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Abstract

Comprehensive two-dimensional gas chromatographyGC) coupled with micro electron-capture and time-of-flight
mass spectrometric (TOF-MS) detection has been used to analyse technical toxaphene. AHHB-dolumn combination
yielded highly structured chromatograms and revealed a complex mixture of over 1000 compounds what is significantly
higher number than in any study before. The analysis of a mixture of 23 individual congeners and TOF-MS evaluation of
technical toxaphene showed that the chromatogram is structured according to the number of chlorine substituents in a
molecule. The nature of the compounds (bornane and camphene) does not appear to have any influence. The sum of the pea
areas of all congeners in each group was calculated using laboratory-written software; based on these results, the
composition of technical toxaphene as a function of the number of chlorine substituents was provisionally calculated and was
found that hepta- and octachlorinated compounds represents 75% of the total toxaphene area.
0 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction relatively short (ca. 0.5 m) second-dimension column
with different separation characteristics. In most

In the past few years, comprehensive two-dimen- instances, a non-polar first column is combined with
sional GC, or GXGC, has emerged as an extremely a more polar second column, and the time span of
powerful separation technique. Much higher peak each effluent fraction from the first column that is
capacities can be obtained than in conventional trapped, refocused and, next, transported to the
multidimensional GC, or GC-GC, because each second-dimension column, is on the order of 3-6 s.
successive small fraction eluting from the conven- The final result is usually displayed as a two-dimen-
tional-size first-dimension column is subjected, in sional contour plot.
real time, to a second, orthogonal separation, on a The first problem that had to be solved when

GCXGC was introducedl1] was designing a robust
mponding author. Tel+31-25-556-4607: fax:+ 31-25- an_d user-fr_iend_ly interfa_ce _between the two columns.
556-4644. Without going into details, it may suffice here to say
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high-speed diaphragm valve modulaigt and truly
comprehensive modulators like thermal (SWEEPER)
[3] and especially cryogenic modulatdig—6], this

problem has been adequately solved. The other main
challenge was to demonstrate the dramatic increase

in peak capacity from, characteristically:+n” for
heartcut-type GC—GC, ' xn® for GCXGC, where

Y and? indicate the first and second column, respec-
tively. Initially, this was mainly done with a variety
of petrochemical samples, with the clear emergence

of separate groups or bands of alkanes, naphthenes
probability, most of these compounds will not be

and aromatics as an illustrative exampid. More
recently, the G&GC analysis of other classes of
compounds has been shown to be equally rewarding,
e.g., essential oilg[8], fatty acid methyl esters
(FAMES) [9] and polychlorinated biphenyls (PCBs)
[10]. Finally, while initially essentially all work was
done with flame ionisation detectors because only
these detectors provided a sufficiently fast response
for the 3-6-s second-dimension separations, very
recently the successful use of, almost equally rapid,
micro electron-capture detection and time-of-flight
mass spectrometry has been repoifteg-12].

One further aspect which makes GGC espe-
cially attractive is the ordered structure of the two-
dimensional chromatograms, which is observed
when mixtures of related compounds, homologues or

congeners are analysed. One good example are the

series of chemical compounds present in petrochemi-
cal mixtures referred to above—other examples are
the complex FAME mixtures typical of many fats
and oils (ordering according to number of carbon
atoms and double bondf)] and PCBs (ordering to
number of chlorine atoms and their positions on the
biphenyl ring) [10]. The distinct advantage is that,
for unknown compounds, a structure can now be
postulated on the basis of their position in the 2D-
separation plane. While such an exercise can be
performed fairly straightforwardly when a sufficient
number of individual congeners, etc. is available—as
is e.g., the case with PCBs—huge problems will be
encountered when standards are not readily avail-
able, as is true for toxaphene.

Technical toxaphene is a complex mixture of
polychlorinated monoterpenes produced by passing
chlorine gas through a solution of technical-quality
camphene (an isomerization product afpinene
extracted from pine oils) in tetrachloromethane under
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UV irradiation. The resulting mixture contains 67—

69% chldfiBg corresponding with the empirical

formula, G, H,CL. The major constituents are

chlorobornanes followed by chlorocamphenes, while
chlorodihydrocamphenes and chlorobornenes (anc

bornadienes) are present as minor componfits
16]. The technical mixture also contains small

amounts of other chlorinated hydrocarbons and non-

chlorinated hydrocarbdds]. The numbers of
congeners that can, theoretically, be formed, and
their carbon skeletons are shaie i In all

present in the commercially available technical mix-
ture, but the numbers quoted in the table may be
considered a relevant reflection of the complexity
that can be expected.
High-resolution GC has been used to study the
composition of technical toxaphene. However, even
with the separation performance then available, it is
not possible at all to create an overall satisfactory
separation. Typically, about 100 peaks show up in a
GC-electron-capture detection (ECD) chromatogram

of toxaphene. A better result is obtained by combin-
ing GC with another separation technique such as

adsorption chromatography on [§iitar active
cafttdéh normal-phase LJ20], or GC-GCJ[21].
With these combined techniques, the number of
compounds in technical toxaphene was estimated a
at leasf1B],7246 [20], 300 [21], and 675[19].
However, all the quoted methods were very time-
consuming. For example, the 675-peak experiment
required pre-fractionation into no less than 160
fractions with a subsequent 30-min GC analysis of
each fraction.
With, on the one hand, the high complexity of
toxaphene and, on the other hand, the impressive
separation power of@&Cin mind, we have made
a first attempt to unravel the general composition of
toxaphene by means okKGC. The selection of
the stationary phases in the first- and second-dimen-
sion columns is one of the most important tasks
when designing>aGGCseparation system. The
main goal is not only to achieve a high separation
efficiency but also to obtain “ordered” chromato-
grams. In a previous paper, we have demonstrated
that the KHI-8 column combination delivered

highly ordered chromatograms for PCBs based on

the number of chlorine substituents of a compound
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Table 1
Main classes of compounds present in toxaphene and their theoretically possible variety [14]
Class of compounds Carbon General No. of
skeleton formula congeners
9., 8
4
3 5
. 2
Chlorinated bornanes 10 ° & H, ¢l 16 640
9 8
7
4
8 5
. 2
Chlorinated bornenes 10 ° & H. £l .

Chlorinated camphenes £ .H, Cl 12 288

Chlorinated dihydrocamphenes .£.4, Cl 32 768

“Not calculated.

[10]. Although toxaphene is not as closely related to 2.2. GCXGC—micro (n) ECD
PCBs as is sometimes suggested (non-aromatic ver-

sus aromatic nature), this column combination, was ThexGC system was built from a HP 6890

evaluated for the analysis of toxaphene. ECD and (Hewlett-Packard, Wilmington, DE, USA) gas
time-of-flight mass spectrometry (TOF-MS) detec- chromatograph equipped with a thermal modulator
tion were used to obtain adequate selectivity. assembly (Zoex, Lincoln, NE, USA) consisting of a

rotating slotted heater, a holder of the modulator
tube, and a separate oven for temperature program-

2. Experimental ming of the second-dimension column. Principles
and working characteristics of the thermal sweeper

2.1. Reagents modulator are extensively described in Ré¢8].
Helium gas (Hoek Loos, Schiedam, The Nether-

A technical toxaphene mixture was obtained from lands) with a purity of 99.999% was used as carrier
Polyscience (Warrington, PA, USA). A standard gas through th&XGC system at an inlet pressure
mixture of 23 toxaphene constituents in cyclohexane of 50 p.s.i. The micro ECD (Hewlett-Packard) was
(individual concentrations, 0.4 ngl) was purchased operated at 3@ with 99.999% pure nitrogen
from Dr. Ehrenstorfer (Augsburg, Germany). The (Hoek Loos) as make-up gas at a flow of 60 ml/min.
substitution patterns of the compounds present in the Wreamples were injected manually into a split/
mixture according to IUPAC are given ifable 2. splitless inlet port (Hewlett-Packard) operated in the
The well-known Parlar nhumbers and the eight-digit splitless mode at@pthe purge time was 2 min.

codes which provide essential structural information A 3ROMWL5-mnxX0.25um  HP-1  (100%-di-
[22,23] are included in the table. methylpolysiloxane) fused-silica column from Hew-
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Table 2

Composition of 23-component standard mixture

Parlar No. of Cl Acronym according to IUPAC name

no. substituents Wester et al. [22,23]

11 6 C[032001]-(112) 2,2,8x0,8,9,10-Hexachlorocamphene

12 6 C[021001]-(21) 2x0,3-endo,8,8,9,10-Hexachlorocamphene

15 6 C[021011]-(12) 2x0,3-endo, 7,8,9,10-Hexachlorocamphene

21 7 B[30030]-(012) 2,2,5,5,9,10,10-Heptachlorobornane

25 7 C[032001]-(21) 2,2,8x0,8,8,9,10-Heptachlorocamphene

26 8 B[12012]-(202) Zendo, 3-exo,5-endo,6-ex0,8,8,10,10-Octachlorobornane
31 8 C[032001]-(22) 2,2,8x0,8,8,9,9,10-Octachlorocamphene

32 7 B[30012]-(111) 2,2,%®ndo,6-ex0,8,9,10-Heptachlorobornane

38 8 B[30030]-(022) 2,2,5,5,9,9,10,10-Octachlorobornane

39 8 B[32012]-(111) 2,2,8x0,5-endo,6-ex0,8,9,10-Octachlorobornane

40 8 B[12012]-(112) Zendo, 3-exo,5-endo, 6-ex0,8,9,10,10-Octachlorobornane
41 8 B[21020]-(122) 2x0,3-endo,5-ex0,8,9,9,10,10-Octachlorobornane

42a 8 B[30012]-(211) 2,2,Bndo,6-ex0,8,8,9,10-Octachlorobornane

42b 8 B[30012]-(121) 2,2,8ndo,6-ex0,8,9,9,10-Octachlorobornane

44 8 B[20030]-(122) 2x0,5,5,8,9,9,10,10-Octachlorobornane

50 9 B[12012]-(212) Z2endo, 3-exo,5-endo,6-ex0,8,8,9,10,10-Nonachlorobornane
51 8 B[30030]-(112) 2,2,5,5,8,9,10,10-Octachlorobornane

56 9 B[30012]-(212) 2,2,'®Bndo,6-ex0,8,8,9,10,10-Nonachlorobornane

58 9 B[32030]-(112) 2,2,8x0,5,5,8,9,10,10-Nonachlorobornane

59 9 B[30012]-(122) 2,2,%®ndo,6-ex0,8,9,9,10,10-Nonachlorobornane

62 9 B[30030]-(122) 2,2,5,5,8,9,9,10,10-Nonachlorobornane

63 9 B[21022]-(212) 2x0,3-endo,5-ex0,6-€x0,8,8,9,10,10-Nonachlorobornane
69 10 B[30032]-(122) 2,2,5,5,6¢0,8,9,9,10,10-Decachlorobornane

lett-Packard and a 1-m0.1-mmx0.14um HT-8 (8%
phenyl (equiv.) polycarborane-siloxane) from SGE
International (Ringwood, Australia) were used as
first- and second-dimension columns, respectively. A
7-cmx0.1-mmx3.5um 007-1 (100%-methylpoly-
siloxane) capillary column (Quadrex, Deerfield, IL,
USA) was used as modulator tube. The head of the
first column was connected directly to the injector
and its outlet, via an 8-c0.1-mm I.D. fused-silica
deactivated column (BGB Analytik, Adliswil, Swit-
zerland), to the modulator tube. The head of the
second-dimension column was connected to the
modulator tube via a 6-cm0.1-mm |.D. deactivated
column and its end to the detector, also via a
deactivated column (10-crD.1-mm 1.D.). Micro
press-fits (Techrom, Purmerend, The
Netherlands) were used for the connections. The
slotted heater temperature was set IMbove the
temperature of the first oven. The GGC operating
programme, ver. 2.0z (Zoex) was used for the
sweeper control and data acquisition. The modula-
tion period was 6.5 s at a rotating speed of 0.15
rev/s, and with a pause time of 0.4 s. The data

and mini

acquisition rate was 50 Hz. Transform software
(Fortner Research, Sterling, VA, USA) was used for
data visualisation and evaluation.

2.3. GCXGC-TOF-MS

The< GC system was built from a HP 6890

instrument (Hewlett-Packard) equipped with a lon-
gitudinally modulated cryogenic system (LMCS; Ph.
Marriott, RMIT, Melbourne, Australia) consisting of
a moving cryogenic CO chamber and a separate
oven for temperature programming of the second-
dimension column. Principles and operation of the
longitudinally modulated cryogenic system are ex-
tensively described in Rg#]. Helium (Hoek Loos)
with a purity of 99.999% was used as carrier gas
through the &Csystem at a constant flow of 1.3
ml/min. Oned samples were injected using an HP
7673 autosampler (Hewlett-Packard) into an Optic 2
programmable injector (ATAS, Veldhoven, The
Netherlands) operated in the splittess mode at
Z60the purge time was 1 min. A Pegasus Il
time-of-flight mass spectrometer (LECO, St. Joseph,
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MI, USA) was used as detector and was operated at a evaluation and visualization, homemade software
spectrum storage rate of 10 Hz, using a mass range was used which enables the conversion of the raw
of m/z 45-550, an ion source temperature of 200 data into a 2D array, to generate contour plots from

an ionisation energy of 70 eV, a transfer-line tem- this array and to perform, in combination with the
perature of 300C and a multi-channel plate voltage Pegasus Il software, mass spectra evaluation directly

of —1900 V. A 10 mx0.25-mmx0.25um DB-1 from the contour plots.
(100%-dimethylpolysiloxane) fused-silica column
purchased from J&W Scientific (Folsom, CA, USA)
and a 1-nx0.1-mmx0.14um HT-8 (8% phenyl
(equiv.) polycarborane-siloxane) from SGE were
used as the first- and second-dimension columns,
respectively. The head of the first column was 3.1. GCXGC-uECD analysis of technical
connected directly to the injector and its outlet, via a toxaphene

12-cmXx0.1-mm |.D. fused-silica deactivated column,

3. Results and discussion

to the second-dimension column. The outlet of the A typical X®&Z—.ECD chromatogram is

latter column was connected to the detector via an showfign 1. Because of the huge differences in
18-cmx0.1-mm 1.D. fused-silica deactivated column concentration of the individual congeners in techni-
to allow the entire second column to be put into the cal toxaphene, it is difficult to visualise major and
separate oven. The columns were connected by minor peaks in the same contour plot. THegefore,
means of a press-fit connector (Techrom). Data 1 also contains an overlay by a so-called apex plot in
processing was performed using LECO Pegasus I which only the positions of the peak apexes are
software, version 1.10. For data transformation, displayed. The overall improvement of the separation

20d dimension retention time [s]

0 27 54 81 108 135
15t dimension retention time [min]

Fig. 1. GCXGC—L.ECD contour plot and overlaid apex plot (black dots) of technical toxaphene and reconstructed one-dimensional
chromatogram. Temperature programme?’®Q2 min), at 5C/min to 110°C, then at PC/min to 220°C (35 min) for the first oven, and
110°C (2 min), at 5°C/min to 130°C, then at TC/min to 240°C (35 min) for the second oven.
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of the mixture compared with the (reconstructed) 1D
GC run shown at the top of the figure is impressive.

The HP-1 column used as first-dimension column
has volatility-based selectivity, i.e., it will separate
the toxaphene congeners by boiling point. As can be
seen fromFig. 1, the toxaphene constituents elute in
a broad temperature range—the first components
elute at about 8 min, which corresponds to @2
while the last components elute after 116 min, that
is, at an elution temperature of 220. The HT-8
column used in the second dimension has a polarity-
and shape-based selectivity, and strong retention of
the toxaphene congeners is observed. Although the
second column was held at a temperature®@0
higher than that of the first column during the entire
temperature programme, wrap-around—indicated by
second-dimension retention times being lower for
later, than for earlier eluting peaks (see lower right-
hand part of chromatogram)—of higher boiling
congeners is observed. However, such wrap-around
is no problem for either qualitative or quantitative
analysis provided that later eluting peaks in the
second dimension do not co-elute with earlier eluting
peaks, which is true in this case.

As is indicated by the straight lines Iig. 1, one
can clearly observe an ordered structure of the
chromatogram. There are several parallel groups of
peaks except for one at the end of the chromatogram,
which shows a distinctly different slope. This is
caused by the fact that compounds comprised in this
group elute during the final isothermal part of the
run, while all other peaks elute during the tempera-
ture gradient. One suggestion could be to use a
higher final temperature to avoid this phenomenon.
However, with the sweeper modulator the maximum
oven temperature is limited by the stability of the
stationary phase in the modulator tube, where a ca.
100°C higher temperature is applied than in the oven
to sweep the trapped analytes into the second
column.

The total analysis time was 140 min because a
very slow temperature gradient of °C/min was
used. Steeper gradients of 2 an8iC3I min were also
tested; however, with these gradients a modulation
into only one or two fractions per peak was
achieved, while it is well-known that at least four
modulations are required to maintain the first-dimen-
sion resolution[24] and, even more importantly, no

. A 994 (2003) 179-189

order was observed anymore in the chromatogram.
As can be seen Figml, the parallel groups of

peaks are not completely separated from each other,

and there is some co-elution between adjacent
groups. This reflects the unusually high complexity

of the toxaphene sample and the close structural
relationship of the constituent compound classes (cf.

Table 1. In addition, the distances between two

groups are not constant through the chromatographic
plane: they increase with increasing first-dimension
elution times. In the lower left-hand part of the
chromatogram it is, therefore, rather difficult to
indicate groups “by line” and it may well be true

that there are one or more additional (sub-)groups

here. Based on earlier experiences with PCB sepa-
ratjg@@f one may assume that, also here, sepa-
ration occurs according to the number of chlorine
substituents. In order to prove this, a number of pure
standards should be analysed. At this time, the best

option available is to use the commercial mixture of
23 congeners {able 2 and to apply mass
spectrometric detection.

3.2. GCXGC-TOF-MS analysis of 23-congener
standard mixture

In order to study the 2D retention characteristics
and mass spectrometric fragmentation of the in-
dividual toxaphene components, the 23-congener
standard mixture was analysed X@yCSTOF
MS. For this part of the work, an LMCS modulation
system was made available to us, which allowed a
higher final programme temperaturé ©f(2&e
is no modulator tube in this set-up). The temperature
gradient used wa&€ Angin; in addition, a shorter
first-dimension column was utilised to allow elution
of all analytes within 2 h, because that was the
maximum run time available for unattended opera-
tion of the MS system. AG&Cchromatogram
together with the reconstructed 1D chromatogram is
showkign?2. Under the selected conditions GC
GC completely resolved 19 of the 23 compounds
present in the mixture and only the congener pairs
P40/41 and P42a/42b were not separated. Signifi-
cantly improved separation compared to 1D GC was
achieved for the congener pairs P32/31, P51/50 and
P41/42a/b and, also relevant, between toxaphene
congeners such as P58, P59, P62 and P63 and
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2" dimension retention time [s)
o
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59 62

oo 44 )
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1%t dimension retention time [min]

Fig. 2. Total-ion GC<KGC-TOF-MS chromatogram and reconstructed 1D chromatogram of standard mixture of 23 toxaphene congeners.
Temperature programme: 100 (2 min), at 10°C/min to 130°C, then at 1.5C/min to 280°C (4 min) for the first oven, and 12C (2
min), at 10°C/min to 150°C, then at 1.5C/min to 300°C (4 min) for the second oven.

impurities present in the standard mixture. Such
improved separation is, of course, highly important
when quantification is performed. The ordered struc-
ture of Fig. 2 fully confirms the assumption made

above that each group of peaks comprises congeners

ring and that of the methyl gi2bjpslowever, at
the present time, no general conclusion can be drawn
(as was possible for RGBsbecause the number

of available congeners is too small.

with the same number of chlorine substituents. As 3.3. GCXGC-TOF-MS analysis of technical
regards compound classes, the mixture of standardstoxaphene

contains five chlorinated camphenes (cf. Wester
codes inTable 29 next to the chlorinated bornanes.

Fig. 2 clearly shows that these two classes are not
separated from each other; this is indicated by the
results for the hexa-, hepta- and octa-substituted
compounds, even through the hexachloro data are
slightly less convincing because of the absence of
bornanes from this series. To all probability, the

position of the congeners within a group depends on
both the substitution pattern on the six-membered

Finally, the technical toxaphene mixture was
analysed by @&G-TOF MS. A full-scan chro-
matogram is shotig.iBa. Two remarks should

be made here. Firstly, although a higher sample
concentration was used thanX@CGLECD,
low-boiling compounds such as tetra- and lower
substituted congeners were not observed. This may
well be due to a lower sensitivity of TOF MS for
these compounds. Secondly, in the right-hand part of
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8Clcamphenes/bornenes 9CI1 bornanes

2" dimension retention time [s]

50 55 (1=} 65

15 dimension retention time [min |

Fig. 3. GCXGC-TOF-MS chromatogram of technical toxaphene. ey 45-550 total ion chromatogram with polygons drawn by
laboratory-written software to calculate sum of peak areas of individual congener groups, (b) extracted ion chromatogranIGr
Temperature programme: 100 (2 min), at 10C/min to 130°C, then at 1.8C/min to 280°C (4 min) for the first oven, and 12C

(2 min), at 10°C/min to 150°C, then at 1.5C/min to 300°C (4 min) for the second oven.

the chromatogram, i.e., in the high-boiling region, [M—CI] ions are used for the selective monitoring
searches for more highly substituted congeners of bornanes. For the present study, this implies that
showed a minor contribution of undecachlorinated m/z 275, 309, 343, 377, 413, 447 and 481 were used
congeners which are indicated in the figure and are to detect bornanes with 5 up to 11 chlorine sub-
seen to be part of the “non-parallel group” in the stituents. However, one should be aware of some
GCXGC—LECD chromatogram. complications caused by the presence of camphenes,
The separate visualisation of each group present in the second major compound class in the toxaphene
the mixture can be achieved by selecting the proper mixture, and so-called “mass leakage” or “cross-
extracted ion traces of the GGSC-TOF MS re- over” problem$26]. These are exemplified ifig.

cord. Straightforward use of this visualisation pre- 3b which shows the extracted ion chromatogram of
supposes the presence of uniqué values for each  m/z 413, the [M—CI" ion of nonachlorobornanes.

group—a condition which is not always fulfilled. Because in contrast with bornane spectra, El mass
The electron ionisation (ElI) mass spectra of the spectra of camphenes are characterised by the pres-
major component class—bornane congeners—are ence of the molecularFign 40, the octa-
characterised by complex fragmentation patterns. For chlorocamphenes also showelBigip3in More-
bornanes, molecular ions are normally absent and over, it was reported that the third major compound
major fragment ions in the high mass range are class in the toxaphene mixture, bornenes, cannot be
produced by the sequential loss of a combination of easily distinguished from camphenes by electron

Cl, HCI, CHCI, and/or CH CI Fig. 49. Therefore, impact MS27]. Therefore, it is very likely that
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Fig. 4. Electron-ionisation TOF mass spectra of (a) heptachlorinated bornane (P21), and (b) heptachlorinated camphene (P25).

octachlorobornenes also showed up in the same
group with octachlorocamphenes. However, the [M—
Cl]" have a very low abundance in camphene
spectra and likely also in bornene spectra. Therefore,
in Fig. 3b,the cluster of nonachlorinated compounds
represents only nonachlorobornanes. It has to be
added here, that only a few chlorocamphenes and
their mass spectra are known, and it is not sure that
all congeners will form molecular ions.

Next to the nonachlorinated bornane and octa-
chlorinated camphene/bornene clusters, two more
groups showed up irFig. 3b: deca- and undeca-

chlorinated compounds. This is due to isotope peaks
from the [M—CI-HCI] and [M—CI-2HCI] ions,
the “mass leakage” referred to above. Because these
fragments are present in spectra of both chemical
classes, the groups 10Cl and Higl 8b contain
both compound classes. Such selective ion mass
chromatograms were visualized for all TM—ClI]
masses and the same behaviour was observed in al

instances. Always one group of lower chlorinated

camphenes/bornenes, one selected group of bor-
nanes and all higher chlorinated groups were present

in the chromatograms for these ions. This underlines



188 P. Korytér et al. / J. Chromatogr. A 994 (2003) 179189

the statement made above that, with the present basis of their mass spectra, these peaks were iden
GCXGC set-up, the toxaphene congeners are sepa- tified as minor contaminants present in the solvent
rated into groups with the same number of chlorine used, isooctane, such as phthalates and other esters
atoms in the molecule. It has to be added that Of course, they were not included in the total peak
technical toxaphene also contains minor amounts of count.

dihydrocamphenes, which further complicates the The ordered structure of theaGGCGchromato-

overall picture. This topic was not studied here, grams enable to read directly from the 2D picture the
because no standards were available. number of congener groups with different degrees of

Finally, one important conclusion stands out here: chlorination present in the mixture. The range of
even the first stage of unravelling the overall com- chlorination found irK@C with TOF MS was 5
position of a mixture as complex as technical to 11 substituents per molecule. The maximum
toxaphene requires the use of ®GC, and of mass agrees with the upper limit of chlorination degree
spectrometric detection, to visualize the strongly proposed by Vetter and S¢h&feThe minimum
overlapping bands of the toxaphene congeners sub- degree of chlorination, on the other hand, reflects a
stituted with different numbers of chlorine atoms. lack of TOF MS detectability because at least two

more congener groups are observed in thex@GC—
3.4. Composition of toxaphene WECD chromatogram. They comprise tetra- and tri-
substituted toxaphene constituents.

One interesting challenge is to reveal how many Finally, an attempt was made to estimate the
congeners are “at least” present in toxaphene. In this weight percentage of the individual penta- to undeca-
study, the number of individual peaks that showed substituted congener groups in technical toxaphene.
up in the GCKGC—ECD chromatogram (cfFig. For this purpose, home-made software that can
1), was found to be 1010. This is a considerable handle the LECO TOF MS data files was created.
improvement compared to the numbers reported in This software enables to draw manually polygons
earlier studies, which ranged between 200 and 675 around the peak groups of interest and to calculate
(cf. Section 1). The difference becomes even clearer the sum of the areas of all peaks appearing within
when we consider that it took only 2—3 h to obtain each polygon. The polygons for all groups present in

the GCXGC chromatogram, while more than 80 h the ®GC-TOF MS chromatogram are shown in
were required for the 675-peak assessment. For ourFig. 3a.The results, which are presentedTiable 3,
evaluation, theuECD was preferred to the TOF MS were compared with those given by §alghwho
chromatogram because a more efficient first-dimen- used GC-MS. The mutual differences are seen not to
sion column was used in the former instance and be too large, with hepta- and octa-substituted con-
also, of course, because of the distinctly higher
sensitivity for toxaphene congeners already referred Table 3
to above. Unfortunately, until now no software is Mass.percentage of di- to undeca-substituted congener groups in

. . . technical toxaphene
available which enables the automated counting of

individual peaks in the 2D plane. Therefore, counting No- of Cl Mass percentage by:

was done manually from the 2D plane visualized by SuPsttents GCXGC— GC-MS
Transform software. Each local maximum higher TOF-MS [17]
than five times the signal-to-noise ratio was consid- 2 25
ered as a peak. Localizing the individual 3D-peak 3 0.2
apexes allowed us to construct a so-called apex plot 4 0.4
of the GCXGC—LECD run which is shown as an 2 éé 13'7
overlay in Fig. 1. One should add that, in the full- 7 33 26
scan GCKGC-TOF MS chromatogram dfig. 3a, 8 42 38
several peaks were visible in the top and bottom 9 14 7.8
parts of the chromatogram which obviously belonged 12 éi g-g

to none of the chlorinated-congener groups. On the
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geners representing 60—70% of the total mass in both [2] JV. Seeley, F. Kramp, C.J. Hicks, Anal. Chem. 72 (2000)
cases. However, it is also true that degree of 3 3‘?346'%”” < REB. Gaines. J. Blomberd. EWM. van der
Chlorination is found to be higher with the_ present Wiélen, JII)VI Di.m.andja,v. ’Gr(.een, J. Grghge.r, .D..Patterson,
technique (or for the present sample) than in Saleh’s | Racovalis, H.J. de Geus, J. de Boer, P. Haglund, J
study. Hexa- to nonachlorinated compounds are seen Lipsky, V. Sinha, E.B. Ledford, J. High Resolut. Chromatogr.
to represent some 97% of the total toxaphene peak 22 (1999) 3.

area based on the GGQGC-TOF MS data, as [4] P.J. Marriott, R. Kinghorn, Trends Anal. Chem. 18 (1999)

. . 114.
0, —
against 85% based on the GC—-MS data. Although in 5] J. Beens, M. Adahchour, R.J.J. Vreuls, K. Van Altena,

our study lower chlorinated congeners were not U.A.Th. Brinkman, J. Chromatogr. A 919 (2001) 127.
visible (cf. above), knowledge regarding the syn- [6] E.B. Ledford, C. Billesbach, J. High Resolut. Chromatogr.
thesis of toxaphengl4] suggests that the contribu- 23 (2000) 202.

tion of these lower chlorinated compounds will not (7] J. Beens, J. Blomberg, P.J. Schoenmakers, J. High Resolut.

N Chromatogr. 23 (2000) 182.
?_Iggllgcgmly alter the calculated percentages of the [8] R. Shellie, P. Marriott, C. Cornwell, J. High Resolut.

Chromatogr. 23 (2000) 554.
[9] H.-J. de Geus, I. Aidos, J. de Boer, J.B. Luten, U.A.Th.
Brinkman, J. Chromatogr. A 910 (2001) 95.
4. Conclusions [10] P. Korytar, P.E.G. Leonards, J. de Boer, U.A.Th. Brinkman,
J. Chromatogr. A 958 (2002) 203.

. . . [11] J. Dalluge, R.J.J.Vreuls, J. Beens, U.A.Th. Brinkman, J. Sep.
The use of comprehensive two-dimensional GC Sci. 25 (2002) 201.

SUbSta_ntia”y improves the quality of toxaphene [12] M. van Deursen, J. Beens, J. Reilenga, P. Lipman, C.
analysis, not only compared to 1D GC but also Cramers, J. High Resolut. Chromatogr. 23 (2000) 507.
compared to two-dimensional separations such as[13] G.A. Pollock, WW. Kilgore, Res. Rev. 69 (1978) 87.
LC—GC or heart-cut GC—=GC. Over 1000 congeners [14] W. Vetter, M. Oehme, in: J. Paasivirta (Ed.), The Handbook
could be distinguished in technical toxaphene after a ~ °f Environmental Chemistry, Part K: New Types of Persis-

. tent Halogenated Compounds, Vol. 3, Springer, Berlin,
run WhICh took less than 2—3 h (although we have to Heidelberg, 1999, p. 237.
admit that, partly because of the software problems [15] L. Kimmel, M. Coelhan, G. Leupold, W. Vetter, H. Parlar,
referred to above, the evaluation of the 2D chromato- Environ. Sci. Technol. 34 (2000) 3041.
gram took 5 days). The HPXIHT-8 column combi- [16] M. Coelhan, G. Fingerling, D. Angethofer, H. Parlar, Z.
nation provides a separation of toxaphene compo- __ Ymwelichem. Okotox. 10 (1998) 37.

ts int di to th b f chl [17] M.A. Saleh, J. Agric. Food Chem. 31 (1983) 748.
_nen S m(_) groups a(_:cor Ing to the num_ ero C_ or- [18] R.L. Holmstead, S. Khalifa, J.E. Casida, J. Agric. Food
ine substituents, while there apparently is very little, Chem. 22 (1974) 939.
if any, dependence on the class of components [19] B. Jansson, Separation av Toxafenkomponenter (in Swedish),
(bornanes or camphenes). Hexa- to nonachlorinated Statens naturvaardsverk, Rapport 82-04, Specialanalytiska
Compounds were found to be the major components Laboratoriet, Wallgpberglaboratorlet, Stockholm, 1982.
0 [20] J. Zhu, M.J. Mulvihill, R.J. Norstrom, J. Chromatogr. A 669

of toxaphene and represent some 97% of the total

PIESE , _ (1994) 103.
toxaphene mass. This satisfactorily agrees with ear- 21 3 de Boer, H.-J. de Geus, U.A.Th. Brinkman, Environ. Sci.

lier findings reported in the literature, which were Technol. 31 (1997) 873.
based on GC—MS using a set of seleate@ values. [22] PG. Wester, H.-J. Geus, J. de Boer, U.A.Th. Brinkman,
At the same time, it is evident that much more Chemosphere 35 (1997) 1187.

[23] P.G. Wester, H.-J. de Geus, J. de Boer, U.A.Th. Brinkman,
Chemosphere 35 (1997) 2857.
we are [24] J. Beens, R. Tijssen, J. Blomberg, J. Chromatogr. A 822

research will be required to unravel the composition
of toxaphene in more detail. However,

convinced that, if pure standards of more individual (1998) 233.
congeners become available, the present technology[25] V.A. Nikiforov, V.A. Karavan, S.A. Miltsov, Chemosphere 41
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