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Abstract

Comprehensive two-dimensional gas chromatography {GGC) with electron-capture detection (ECD) has been optimized for the
separation of seventeen 2,3,7,8-substituted polychlorinated dilpedimédns and dibenzofurans and 12 dioxin-like polychlorinated biphenyls,
with emphasis on the selection of the first- and second-dimension, commercially available, columns. When eight second-dimension columns
were subsequently combined with a 100% methylpolysiloxane stationary phase (DB-1) in the first dimension to create orthogonal conditions,
a complete separation of all congeners with different TEF values was obtained with two column combinations, \ZlB28 and DB-1x
LC-50. When other types of first-dimension columns were used (and orthogonality was partly sacrificed), a DB-XLB column combined with
007-65HT, VF-23 and LC-50 was found to provide a complete separation of all 29 priority congeners. Next, the potential of these three column
combinations for real-life analysis was preliminarily studied. With a spiked and fractionated milk extract, DB«XI®50 was found to
be the most powerful column combination, because of the good separation of the 29 priority congeners from each other as well as from the
matrix constituents. Quantitative performance (close to three-order linearity; LODs, 30-150fg injected; R.S.D.s, 15-=6.98))(was
satisfactory.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction words, consumption of fatty food is an important route of ex-
posure. As a consequence, the EU has recently set maximum
Because of the high persistence and extreme toxicity of residue levels for seventeen 2,3,7,8-substituted CDD/Fs in
polychlorinated dibenz@-dioxins and dibenzofurans and various types of food and feeding stuff, expressed in terms
so-called dioxin-like polychlorinated biphenyls (PCDDs, of 2,3,7,8-tetrachlorodibenzo-dioxin toxic equivalent con-
PCDFs and PCBs, respectivelil], their trace-level deter-  centration, TEQ, with TEQ= ), TEF; x ¢;, where TEF
mination in a wide variety of sample types is a topic of much andc; are the toxic equivalence factor and concentration,
interest{2—6]. For the present study, it is relevant to empha- respectively, of compound These maximum levels vary
size the highly lipophilic nature of these compounds which from 0.75 to 6 pg TEQ/g faf7]. Soon, maximum residue
causes their bio-accumulation in the food chain; in other levels for dioxin-like CBs will be introduced. The rapidly
growing number of samples offered for analysis makes fur-
ther improving of the analytical procedure a rewarding task.
* Corresponding author. Tek:31-255564607; fax:-31-255564644. The separation and quantification of the set of 29 target
E-mail addressypeter.korytar@wur.nl (P. Korgt). compounds is challenging, because they typically occur at
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sub-ng/kg concentrations, have to be clearly separated fromTable 1
the many other, less toxic, congeners present in the sam-Composition of standard mixture and TEF values

ples, and also from a large number of (endogenous) sam-

ple constituents which may be present at much higher con-
centrations. Not surprisingly, therefore, current procedures
for the quoted priority analytes include complicated and

time-consuming multi-step sample pre-treatment. One way
to improve the situation would be to considerably increase
the separation efficiency of the gas chromatographic (GC)
analysis by replacing conventional one-dimensional GC by

so-called comprehensive two-dimensional gas chromatogra-

phy (GCx GC). As is explained in, e.g[8,9], in GCx GC

two independent separations are applied to an entire sample

which effects a considerably enhanced overall resolution and
also, because of the analyte refocusing during modulation,
an improved analyte detectability.

In several recent studies from our, as well as other groups
[10-14] it has been shown that proper selection of the
stationary phases of the first- and second-dimension GC
columns is extremely important when designing a GGC
system, specifically when many structurally closely related

compounds are the target analytes. In the present paper, this 3.3.4,4-TCB

topic will be systematically studied and, while complete sep-
aration is of course one main goal, we shall also devote
attention to separations in which analyte co-elution occurs
only for target compounds having the same TEF values.
Such separations will, after all, not adversely affect the final
calculation of the TEQ concentration. While the principal
aim is a study of the separation characteristics for the tar-
get compounds, as a next step the most promisinc@C
column combinations will be tested for their usefulness in
analysing the target set in real-life samples. This should be
of considerable help in selecting the column combinations

to be used in the subsequent study on real-life screening and

TEQ-based quantification.

2. Experimental
2.1. Samples and chemicals

A standard solution containing seventeen 2,3,7,8-sub-
stituted CDD/F congeners and 12 dioxin-like CBs was pre-
pared by mixing two commercial standard mixtures, EPA
8290 STN and WP-STK, both from Wellington (Guelph,
Ont., Canada) im-nonane. The composition of the mixture
is given inTable 1 A 10-fold-diluted mixture was used to
test the various column combinations. Individual standards
of CBs and CDD/Fs used for peak identification were pur-

Compouné Code Concentration (ng/ml)  TEF
Dibenzop-dioxins
2,3,7,8-TCDD 4D1 100 1
1,2,3,7,8-PeCDD 5D1 250 1
1,2,3,4,7,8-HxCDD 6D1 250 0.1
1,2,3,6,7,8-HxCDD 6D2 250 0.1
1,2,3,7,8,9-HxCDD 6D3 250 0.1
1,2,3,4,6,7,8-HpCDD 7D1 250 0.01
OCDD 8D 500 0.0001
Dibenzofurans
2,3,7,8-TCDF 4F1 100 0.1
1,2,3,7,8-PeCDF 5F1 250 0.05
2,3,4,7,8-PeCDF 5F2 250 0.5
1,2,3,4,7,8-HXCDF 6F1 250 0.1
1,2,3,6,7,8-HxCDF 6F2 250 0.1
1,2,3,7,8,9-HXCDF 6F4 250 0.1
2,3,4,6,7,8-HxCDF 6F3 250 0.1
1,2,3,4,6,7,8-HpCDF 7F1 250 0.01
1,2,3,4,7,8,9-HpCDF TF2 250 0.01
OCDF 8F 500 0.0001
Non-ortho CBs
77 1000 0.0001
3,4,4,5-TCB 81 1000 0.0001
3,3,4,4,5-PeCB 126 1000 0.1
3,3,4,4,5,5-HxCB 169 1000 0.01
Mono-ortho CBs
2,3,3,4,4-PeCB 105 1000 0.0001
2,3,4,4,5-PeCB 114 1000 0.0005
2,3,4,4,5-PeCB 118 1000 0.0001
2',3,4,4,5-PeCB 123 1000 0.0001
2,3,3,4,4,5-HxCB 156 1000 0.0005
2,3,3,4,4,5-HxCB 157 1000 0.0005
2,3,4,4,5,5-HxCB 167 1000 0.00001
2,3,3,4,4,55-HpCB 189 1000 0.0001

a T: tetra; Pe: penta; Hx: hexa; Hp: hepta; O: octa.

tracted three times: first, with diethyl etherhexane (7:10,
vlv), second and third time, witm-hexane. The extract
was purified on a multilayer silica column (containing from
top to bottom layers of anhydrous sodium sulphate, sul-
phuric acid—silica, activated silica, sodium hydroxide—silica,
activated silica, silver nitrate—silica, and glass wool). The
purified extract was transferred to SPE carbon tubes (Su-
pelco, Bellefonte, PA, USA) witm-hexane for fractiona-
tion. The first fraction, containing CBs, was eluted with
n-hexane ana-hexane—toluene (72:25, v/v) and the second
fraction, containing CDD/Fs, with toluene in reverse mode.
The CB-containing fraction was further fractionated on an
HPLC pyrenyl column using-hexane as eluent in order to

chased from Promochem (Wesel, Germany) and Cambridgeseparate the dioxin-like CBs (second fraction) from the bulk

Isotope Labs (Andover, MA, USA), respectively.

The milk sample was prepared by the Institut Quimic
de Sarria (Barcelona, Spain) according to a method vali-
dated for GC-HRMS. A brief summary is as folloib].
Two-hundred grams of milk was mixed with ethanol contain-
ing 15% potassium oxalate and thereafter liquid—liquid ex-

of the CBs (first fraction). Both fractions of interest—those
containing the dioxin-like CBs and the CDD/Fs—were fi-
nally purified on a silica column (containing layers of anhy-
drous sodium sulphate, activated silica, sulphuric acid—silica
and glass wool). The sample was spiked at the end of the
clean-up process with 10 pg of TCDD/F, 50 pg of Pe-, Hx-
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and HpCDD/Fs and 100 pg of OCDD/F and concentrated to pressure profile in the column as in a GCGC run, but

25pl. without influencing the separation by the stationary phase

in the second column. No modulation was applied in this

case, because it is virtually impossible to exactly measure

the first-dimension peak width if it is modulated into a num-
The GCx GC system was built from an HP6890 (Agi- ber of second-dimension peaks. Mini press-fits (Techrom,

lent Technologies, Palo Alto, CA, USA) gas chromatograph pPurmerend, The Netherlands) were used for the connections.

equipped with a loop-type carbon dioxide jet modulator HP Chemstation software (Agilent) was used to control the

(KT2002 CQ system; Zoex, Lincoln, NE, USA). Princi-  GC instruments and to acquire data. ChromCard software

ples, working characteristics and optimisation of parameters (ThermoFinnigan, Milan, ltaly) was used for GOGC data

are extensively described [#6]. The hot air pulse duration  processing, evaluation and visualisation. Transform software

was 200 ms, and the modulation period varied between 6 (Fortner Research, Sterling, VA, USA) was used for produc-

and 8s, depending on the experiment. At the start of eaChing two-dimensional chromatograms.

run, the CQ flow was adjusted by using a needle valve to

keep the cold-jet temperature at 0-=10 at an initial oven

temperature of 90C. Helium gas (Hoek Loos, Schiedam, 3. Results and discussion

The Netherlands) with a purity of 99.999% was used as car-

rier gas. A micro-ECD (Agilent) was operated at 3@

with 99.999% pure nitrogen (Hoek Loos) as make-up gas

at a flow-rate of 150 ml/min. The data acquisition rate was |n order to fully profit from the advantages provided

50 Hz. One microlitre samples were injected manually into by GC x GC, it is generally recommended to use a truly

a split/splitless inlet port operated in the splittess mode at orthogonal system, because then, next to a high peak ca-

280°C with split opening after 2 min. pacity and enhanced sensitivity, also chemically meaningful
The GC columns used in the first and second-dimensionsstructured chromatograms can be obtairf&ll There-

are listed inTable 2 The columnswerecoupledviaaslnx fore, eight second-dimension co|umn§ab|e 2 which

0.1 mm i.d. uncoated fused-silica deactivated column (BGB cover the whole range of stationary phases available in
Analytik, Aldiswil, Switzerland), which serves as the mod- columns with dimensions as are required for the second
ulator loop. For the comparison of the first-dimension sep- separation—typically 1 m long with an i.d. of 0.1 mm and
arations (see€fable 4further), all columns were coupled g film thickness of 0.j.m—were subsequently combined
to a 25m x 0.1 mm i.d. retention gap to create the same with a 100% methylpolysiloxane stationary phase (DB-1,

2.2. GCx GC system

3.1. Tuning of second-dimension separation

Table 2
Survey of first- and second-dimension GC columns used
Commercial code Stationary phase TemperatureDimensions Produckr
limit® (°C)
First-dimension columns
DB-1 100% methylpolysiloxane 325/350 30m 0.25mmx 0.25um J&W Scientific
VF-1ms 100% methylpolysiloxane 325/350 30x0.25mmx 0.25um VARIAN
VF-1ms 100% methylpolysiloxane 325/350 50xn0.25mm x 0.25pm VARIAN
HT-5 5% phenyl-methylpolysiloxane (carborane) 400/410 38mM.25mmx 0.25um SGE International
DB-XLB Proprietary 340/360 30nmx 0.25mmx 0.25pum J&W Scientific
DB-DIOXIN Proprietary (44% methyl, 28% phenyl, 20% 250/270 30mx 0.25mmx 0.25um J&W Scientific
cyanopropyl, 8% polyoxyethylene-polysiloxane)
LC-50 50% liquid crystalline-methylpolysiloxane —/270 10mx 0.18 mmx 0.10pm J&K Environmental
Second-dimension columns
BPX-50 50% phenyl-methylpolysiloxane (silphenylene) 360/370 $r.10mmx 0.1pm SGE International
007-65HT 65% phenyl-methylpolysiloxane —/360 Imx 0.10mmx 0.1pm Quadrex
HT-8 8% phenyl-methylpolysiloxane (carborane) 360/370 ¥md.10mmx 0.1pm SGE International
oV 1701 14% cyanopropylphenyl-methylpolysiloxane —/280 Imx 0.10mmx 0.1pm Quadrex
VF-23ms Proprietary (high cyano containing polymer; with —/260 Imx 0.10mmx 0.1pm VARIAN
absolute cyano content 70-90%)
SupelcoWax-10 Polyethylene glycol —/280 0.5mx 0.10mmx 0.1pm Supelco
007-210 50% trifluoropropyl-methylpolysiloxane —/280 1.0mx 0.10mmx 0.1pm Quadrex
LC-50° 50% liquid crystalline-methylpolysiloxane —/270 0.35 (0.9) mx 0.18mmx 0.1pm J&K Environmental

a8 Maximum isothermal temperature/maximum programmed temperature.

b J&W Scientific, Folsom, CA, USA; VARIAN, Middelburg, The Netherlands; SGE International, Ringwood, Australia; J&K Environmental, Sydney,
Nova Scotia, CA; Quadrex, New Haven, CT, USA; Supelco, Bellefonte, PA, USA.

€ 0.9m long column used only for milk sample analysis.
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Fig. 1. GCx GC+.ECD chromatograms of the mixture of 10 CDFs (red), 7 CDDs (green) and 12 dioxin-like CBs (orange) for a DB-1 column combined
with second-dimension columns as indicated in the frames. Temperature programme for both coluting2 8n), at 30C/min to 170°C (5min),

then at 1.5C/min to 290°C (10 min). Final temperature for LC-50 and 007-210 was 270 and @B@espectively, because of temperature limits. Inlet
pressure for DB-XLBx LC-50, 39 p.s.i., for other combinations, 45 p.s.i. Modulation period, 7 s.

30m x 0.25mm x 0.25um) in the first dimension to be interest, because it is the only case where the members have
tested for separation of the 17 CDD/Fs and 12 dioxin-like different TEF values. The second-dimension separation of
CBs. For six out of the eight combinations, the separations these congeners was expressed in terms of their resolution,
are shown irFig. 1 The separations achieved with OV1701 2Rs. The calculated values for all tested columns are given
and BPX-50 as second column are not shown, because then Table 3

two-dimensional elution patterns were very similar to those  Table 3and Fig. 1 demonstrate that the introduction of
achieved on VF-23 and 007-65HT, respectively, but with a trifluoropropyl group into the siloxane stationary phase
slightly less resolution in the second-dimension. There were (column 007-210) does not add to the separation of the
six pairs of congeners which were not resolved on the first target compounds at alBRs is invariably equal to zero
column. One of these pairs, viz. 169/5D1, is of particular and all compounds show up in a horizontal line in the

Table 3
Second-dimension resolutiofRs, on eight stationary phases for analyte pairs co-eluting on first-dimension DB-1 column
Co-eluting pairs on DB-1 Resolution in second-dimensiof on

007-210 HT-8 BPX-50 007-65HT OV-1701 VF-23 SupelcoWax-10 LC-50
123/118 - - - - - 0.8 0.9 -
169/5D1 - - - 0.4 1.2 33 11 5.7
6F1/6F2 - - - - - - 04 -
6D1/6D2 - - - 0.4 - - - -
6D3/6F4 - 0.9 2.1 2.2 0.7 1.8 15 25
8D/8F - - 1.7 1.7 - - Decomposition -

a (-) Peaks not resolvedRs < 0.4).
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GC x GC plane. Moreover, tailing peaks were observed it is obvious that improved performance should preferably
with this stationary phase. The HT-8 column has strong come from optimisation of the first-dimension separation.
boiling-point-based selectivity, as is indicated by the or-
dering of the peaks in a diagonal line. Although carborane 3.2. Tuning of first-dimension separation
containing several per cent of phenyl groups is known
to provide some extra selectivity, which causes congener3.2.1. Orthogonal approach
separation based on the number of chlorine substituents Somewhat surprisingly, the first-dimension separa-
[13,14], not much added value was observed in the presenttion could be improved by using another type of 100%
case. Only the separation of the 6D3/6F4 pair was signif- dimethylpolysiloxane stationary phase (VF-1 ms) than used
icantly improved. A higher proportion of phenyl groups in the previous experiments (DB-1). This is shown in
in the stationary phase, as in the BPX-50 and 007-65HT Table 4 which compares GC separations on DB-1 and
columns, yielded stronger retention further improves the VF-1ms under the same chromatographic conditions. A
separation of this pair; in addition, separation of 8D/8F major improvement was observed for the 6D3/6F4 pair,
is achieved. However, the 169/5D1 pair, the separation of which is clearly separated on VF-1 msRg = 1.4), while
which is essential for TEQ calculation, still is not satis- there is no separation at all on DB-1. However, the im-
factorily resolved. The cyanopropyl-containing stationary provement has little importance for the final GCGC
phases, OV1701 and VF-23, specifically the latter, which separation, because this pair is easily separated in the
has a higher cyano content, provide an excellent separationsecond-dimension on, e.g., VF-23 and LC-50. Small gains
of 169/5D1 and, consequently, allow TEQ determination. of selectivity were also observed for two other co-eluting
The resolution of the 6D3/6F4 pair is similar to those pairs, 6F1/6F2 and 6D1/6D2, but no improvement was ob-
achieved on the phenyl phases, but the separation of 8D/8Fserved for the 123/118, 169/5D1 and 8D/8F pairs, which
is, unfortunately, completely lost. remain totally unresolved. The very limited usefulness
A main characteristic of the polyethylene glycol phase, of selecting a longer (50 m versus 30m) first-dimension
SupelcoWax-10, is the very high retention of the target an- column is also illustrated ifable 4 viz. for VF-1 ms.
alytes. In order to avoid the need to install a second oven to A better option to improve the first-dimension separation
speed up the second-dimension separation, a 0.5m insteads to use a more selective stationary phase. Of course, by
of a 1 m long second-dimension column was used. Even so,doing so, the orthogonality and possibly also the ordered
peaks were broader than with the other stationary phasesstructure will be lost. However, while ordered structure is
Despite the rather promising results—which are similar to extremely useful when analysing complex samples contain-
those for VF-23—the decomposition of 8F and, slightly ing many unknowns, because it allows a fast provisional
less, also of 7F2 disqualifies this phase. The decompositionidentification, in target analysis, i.e. in this study, the most
is probably due to surface-catalysed dehalogenation of theimportant criterion is the separation of the priority analytes,
chlorines in positions one and nine due to steric congestionand ‘structure’ is not really required.
[17]. A liquid crystalline LC-50 phase, which provides pla-
narity selectivity, was also included in the test set, although 3.2.2. Non-orthogonal approach
at the time of analysis it was available only as a 0.18 mm  Next to the two methylpolysiloxane phases, four more sta-
i.d. column.Fig. 1 shows that this column is extremely ef- tionary phases were tested in the first dimensitable 2.
fective in separating the CDDs and CDFs, which show up Achieving the required separation is one criterion to be con-
in the top part of the chromatogram, from the CBs, which sidered. However, the stability of the stationary phase is also
have much shorter second-dimension retention times. Theimportant, because column bleed will also be modulated and
selectivity for planar compounds is so high, that although may cause system peak(s) in the second-dimension chro-
only a 0.35m instead of 1 m long column was used, com- matogramg18]. Co-elution of the target compounds with
pounds such as 6F4, 7F2, 8D and 8F showed wrap-aroundsuch system peaks will adversely affect their detectability
As regards selectivity, the LC-50 column provides the best and additional tuning will be required to improve separation,
result for the critical pair 169/5D1. The 6D3/6F4 pair is also if at all possible. Therefore, the noise levels of all tested
clearly separated, but the results for the other pairs leavecolumns were studied. In order to minimize the contribution
much to be desired. of injector bleeding (contaminants, septum, O-ring), the in-
In conclusion, one aim of the present study—the base-line jector temperature was held at 8D in all analyses and no
separation of all congeners with different TEF values—has injection was performed. The baseline profiles observed at
been achieved. There are two column combinations which an elution temperature of 24Q are shown irFig. 2 The
meet this demand. One of these, moreover, the DB-1  difference between the ‘special phases’, DB-DIOXIN and
LC-50 set, provides an interesting separation of the priority LC-50, and the non-polar phases, DB-1, VF-1 ms, HT-5 and
CBs from the CDD/CDFs. The second aim, the separation DB-XLB, is dramatic. The absolute noise level for the for-
of all six co-eluting pairs, cannot be achieved with any of mer two phases isa. 100 Hz, as against around 10 Hz for
the column sets tested. Especially because no other types othe latter four. Moreover, the non-polar stationary phases
second-dimension column are commercially available today, show only one negative system peak at the start of each
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Table 4
Elution order, retention times's) and resolution of partially resolved congenet®d)? for the 29 test compounds on four non-polar first-dimension
columng
Compound  DB-1 (30 m) VF-1ms (30 m) VF-1ms (50 m) HT-5 (30 m) DB-XLB (30m)
It [min]  'Rs Itg [min] 'Rs  'tg [min] 'Rg Compound !tz [min] 'Rs  Compound l!zg [min] 'Rs
81 42.7 44.0 553 81 41.1 81 58.0
77 43.9 45.3 56.7 77 43.1 77 59.8
123 47.7 49.1 60.6 123 45.7 123 62.2
118 481 1.3 49.5 1.3 61.0 | 118 46.4 118 63.2
114 49.5 50.9 62.7 114 474 114 64.8
105 514 52.9 64.8 105 50.6 105 67.5
4F1 529 54.6 66.7 4F1 53.0 4F1 72.5
4D1 55.4 57.0 69.2 4D1 54.5 4D1 74.3
126 56.5 58.1 70.3 126 56.8 126 74.3 -
167 60.1 61.6 73.8 167 59.6 167 76.6
156 63.2 64.8 77.2 156 63.2 156 80.5
157 63.8 65.5 77.9 157 64.2 157 81.1
5F1 65.2 67.1 79.9 5F1 65.2 SF1 85.2
SF2 67.5 69.4 82.2 SF2 69.2 169 88.3
169 69.3 70.9 83.5 5D1 70.0 S5F2 89.1
5D1 693 - 70.9 - 83.9 1.4 169 70.7 5D1 89.8
189 75.3 77.0 89.6 189 76.7 189 93.4
6F1 78.9 81.0 94.1 6F1 79.9 6F1 100.1
6F2 793 09 81.4 1.1 94.5 1.4 | 6F2 80.2 1.0 6F2 100.5 14
6F3 81.1 83.1 96.2 6D1 84.1 0.7 6F3 103.2
6D1 82.4 84.3 97.3 6D2 84.3 6D1 103.5 1.1
6D2 82.6 0.7 84.6 0.9 97.6 1.0 | ‘6F3 84.5 0.5 6D2 104.1
\ 6D3 83.8 85.7 98.8 ‘ 6D3 86.3 6D3 105.1
6F4 838 - 86.2 1.4 99.4 6F4 87.1 6F4 106.6
7F1 91.7 93.8 107.1 7F1 93.8 7F1 112.8
7D1 96.0 98.0 111.2 7D1 99.2 7D1 117.6
7F2 96.8 99.2 112.5 7F2 100.5 7F2 120.2
‘ 8F 108.3 110.7 124.0 8D 112.7 8D 130.2
8D 108.5 - 110.7 - 124.1 - | 8F 113.0 0.7 8F 131.2

a (=) Not possible to identify peak maximaKs < 0.5).

b Conditions: column outlets coupled to &M x 0.1 mm i.d. retention gap; temperature programme®@2 min), at 30°C/min to 17¢°C, then at
1.0°C/min to 300°C; inlet pressure, 45 and 53 p.s.i. for 30- and 50 m long columns, respectively.

DB-1
(7s)
VF-1ms
(7s)
HT-5
(7s)

DB-XLB
(65)

DB-DIOXIN
(7s)

LC-50
(65)

Fig. 2. Noise/bleed comparison at 240 for the six stationary phases
used in the first-dimension column; modulation period added in brackets. columns, 007-65HT, VF-23 and LC-50, were used, because

second-dimension chromatogram. Consequently, the system
can easily be tuned to create separation of all analytes from
the system peak, which will improve detectability. The noise
levels then are 2 Hz for DB-1, VF-1 ms and DB-XLB, and
3Hz for HT-5; that is, the limits of detection (LODs) will

be 30-50-fold lower than for the special phases. Because of
this huge difference, DB-DIOXIN and LC-50 cannot really
be used as first-dimension columns for the present applica-
tion, and they were not further considered.

The DB-XLB and HT-5 stationary phases were further
evaluated for the separation of the 29 test compounds. First,
elution order, retention times'#f) and resolution Rs)
of partially resolved congeners were determined under the
same conditions as for the 100%-methylpolysiloxane phases.
All columns had the same dimensions; they were coupled
to a 25m x 0.1 mm i.d. retention gap to create the same
pressure profile in the column as in a GOGC run, and
the same chromatographic conditions were applied. All rel-
evant data are shown ifable 4 Next, second-dimension
separation was tested under the same conditions as in the
case of the DB-1 column. Only three second-dimension
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Fig. 3. GCx GC~.ECD chromatograms of the mixture of 10 CDFs (red), 7 CDDs (green) and 12 dioxin-like CBs (orange) for column combinations as
indicated in the frames. Temperature programme for both columri&C g2 min), at 30 C/min to 170°C (5 min), then at 1.5C/min to 290°C (10 min).

Final temperature for LC-50 was 27@Q, because of temperature limit. Inlet pressure for DB-XkBLC-50, 39 p.s.i., for other combinations, 45 p.s.i.
Modulation period, 8s.

they showed the highest selectivity with DB-1 in the first congeners now displayed partial co-elution—6F1/6F2 and
dimension Table 3. The experimental results are shown in  6D1/6D2/6F3. When combining the HT-5 column with ei-
Fig. 3 ther VF-23 or LC-50, six compounds co-eluted—6F1/6F2,

As regards the HT-5 columnTable 4 shows that 6D1/6D2 and 8F/8D (data not shown). All of this was
all congeners with different TEF values were sepa- an improvement compared with the best DB-1-based or-
rated. When HT-5 was combined with the three selected thogonal separations (DB-% VF-23 and DB-1x LC-50;
second-dimension columns, the best result was obtainedFig. 1), where two congeners were not resolved at all and
in the case of the 007-65HT columfig. 3A). Only five six further compounds showed partial co-elution.
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For the DB-XLB column,Table 4shows that one pair  separationRs = 1.4) was obtained for the same pair in all
of congeners with different TEF values, 4D1/126, was not cases, 6F1/6F2.

resolved at all and two pairs, 6F1/6F2 and 6F3/6D1, were |n conclusion, the second aim of the study—the complete
resolved only partly. However, when combining this column  separation of all 29 priority congeners—has now also been
with any of the three second-dimension columns, all priority achievedyiz. for all three combinations. In real-life appli-
congeners were satisfactorily separatéwy(3B-D). Least  cations, the separation of the target analytes from each other

CDD/F-containing fraction (DB-XLBx007-65HT)

40 50 60 70 30 90

CDD/F-containing fraction (DB-XLBxVF-23)

7 ;

—_
=]
e

oo

2" dimension retention time (s)

2 6F3 6D2 6F4
¢

40 50 60 70 80 90

1st dimension retention time (min)

Fig. 4. GCx GC—H.ECD chromatograms of the CDD/F (A—C) and CB (D) fraction of a milk sample obtained with column combinations as indicated in
the frames. Modulation period, 8s. (A) Temperature programmeC92 min), at 30C/min to 210°C, then at 1.0C/min to 300°C (5 min); constant

flow, 1.1 ml/min. (B) Temperature programme, @D (2 min), at 30C/min to 210°C, then at 1.0C/min to 290°C (15 min); constant flow, 1.1 ml/min.

(C) Temperature programme, 90 (2 min), at 30 C/min to 210°C, then at 1.0C/min to 270°C (25 min); ramped flow, 1.1 ml/min (49 min), in 0.5min

to 1.5ml/min. (D) Temperature programme, °@ (2 min), at 30C/min to 180°C, then at 1.3C/min to 261°C, then at 20C/min to 270°C (25 min);
constant flow, 1.0 ml/min.
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CDD/F-containing fraction (DB-XLBxL(C-50)

© 8

CB-containing fraction (DB-XLBxLC-50)

gnd dime_gsion retention time (s)
L)

1t dimension retention time (min)

Fig. 4. (Continued.

is one goal. However, it is equally important to achieve the to evaluate their potential for real-life analysis. The chro-
separation of the analytes from the matrix. This investiga- matograms for the CDD/F and the dioxin-like CB fractions

tion is discussed in the next section. are shown II'FIg 4. As Fig. 4A and Bshow, 007-65HT and
VF-23 failed to separate the target CDD/Fs from the matrix:
essentially all analytes show up in the matrix band. While

3.3. Real-life applications this is no serious problem when the analytes are relatively
abundant, as e.g., 8D and 8F, it is extremely problematic for

A milk extract spiked with the priority CDDs and CDFs ultra-trace level analytes—such as, in this case, e.g., 4F1

(and containing incurred CBs) was fractionated into two and 4D1—and, also, of course for the more ‘contaminated’

fractions—one containing the mono- and namhko CBs regions.

and the other, the CDDs and CDFs—and analysed on the For the DB-XLB x LC-50 combination, on the other

three column combinations selected in the previous sectionhand, the excellent selectivity for dioxins and furans already
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noted when discussingig. 1, is seen to provide the re- Table 5
quired extra selectivityHig. 40). They are retained much Quantitative performance data for the 29 priori‘ty gnalytes in &C
stronger than the other sample constituents, which in most SC#ECD on the DB-XLE x LC-50 column combination

instances creates their efficient separation from the matrix. Compound R.S.D. (%) rb LOD (fg)
However, a drawback is that the retention of the hexa- to cg g1 25 0.9998 60
octa-substituted congeners is so high that they do not elutecs 77 25 0.9997 70
from the second column within the 8 s modulation time. That CB 123 3.0 0.9999 40
is, they show wrap-around and co-elution with other sam- CB 118 4.0 0.9999 40
. : - CB 114 15 1.0000 30
ple constituents sometimes occurs. For the majority of the CB 105 15 1.0000 30
hexa-substituted congeners (6F1, 6F2, 6F3, 6D1 and 6D2); 3 7 g.TcpF 55 0.9981 70
this problem was solved by increasing the carrier gas flow 2,3,7,8-TCcbD 5.5 0.9988 90
from 1.1 to 1.5 ml/min just before their elution (at 49 min). CB 126 3.0 0.9999 60
However, the retention of two hexa- (6D3, 6F4), and the CB 167 15 0.9997 50
hepta- and octa-substituted congeners is so strong that they.c =20 20 1.0000 %0
P 9 g that theyg 157 15 1.0000 40
still show wrap-around and, consequently, some co-elution. 1 » 3 7.8-pecDF 35 0.9998 70
Unfortunately, installing a second oven and keeping the sec-cB 169 25 1.0000 50
ond column at a higher temperature than the first-dimension 2.3,4,7,8-PeCDF 35 0.9995 70
column to speed up the elution of hexa- to octa-substituted !2:3.7.8-PeCDD 35 1.0000 70
congeners, is no generally valid solution. It is applicable <& 1&° 13 0.9998 40
g , 9 y val - pplicablé ; - 3 4 7 8-lxcDF 6.5 0.9999 40
only for the hexa congeners, since the maximum operating 1 » 3 6 7.8-HxCDF 6.5 0.9996 50
temperature of the LC-50 column (270) is reached just  2,3,4,6,7,8-1IxCDF 6.5 0.9996 40
during the elution of the hepta-substituted congeneis, ,2,3,4,7,8-HxCDD 5.5 1.0000 60
at 66 min. Another option to reduce the second-dimension |1'22'33'67'7é85;HHXCCDDDD 55% 2'%%%% 54%
c e tn 1ea a chartar carnnd ~alimn A O/ 12378, -Hx : :
retention tlmgs is to use a shorter seqond columq. A O.6m|’2’3’7’8’9_|_|xCDF 45 0.9999 50
column was indeed tested, but the highest contributors t0)5 3 4.6,7,8-HpcDF 5.0 0.9999 70
the TEQ value, 4F1 and 4D1, now showed insufficient sep- 1,2,3,4,6,7,8-HpCDD 4.0 0.9999 70
aration from the matrix. The preferred solution is to use 1.2,3,4,7,8,9-HpCDF 4.5 0.9999 80
an LC-50 column with a smaller i.d., i.e., 0.10 instead of ©CPD 6.0 0.9980 150
OCDF 6.0 0.9980 150

0.18 mm. This would accelerate the second-dimension sep-
aration and, in addition, increase the separation efficiency. & For 10 injections of 50-fold diluted standard solution.
Unfortunately, such an LC-50 column is not commercially b Linear mgdel; five calibratioh levels, _(2_:5, _1:10, 1:5Q, 1:_200 and
available today. 1:1000)-fold diluted standard solution; one injection per calibration level.
For the CB-containing fraction, the situation was found to
be similar to the above. Again, the LC-50 column provided
much better selectivity for, in this case, the dioxin-like CBs 1.5 to 4.0% and for the CDD/Fs from 3.0 to 6.5%. Even
than the other two second-dimension columns tested. How-for the two partially co-eluting congeners, 6F1 and 6F2, the
ever, in this instance the situation is less critical than with values were in this range, but integration was, admittedly,
the dioxins and furans, mainly because of the higher con- somewhat difficult. Linearity, expressed as the correlation
centrations of dioxin-like CBs in real-life sampldgg. 4D coefficient of linear regressior?, was calculated from mea-
also shows that there is now no problem with wrap-around surements of five solutions prepared by diluting the standard
of the target ana|ytes on the LC-50 column, since the mono- mixture 2:5, 1:10, 1:50, 1:200 and 1:1000 with isooctane.
and nonertho-CBs are retained less strongly than are the Table 5shows that the results are gratifying, with all but
CDD/Fs. Since the CBs were incurred and were not addedfour (0.9980-0.9988) correlation coefficients being higher
as spikes, there are huge differences in spot intensities, esthan 0.9995. The limits of detection (LODs) were calcu-

pecially between the non- and monctho-CBs. lated at a signal-to-noise ratio of 3:1. As can be seen from
Table 5 LODs of 30-70 fg can be generally expected for
3.4. Quantitative performance the dioxin-like CBs and LODs of 40-150 fg for the priority

dioxins and furans.

The results presented in the previous section enable the
conclusion that DB-XLBx LC-50 is the most powerful col-
umn combination presently available. It was therefore used 4. Conclusions
to assess the potential of GCGCHLECD for quantitative
analysis by measuring relevant performance dasble 9. Comprehensive two-dimensional GC under orthogonal
Repeatability was calculated as the relative standard devia-conditions—which are preferred because of the identifica-
tion (R.S.D.) of 10 consecutive injections of a 50-fold di- tion potential of ordered structures—provides a complete
luted standard solution. The R.S.D.s for the CBs varied from separation of all seventeen 2,3,7,8-substituted CDD/Fs and
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12 dioxin-like CBs having different TEF values if a DB-1 stitut Quimic de Sarria, Barcelona, Spain) in preparing the
column is combined with a second-dimension VF-23 or sample extracts.
LC-50 column. For a complete separation of all 29 pri-
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