for standards in ethyl acetate. [13] Four dimensions of analytical resolution for enhanced analysis
of complex mixtures, Looking Beyond the Peaks Pegasus
4D®, Pegasus 4D Specification Note, LECO St. Joseph, M,
USA.
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