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Abstract

A recently introduced rapid-scanning quadrupole mass spectrometer (qMS) with an electron-capture negative ion (ECNI) option, the
Perkin-Elmer Clarus 500, was tested as a detector for comprehensive two-dimensional gas chromatograpBLGlhe parameters
influencing the data acquisition rate in the scan mode, such as scan time and inter-scan delay, and in the selected ion monitoring mode,
such as dwell time and inter-channel delay, were evaluated. In the scan mode, good-quality mass spectra covering a range of 300 Da can be
obtained at an acquisition rate of 23 Hz; in selected ion monitoring, an acquisition rate of 90 Hz can be achieved when monitoring a single
ion. Compared with electron ionisation, the use of electron-capture negative ionisation causes no extra peak broadening. As applications,
mixtures of polychlorinatea-alkanes (PCAs), polybrominated diphenyl ethers (PBDESs) and polychlorinated dipatiagins (PCDDs)
and dibenzofurans (PCDFs) were analysed. The separation of PCAs based on their number of chlorine substituents was confirmed for the
first time by using GG« GC-ECNI gMS in the scan mode and a significantly improved limit of detection was achieved for BDEs (10-150 fg
injected) and CDD/Fs (10-700 fg injected) in the selected ion monitoring mode.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Comprehensive two-dimensional gas chromatography; Quadrupole mass spectrometry; Electron-capture negative ion; Dioxin analysis; Polychlo-
rinated alkanes; Polybrominated diphenyl ethers

1. Introduction In order to properly describe these very narrow peaks and
avoid extra peak broadening caused by the detectox GC
Comprehensive two-dimensional gas chromatography has to be coupled to detectors with a high data acquisition
(GC x GC) is a powerful separation technique for the anal- rate and small internal volume. Therefore, it does not come
ysis of highly complex mixtures. Since its introduction in as a surprise that virtually all early studies were done with
1991[1], it has become a research tool of growing inter- flame ionisation detectors (FID), which have data acquisition
est: several instruments are commercially available today andrates up to 200 Hz and dead volumes which are effectively
over 150 papers have been published in this area. The prin-zero[4]. More recently, the combination of GEGC with
ciples and instrumental requirements of &GC have been  a micro electron-capture detectqtECD) has shown very
extensively discussed, e.tp [2,3]. For the present study, good results, in particular for the analysis of polychlorinated
it is relevant to emphasize that the outcome of axGGC biphenyls (PCBs) and polychlorinated dibernzoioxins and
run is a series of high-speed second-column chromatogramslibenzofurans (PCDD/F$5—7]. The wECD is fast enough
with peaks having widths of 120-600 ms at the basdBhe (up to 100 Hz) but some peak broadening due to a still too
large cell volume was observed even with this smallest com-
* Corresponding. Tel.: +31 255 564 607; fax: +31 255 564 644. mercially available model of ECO8]. However, whenever
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use of a mass spectrometric detector is mandatory. At present1,2,3,4,6,7,8-HpCDF, 1,2,3,4,7,8,9-HpCDF, all with a
time-of-flight mass spectrometers (ToF MS) with data acqui- concentration of 500fgl, and OCDD and OCDF, both
sition rates of up to 200 Hz are available and — as has beenwith a concentration of 1000 fgl, was prepared by diluting
demonstrated in numerous studies (¢93-11]) — they are the commercial standard mixture EDF 7999 (CIL, Andover,
fully compatible with GCx GC. However, as yet thereisno MA, USA) in iso-octane. A 100-fold concentrated mixture
commercially available instrument with a chemicalionisation was used to optimize the gqMS conditions. A standard mixture
option (although there briefly was a prototype on the market containing BDE congeners 28, 75, 71, 47, 66, 77, 100, 119,
a short while ago), which is a highly desirable option when 99, 116, 154, 153, 138 and 190 (humbering identical to PCBs
organohalogenated compounds have to be analysed. In addif16,17), all with concentrations of 150 fgl, and congeners
tion, ToF MS instruments are very expensive. Consequently, 49, 85 and 183, each with a concentration of 5Q.fgivas
using a quadrupole MS, preferably with electron-capture neg- prepared by mixing standard solutions of each congener
ative ionisation, as a G& GC detector instead, is of decided (AccuStandard, New Haven, CT, USA) in iso-octane.
interest. An aliquot of an eel sample containing ca. 1g of fat
The main limitation of a quadrupole MS (gMS) isitsrel- was mixed with sodium sulphate, allowed to dry for 3h
atively slow scan speed. To overcome the limiting value of and Soxhlet-extracted for 12 h with hexane/acetone (3:1,
2.43 scan/s of the Hewlett-Packard, Model 5972 instrument, v/v) at 70°C [18]. The solvents used were of nanograde
Frysinger and Gaing$2] proposed to broaden the chromato- quality, and were obtained from Promochem. The extract
graphic peaks (from 0.2 to 1 s in the second dimension) by in- was concentrated on a rotary evaporator, dissolved in 2 ml
creasing the run time, when marine fuel was analysed by ther-of dichloromethane, and cleaned by gel permeation chro-
mally modulated GG GC—qMS. Shellie et a[13], for the matography over two Polymer Laboratories (Church Stret-
analysis of essential oils, and Kallio et[d4], forthe analysis ~ ton, UK) gel columns (30& 25 mm, pore size 1Qm), us-
of polycyclic aromatic hydrocarbons in urban aerosols, us- ing dichloromethane at 10 ml/min. The 18-23 min fraction
ing the up-graded Hewlett-Packard, Model 5973 instrument, was collected, concentrated under nitrogen, dissolved in iso-
preferred to limit the scan range to ca. 200 Da to achieve aoctane and further purified by shaking with sulphuric acid.
rate of 20 scan/s, while Debonneville and ChaintrEEaj After separation of the iso-octane phase, the sulphuric acid
opted to monitor a single ion in a study of allergens in fra- phase was washed twice with pentane to extract all BDEs. Fi-
grances and achieved a frequency of 30.7 Hz. In the presennally, the pentane/iso-octane mixture was concentrated under
study, a recently introduced fast-scanning quadrupole massitrogen to 2 ml (iso-octane) and eluted over a 1.6 g silica col-
spectrometer, the Perkin-Elmer Clarus 500, has been evaluumn (2% deactivated) with 11 ml iso-octane and 10 ml 20%
ated as a detector for GZGC. Our focus was on its use in  diethyl ether in iso-octane. The fractions were combined and
the electron-capture negative ion (ECNI) mode, which has concentrated to 1 ml (iso-octane).
not been studied so far. Its applicability is demonstrated by
means of analyses in which soft ionization is highly required, 2.2. GCx GC-qMS
viz. those of polychlorinated-alkanes (PCAs), polybromi-
nated diphenylethers (PBDEs) and PCDD/Fs. The GCx GC system was built from a Clarus 500 MS
(Perkin-Elmer, Shelton, CT, USA) equipped with a dual-
jet liquid CO, modulator system. The principles and op-

2. Experimental eration of the dual-jet modulator are discussedli]. It
is relevant to mention here that the oven of the instru-
2.1. Samples and chemicals ment used is rather small (at least compared to Agilent or

Thermo Electron GCs). Therefore, the position of the,CO

3,3,4,4,5-Pentachlorobiphenyl (CB 126; Promochem, jets plays an important role in the retention-time repeata-
Wesel, Germany) with concentrations of 540 and 54upg/  bility. The best repeatability was obtained when the jets
in isooctane, and 1,1,1,3,9,11,11,11-octachloroundecanewvere mounted just behind the door, i.e. as far as possible
(Chiron, Trondheim, Norway) with a concentration of from the thermocouple. A DB-1 (100% methylpolysilox-
15pgful in isooctane, were used to evaluate the qMS ane) and a DB-XLB (proprietary) fused-silica column, both
system. Three standard mixtures and an eel sample werewith dimensions of 30nx 0.25mmx 0.25um and pur-
used for the applications. A mixture of chlorinated de- chased from J&W Scientific (Folsom, CA, USA), were used
canes with 65% chlorination and a total concentration of as first-dimension columns. A 1m0.10 mmx 0.10pm
10 ngful was purchased from Dr. Ehrenstorfer (Augsburg, 007-65HT (65% phenyl-methylpolysiloxane) from Quadrex
Germany). A standard solution containing 2,3,7,8-TCDD (New Haven, CT, USA) and a 0.9 ,0.10 mmx 0.10um
and 2,3,7,8-TCDF, both with a concentration of 10GQdg/ LC-50 (50% liquid crystalline-methylpolysiloxane) from
1,2,3,7,8-PeCDD, 1,2,3,7,8-PeCDF, 2,3,4,7,8-PeCDF, 1,2,3,J&K Environmental (Milton, ONT, Canada) were used as
4,7,8-HxCDD, 1,2,3,6,7,8-HxCDD, 1,2,3,7,8,9-HXCDD, second-dimensioncolumns.Inthe DB<D07-65HT set-up,
1,2,3,4,7,8-HXCDF, 1,2,3,6,7,8-HXCDF, 1,2,3,7,8,9- which was used for system evaluation and the analysis of the
HxCDF, 2,3,4,6,7,8-HXCDF, 1,2,3,4,6,7,8-HpCDD, PCAs and PBDEs, one end of the second-dimension col-
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umn was coupled directly to the first-dimension column and application), both parameters have to be kept as low as possi-
the other one mounted in the GC-MS interface. In the DB- ble. With the present instrument, the parameters can easily be
XLB x LC-50 set-up, used for the analysis of the PCDD/Fs, varied. For example, the scan time can be set down to 0.01s
one end of the second-dimension column was coupled to thefor mass ranges up to 449 Da, and down to 0.02 s for mass
first-dimension column via a 10 csn0.1 mm piece of reten-  ranges above 450 Da; the inter-scan delay can be set even to
tion gap and the other end to the 40 gd.1 mm retention 0.00s. Evaluation of instrument performance was done by
gap mounted in the GC-MS interface. This set-up was re- varying the parameter settings while working in the El rather
quired in order to avoid crystallization of the LC-50 phase thanthe ECNI mode. This has the distinct advantage that the
during modulation and overheating in the GC-MS interface. quality of the mass spectra of the analytes can be studied in
All column connections were made by means of a press-fit much more detail because of the higher fragmentation. All
connector (Techrom, Purmerend, The Netherlands). evaluation experiments were carried out without modulation.
Helium (Hoek Loos, Schiedam, The Netherlands) with a Under this condition, a 1D peak was acquired with a baseline
purity of 99.999% was used as carrier gas at a constant flowwidth of about 30 s. This is broad enough for the peak to be
of 1.2ml/min. Injections (Jul) were made by using an au- properly described even at very slow data acquisition rates,
tosampler with the injector operated in the splitless mode which were used as a reference for the comparison with the
at 280°C; the purge time was 2 min. With the PCDD/Fs, higher acquisition rates.
2-ul samples were injected manually. The modulation pe-  As regards the scan time, this depends on the mass range
riod was 7 s, except with the PBDES, when a 5-s modulation that is scanned and the scan speed:
was used. The temperature of the GC-MS transfer line was
290°C. The mass spectrometer was tuned and calibrated inscan time (sk
the electron ionisation (El) and ECNI modes using hepta-
cosafluorotributylamine (Fluka Chemie, Buchs, Switzerland)  The mass range scanned depends solely on the applica-
as the reference gas according to the recommendations of théion of interest; that is, it is not a limiting factor of the mass
manufacturer. The electron energy was 70 eV and the emis-spectrometer. In other words, no evaluation of this parameter
sion current 18@.A. In ECNI gMS, methane was used as is required, but its influence has to be considered when the
reagent gas and the pressure in the mass analyzer region ahaximum data acquisition rate is calculated.
the vacuum manifold was measured by means of the pres- The scan speed is the main limiting factor of the instru-
sure of the penning pump. Data acquisition was performed ment. As is demonstrated Ifig. 1, in which the averaged
using TurboMass software (Perkin-Elmer). Then the data file continuum mass spectra recorded for the test analyte, CB
in ‘Mass lab 2 file’ format was converted into ‘Xcalibur file’ 126, are shown at four scan speeds, an increasing scan speed
format by Xcalibur software (Thermo Electron, Rodano Mi- reduces resolution, which results in a significant loss (homi-
lan, Italy) and, subsequently,imported into HyperChrom soft- nal Rs>1 Da) above about 9000 Da/s. In order to select the
ware (Thermo Electron) used for GCGC transformation, maximum speed at which satisfactory mass spectra can still
evaluation, visualization and identification. Transform soft- be obtained, the quality of the averaged mass spectra and the
ware (Fortner Research, Sterling, VA, USA) was used for stability of the mass ratios across the chromatographic peak
producing 2D chromatograms. were evaluated in the range 3500—-35 000 Da/s. The quality
of the averaged mass spectfag 2) was found to be es-
sentially constant up to 7000 Da/s. This was evaluated by

mass range scanned (Da)
scan speed (D3)

)

3. Results and discussion comparing the spectra and also by comparing so-called Rev
values, which express the match of the spectra with NIST
3.1. Data acquisition rate in scan mode library spectra. At the next higher value, 8750 Da/s, accept-

able averaged mass spectra were still obtained although some
In a quadrupole mass spectrometer, the data acquisitionpoint-to-point variation in mass spectra was observed (e.g.
rate (Hz), expressed as the number of spectra acquired pethe3C isotope masseas/z 325, 327 and 329 were absent in
second, is determined by two parameters, the scan time andome data points of the peak). At still higher scan speeds of
the inter-scan delay: over about 10 000 Da/s, the loss of resolution was so signif-
icant that the averaged mass spectra became distorted. The
best examples are tHéC isotope masses of the molecular
. 1 (1) cluster which were now invariably absent and the mas¥es
scan time (s)} inter-scan delay (s) 109, 110 and 111 which essentially existedr@z110 only,
creating the new dominant mass of the spectra. This is clearly
The scan time is the time spent on scanning the specifiedobserved irFig. 2for data collected at 35000 Da/s. The Rev
mass range, while the inter-scan delay gives the time betweervalues included ifrig. 2show the same trend.
one scan ending and the next scan starting.(Egclearly As regards the stability of the mass ratios across the
shows that, in order to achieve the high data acquisition ratesCB 126 peak, this parameter was evaluated by calculating
required for GCx GC (at least 20-30 Hz, depending on the the RSDs of three mass ratias/z 326/324, 326/328 and

data acquisition rate (Hz)
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Fig. 1. Part of the averaged continuum mass spectra of CB 126 for four (Rev = 682)
scan speeds (3500-35 000 Da/s). Scan time, 0.1-0.01 s; scanned mass range, 304 | B8
350 Da (Wz40-390); inter-scan delay, 0.1 s; number of points per mass, 16.
_ 122 330
324/328 from all data points above a quarter of the peak i l . s
height. Since varying the scan speed influences the data sl i bl N, 1ra

T e .

acquisition rate and, thus, the number of points which de- © 115 135 315 335 mkz

scribe the peak, the Qumber of points from which the R.SDS Fig. 2. Part of the averaged mass spectra (no background subtraction) of
were calcul_ate_d;l, Vaned_ frgm_lg to 34. The results, which CB 126 at different scan speeds. Scan time, 0.1-0.01 s; scanned mass range,
are shown inFig. 3, again indicate no apparent change uUp 350 pa (z40-390); inter-scan delay, 0.15s.

to about 7000 Da/s (RSDs, 5-6%), with a subsequent in-

crease to about 10% at 11666 Da/s, and RSDs of 15-20% The other parameter which influences the data acquisi-
at 35000 Da/s. Chromatographic noise also increased withtion rate and is also a limiting factor of the mass spectrom-
increasing scan speed. In this instance, there was a continueter is the inter-scan delay—the time which is required to
ous increase over the entire test range. The combined resultse-set the voltages to the starting values and to process the
indicate that fully satisfactory results can be expected for scandata of the previous scan. We observed that, if the delay is
speeds of up to 7000-8000 Da/s. This agrees with the uppertoo short, proper processing and recording of the acquired
limit of 6700 Da/s declared by the manufacturer which is, spectrum cannot be achieved. Since the mass spectrometer
obviously, a fairly conservative value. Actually, our experi- scans from higher towards lower masses, the first effect is
ence showed that good-quality averaged mass spectra can ba loss of information—i.e. initially lower intensities of, and,
obtained up to 9000 Da/s, although quantification will then next, a complete loss of the pertinent peaks in the averaged
become somewhat less precise. mass spectrum. Ifig. 4, this is clearly visible for masses
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Fig. 3. RSD of mass ratiosiE 19-34, depending on scan speed) through the chromatographic peak of CB 126 vs. scan speed. Scan time, 0.1-0.01 s; scanned
mass range, 350 Dan(z 40-390); inter-scan delay, 0.1s.

in the myz 40-50 range, with 0.01 s being a safe lower limit where the mass range that can be scanned under conditions

(also sedable 1below). One consequence is that TIC chro- similarto those reported here, are sometimes two-fold shorter

matograms will become noisier because of this gradual loss[13,14]

of spectral information. Since the required inter-scan delay is

mass-range dependent, the minimum values were studied foi3.2. Data acquisition rate in SIM mode

ranges of 50-400 Da; they are listedTiable 1 Obviously,

for most practically relevant applications, adelay of 5-15ms  The data acquisition rate in the SIM mode is determined

is required. by the number of ions that is monitored the dwell time per
With the information now available on the limiting fac- ion, and the inter-channel delay:

tors of the mass spectrometer, scan speed and inter-scan de- I

lay, the maximum data acquisition rates were calculated by data acquisition rate (Hz)

means of Eq(1) for five selected mass rangegable J). _ 1 3)

If we assume that recording seven data points is enough — > (dwell time) + n(inter-channel delay)

to properly describe a peak, as was shown amongst others

by Dalliige et al.[20], it is obvious that high-quality mass The dwell time (s) is the time the system spends on acquir-

spectra can be obtained even if a 300 Da scan range is usedng the selected mass and its value can be different for each
most analytes—and certainly the organohalogens—are suf-mass. The inter-channel delay (s) specifies the time between
ficiently retained in the second dimension of a §GC run ending one mass acquisition and starting the next one. Eq.
to end up with baseline peak widths of, at least, some 300 ms.(3) clearly shows that in order to achieve a high data acqui-

The present result compares favourably with literature data, sition rate, these two parameters must be kept at their lowest

Table 1
Minimum inter-scan delay required for different mass ranges plus maximum achievable data acquisition rates and minimum detectable peakweidths for t
scan speeds

Mass range Minimum inter- ~ Maximum scan speed: 6700 Da/s Maximum scan speed: 9000 Da/s

scanned (Da) scan delay (s) - - - -
Scan Max. data acquisition ~ Min. detectable Scan Max. data acquisition ~ Min. detectable
time?(s) raté (Hz) peak widtlf (ms)  time?(s)  raté (Hz) peak widtl§ (ms)

400 0014 Q060 14 510 44 17 410

300 0011 Q045 18 380 ®33 23 300

200 0010 Q030 25 280 m22 31 230

100 Q005 0015 50 140 m11 63 110

50 0001 Q007 125 56 06 143 50

2 From Eq.(2).
® From Eq.(1).
¢ Calculated for seven points per peak from: detectable peak width = 7/maximum data acquisition rate.
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0.1s Table 2
44 Maximum data acquisition rates and minimum detectable peak widths for
100 SIM of up to four monitoring ions

Dwell
time (s)

Number
of ions

Max. data acquisition Min. detectable
ratet (Hz) peak widtt® (ms)

1 0.01 91 80
9 @5 0.02 48 150
6 77 g 0.03 32 220
53 79 9 0.04 24 290

g
89
e LR 2 001 45 160
Nk } 99 ‘“’Br 0.02 24 290
|1 I l!‘ll‘i-lll" :

100 m/z 3 001 30 230

4 0.01 23 300

a From Eq.(3) with dwell time of 0.01-0.04 s and inter-scan delay of
1009 4 0.001s.
b Calculated as iffable 1

55
67

1

45
! Gk I
40 50

0

63
69
57
oLl
|r;'+|_1.”.‘|_l.71 i
60 70

BRI LI
80 90

0.01 s -minimum

41
/s

55 Using the selected dwell and inter-channel delay times,
the maximum data acquisition rates and the minimum de-
tectable peak widths (for at least seven data points across a
peak) were calculated. Typical results for up to four selected
ions are shown ifmable 2 When monitoring a single ion,
an acquisition rate of 90 Hz can be achieved, which is much
faster than the earlier published value of 30.7[H4]. More
importantly, Table 2shows that for the many applications in
which peaks have baseline widths of at least 300 ms, up to

four ions can be monitored without sacrificing the seven-data
100 o points-per-peak rule.

Yo 87
75
53 77
65 gg 91
| [N
e | T 5

40 50 60 70 80 90

‘ 96 101103
}?.SI\|.‘9.9| I
100 m/z

o

<
51 63 83
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45 1
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0.001s

i 3.3. El versus ClI peak width
75

53 77

*7 81 91
65 4
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As was mentioned before, all experiments discussed so
far were carried out in the EI mode. Consequently, it had to
be verified whether working in the CI mode instead would

63 - 83 o5

56 . 69 L

44 49 51 r “
e n TNl L ]

] H
o : i l [[ 71 ‘|!-I‘|"i-'||~|-'

40 50 80 70 80 90

cause additional peak broadening due to the higher pres-
sure of the Cl source and/or the presence of a reagent gas
in the ionisation volume. With CB 126 as the test compound,
raw chromatograms of G& GC—gMS runs in the EI and
Fig. 4. Part of the averaged mass spectra of 1,1,1,39,11,11,11-ECNI modes, made under otherwise identical conditions,
octachloroundecane acquired at different inter-scan delays_. Inter-scan delayWere overlaid. Comparison of peaks from individual mod-
0.1-0.001 s; scanned mass range, 200Ba40-240); scan time, 0.1s. . .

ulations showed that no extra band broadening could be ob-
served. In other words, the CI and EI sources are equally
suitable for application in G& GC.

values. As regards the inter-channel delay, here the software

allows ‘zero’ as the lowest value. Its influence on the stabil- 3.4. Applications

ity of the mass ratio across the peak of CB 126 was studied

by calculating the RSDs of the/z 326/324 mass ratio. The One interesting application of GEGC-ECNI gMS in
RSDs were found to be constant over the whole range testedthe scan mode is the analysis of polychlorinatealkanes
0.1-0.0001 s. To be on the safe side, a delay time of 0.001 s(PCAs), which are complex technical mixtures with carbon
was selected for further work. This is 10-fold less than the chain lengths varying from {g to C3p and chlorine con-
minimum dwell time that is allowed by the software (and tents between 30 and 70 wt.%. Analysis of PCAs is a dif-
was used by us), which is 0.01 s and, consequently, has littleficult task because these mixtures contain at least several
influence on the data acquisition rate. One should mentionthousand individual congenef21-23] Not unexpectedly,
here, that the RSD in the SIM mode was higher than in the complete separation of the individual compounds cannot be
scan mode (13% versus 5%). This is due to a higher spectralaccomplished by means of conventional, i.e. 1D-GC: chro-
skewing caused by working in the SIM mode. matograms display a characteristic broad envelope indica-

V3 |( 107
|\|. I|.|

100 myz
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2™ dimension retention time (s)
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Fig. 5. Full-scanrfyz210-490 Da) GG« GC-ECNI gMS of a mixture of polychlorinated decanes with average chlorine content of 65 wt.% orx[DB7t

65HT column combination. Temperature programme®@2 min), at 30°C/min to 170°C, then at 2C/min to 300°C. Interface temperature, 28G. Scan

time, 0.032 s (8750 Da/s); inter-scan delay, 0.011s; source temperatufeés. 1I5€ft-hand-side insert: separation of hexa- and hepta-chlorinated decanes in
second dimension and number of data points per peak. Right-hand-side insert: part of averaged mass spectra of peaks 1 and 2.

tive of a large number of co-eluting peaks. In other words, is, therefore, an interesting approach, specifically in combi-
this is an area in which the use of GGGC should be re-  nation with ECNI MS detection of the [Br]ion atm/z79
warding. As an examplerig. 5 shows a GG« GC—ECNI and 81; this yields much better detectability than EI MS. In
gMS chromatogram of a mixture of polychlorinated decanes this instance, the inter-channel delay was 0.001s, and the
with an average chlorine content of 65 wt.%. The most strik- dwell time used for each ion was 0.02 s, which is the highest
ing observation is the much improved (though certainly not value allowed if two ions have to be monitored (Téble 2.

yet complete) overall separation, and the ordered structureUnder these conditions, the limits of detection (LODs) of a
with the four parallel groups of peaks. On the basis of the selected number of tetra- to hepta-BDEs were found to be
ECNI mass spectra that were recorded, the presence of hexaexcellent, with values of 10-40 fg injected for all congeners
to nona-chlorinated decanes and a separation based on thexcept one Table 3. Actually, these LODs are 10- to 20-
number of chlorine substituents was confirmed. Mass spectrafold lower than those obtained with the 1D-GC method cur-
recorded for a hexa- and a hepta-substituted congener, whichrently running in our laboratory. This can be explained by
are shown in the right-hand-side insertrf. 5 show the the combined effect of the well-known focusing occurring
well-known dominance of§1 — Cl]~ and M — HCI]*~ ions during modulation in GG GC and the higher sensitivity of
[21,24] 1t is interesting to add that such a structure assign- the new mass spectrometer. As a real-life examipig, 6
mentwould not be possible when using El ionisation, because

the spectra are then highly fragmented and there is, conse-,c 3

quently, little or no structural information. The left-hand-side |ops (fg) of selected BDE congeners in GGSC~ECNI gMS when mon-
insert ofFig. 5demonstrates that the rapid-scanning qMS in- itoring [Br]~ ion atm/z 79 and 81

strument provides spectra of good quality at the scan speedspe congener LOBXfg)

of 8750 Da/s used in this experiment: there are enough dat

. . L . Structure
points for satisfactory peak description. That is, the present
instrumental set-up can be considered a promising tool for ‘7‘1 g'é'j;‘é 1%
the further unravelling of the composition of PCA mixtures ;5 3344 10
and their trace-level analysis in environmental sam{bs 85 2,2,3,4.4 20
As a second application, GEGC—-ECNI gMS, this time 100 2,2,4,4,6 10
in the SIM mode, was used to analyse PBDEs, a group of 119 23446 10
brominated flame retardants with a theoretical maximum of 153 g'g'j’i"é’g gg
209 congeners. In environmental samples, some 20-25 BDES;;, 224456 15
are typically detected, but additional congeners are expectecigs 2,234,456 40
to show up when processes such as photolytic or metabolic190 2,334,456 150

debromination play a role and change the initial composition 2 Column combination, DB-k 007-65HT; dwell time, 0.02s: inter-
of a technical mixture. Congener-specific &GC analysis channel delay, 0.001s.
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Fig. 6. Upper frame: SIM-mode GC—-ECNI gMS (Agilent) of an eel BDE extract on CP-Sil 8 (5@r@5 mmx 0.25um) column. Temperature programme:
90°C (3min), at 30C/min to 210°C (20 min), then at 3C/min to 290°C (20 min). Interface temperature, 290. MS conditions: SIM ofw/z 79, 81, 159
and 161 with dwell of 50 for each mass; source temperature;@0Dower frame: SIM-mode G& GC—-ECNI gMS (Perkin-Elmer) of an eel BDE extract
on DB-1x 007-65HT column combination. Temperature programme&®@@ min), at 30°C/min to 210°C, then at 5C/min to 320°C (5 min). Interface
temperature, 300C. MS conditions: SIM ofn/z 79 and 81, both with dwell time of 0.02 s and inter-channel delay of 0.001 s; source temperatii@, 200

Inserts show second-dimension chromatograms of BDE 28 and 154 and number of data points per peak.

Table 4
LODs (fg) of priority CDD/Fs in GCx GC—ECNI gMS and GG GCECD
Compound lons monitored LODs (fg)

GCx GC GCx GC

—ECNI gMS —nECD?
2,3,7,8-TCDD M]e~ 320+322 710 90
1,2,3,7,8-PeCDD NIje— 354 +356 40 70
1,2,3,4,7,8-HxCDD w-—Ci~ 355+353 30 60
1,2,3,6,7,8-HxCDD we- 390+ 392 20 50
1,2,3,7,8,9-HxCDD w-—cCi~ 355+353 50 40
1,2,3,4,6,7,8-HpCDD NI —Cll— 389+391 70 70
OCDD M-CI]~ 423+425 430 150
2,3,7,8-TCDF M)~ 304 + 306 100 70
1,2,3,7,8-PeCDF NI~ 338+340 30 70
2,3,4,7,8-PeCDF NI~ 338+340 10 70
1,2,3,4,7,8-HxCDF - 374+376 10 40
1,2,3,6,7,8-HxCDF - 374+376 10 50
1,2,3,7,8,9-HxCDF - 374+376 10 50
2,3,4,6,7,8-HxCDF 1) 374+376 100 40
1,2,3,4,6,7,8-HpCDF NI~ 408 +410 10 70
1,2,3,4,7,8,9-HpCDF NI~ 408 +410 50 80
OCDF M1~ 442+ 444 110 150

a From[7].
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shows the GG« GC-ECNI gMS chromatogram of an eel ex- The present G&G GC-ECNIgMS set-upis, consequently,
tract, in which fourteen BDE congeners were identified. As highly suitable for the trace-level analysis of a variety of
becomes evident from a comparison with the 1D-GC trace organohalogenated compound mixtures. The examples given
(top of Fig. 6), the presence of five additional congeners (i.e. here include PCAs, for which ordered structures were found
71, 77, 119, 85, 183) was confirmed. InspectiorFa. 6 and interpreted, and selected BDEs, which showed LODs
reveals that some of these added confirmations are causedf 10-40fg (SIM modem/z 79+81). In the latter case,
by the improved 2D separation (e.g. BDEs 71 and 119) andthe improved detectability allowed the identification of sev-
others by the enhanced detectability (e.g. BDE 183). The eral additional congeners in an eel sample. Similarly low
clear recognition of a rather large number of Br-containing LODs were found for most priority CDD/Fs. Here, how-
compounds in the early part of the chromatogram, which ever, there were two exceptions, OCDD and 2,3,7,8-TCDD,
were not seen in 1D-GC, is another aspect of interest. Fi- for which the ECNI mechanism does not provide enough
nally, the inserts td-ig. 6 show that a sufficient number of  sensitivity (LODs of 450-710fg). This means that fur-
data points per peak (at least nine) was recorded through-ther work is needed before the present technique can be
out the chromatogram, as is illustrated for BDEs 28 and recommended as a replacement for GC-HRMS in dioxin
154. analysis.

Finally, the practicability of the present set-up was briefly
tested for the notorious priority CDD/Fs, for which com-
pounds very low LODs are required. In this case, a DB- Acknowledgements
XLB x LC-50 column combination was installed, because of

its excellent selectivity for the analytes of interi@gt In order The authors gratefully acknowledge financial support by
to obtain maximum sensitivity, the source temperature and ¢, European Commission under the projects DIAC (con-
the pressure of the ionisation gas in the MS source were opti-o GRD2-2000-30037) and DIFFERENCE (contract G6D-
mised. It was found that the source temperature must be kept2001_40002) and the customer support of H. Helms and
above 200C in order to avoid peak broadening. This was g Hentsch (Perkin-Elmer LAS, Rodgaiigesheim, Ger-

rather surprising, because no such effect was observed for then ) 3. parera gratefully acknowledges the financial sup-
PCAs. The optimum value of the ionisation gas pressure Wasp ot of the University of Barcelona and the Ministerio de

5 oy
found to be 9 10~ kPa. Under the_se condlthns,_the mass Ciencia y Tecnolota (REN2003-2692) for his stay in The
spectra of all CDFs were characterized by a high intensity of \atherlands.

the molecular ion,N]*~, while with some CDD congeners,

[M —CI]~ was the dominant ion. Consequently, analyses
were carried out and LODs determined by recording the two
masses listed ifable 4 Very low LODs were obtained for the
penta- and higher substituted congeners, which are in most
cases better than those published for GGC—.ECD [7].
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