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have been developed for collecting, concentrating,
and preparing samples for chromatographic analy
sis.

It has been my privilege to invite scientists from
all over the world to contribute articles to these spe
cial volumes of the Journal of Chromatography and
to edit their work. Many of these authors are direct
ly involved with the regulatory agencies in their
country. This accounts for the differences among
their concerns and approaches. If mutual compari
sons and discussions are stimulated by bringing
their experiences together in these volumes, its
greatest aspiration will be fulfilled.
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Preface

Protection of the environment has become a
pressing issue world-wide. Human activities are in
creasingly polluting air and water, and toxic resi
dues on soil and food threaten our health. Gorvern
ments of all civilized countries have responded to
this global threat by passing and enforcing regu
lations for environmental protection.

Dependable analytical data are the backbone of
regulatory activities in the control of the environ
ment. The specificity, sensitivity, and versatility of
chromatography make it the premier method for
assessing atmospheric, aquatic, and residual pollu
tion. While the chromatographic techniques used in
environmental analysis are essentially the same as
those used in other applications, ingenious methods Orinda, CA (USA) Erich Heftmann
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Review

Partition coefficients (n-octanol-water) for pesticides

Alan Noble
Agricultural Chemistry, Department of Primary Industries, Meiers Road, Indooroopilly, Qld. 4068 (Australia)

ABSTRACT

Data for the partition coefficients (n-octanol-water) (Pow) of 221 pesticides and pesticide metabolites are presented with their method
of derivation and source. The methods of measurement and calculating log Pow are reviewed. Octanol-water partition coefficients are
measured by shake-flask methods, reversed-phase HPLC, reversed-phase TLC, slow-stirring partition methods and column generator
method. Octanol-water partition coefficients are calculated from substituent constants, molecular fragment summation and solubilities.
It has been proposed that the HPLC operating conditions for any compound should be applicable to other compounds which have the
same log Pow' The log Pow may be used in estimating the environmental behaviour of pesticides. A classification of pesticides as
fat-soluble has been proposed for compounds with a log Pow> 4.
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I. INTRODUCTION

The partition coefficient (P) is defined as the ratio
of the equilibrium concentrations of a dissolved
substance in a two-phase system consisting of two
largely immiscible solvents [1], in this case n-octanol
and water. Octanol represents a substitute for biotic
lipid and hence gives an approximation to a biotic
lipid-water partition coefficient [2]. The ratio is re
ported as a logarithm usually as log Pow or log
Kow.

Comprehensive data on partition coefficients
have been published [3-5] however these cover a
wide range of organic compounds and searching is
required to find any pesticide of interest. The parti
tion coefficients for some pesticides are given with
other parameters in a published list of environmen
tal data [6]. Because of the importance of the envi
ronmental effects of pesticides a detailed list of im
portant parameters such as partition coefficients is
necessary.

A number of techniques have been used to mea-
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Ph), provides a sensitive measure ofthe"polymeric"
or "monomeric" character of the stationary phase.
As shown in Fig. 3, the elution order of these three
solutes on phases prepared with monomeric surface
modification is BaP < PhPh < TBN, whereas phases
prepared with polymeric surface modification give
the elution order of PhPh < TBN < BaP. This test
mixture is available from NIST as SRM 869,
Column Selectivity Test Mixture for Liquid Chro
matography (see discussion below for SRMs).

A quantitative measure of the phase selectivity
can be calculated to allow relative comparisons
among different CI 8 phases. The selectivity factor
iXTBN/BaP (defined as kTBN/k~aP) has been shown to
correlate with the retention behavior of PAHs and
the bonded phase type [18,21]. A classification
scheme has been adopted based on the measurement
of iXTBN/BaP values for experimental and commercial
C I 8 phases. Values of iXTBN/BaP::::;; 1 indicate polymer
ic CI 8 phases, and values of iXTBN/BaP? 1.7 indicate
monomeric C I 8 phases. For values 1 < iXTBN/BaP< 1.7,
the bonded phase synthesis is less certain and may
indicate a densely loaded monomeric phase or light
polymerization with di- or trifunctional reagents. A
listing of over 40 commercial C I 8 columns, grouped
according to this classification scheme, is provided
in Table 1. For the commercial columns the iXTBN/BaP

values range from 0.56 to 2.18 with the majority of
the columns classified as monomeric phases. Values
of iXTBN/BaP as low as 0.38 have been obtained on
heavily loaded experimental polymeric CI 8 phases.

The separation of the 16 priority pollutant PAHs
on four CI 8 columns with different iXTBN/BaP values is
shown in Fig. 4. Generally, only those columns with
iXTBN/BaP values between ca. 0.6 and ca. 0.9 will
provide complete resolution of the 16 EPA priority
pollutants [21]. Separations of all 16 can also be
achieved on columns with a iXTBN/Bap::::;; 0.4 but the
elution order of dibenz[a,h]anthracene and benzo
[ghi]perylene is reversed on the heavily loaded
polymeric phase (see Fig. 4). Separation of all 16
components is generally not possible for iXTBN/BaP >
0.9. As indicated in Table 1, only a small number of
columns have the appropriate selectivity for the
separation of the 16PAHs. Several columns listed in
Table 1 that are classified as having polymeric-like
selectivity are specifically marketed by the manufac
turer for the separation of the 16 priority pollutant
PAHs (e.g., Hypersil Green PAH, Spherisorb PAH,
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TABLE I

SELECTIVITY CLASSIFICAnON (iXTBN/Bap) FOR VARIOUS
COMMERCIAL CIS COLUMNS

Column iXTBN/BaP

Polymeric phases
Bakerbond CIS Wide-Pore 0.56
Hypersil Green PAH 0.58
Phenomenex Envirosep PP 0.5~

Chromspher PAH 0.59
BioRad RP 318 0.59
Supelcosil LC-PAH 0.63
Vydac 20ITP 0.74
Spherisorb PAH 0.82
Erbasil CIS H 0.91

Intermediate phases
ES Industries BF-C l s 1.04
LiChrospher 100 RP-18 I.I I
Bakerbond CIS 1.27
Erbasil CIS M 1.28
LiChrospher 60 RP-select B 1.36
Partisil 50DS-2 1.40
Partisil 5 ODS 1.48
Spherisorb ODS-I 1.50
Zorbax RX CIS 1.50
Brownlee ODS 5A 1.51
Sepralyte CIS 1.61
Spherisorb ODS-2 1.68

Monomeric phases
Erbasil CIS L 1.76
Pecospher 5 Cr CIS 1.76
Partisphere c., I. 79
Zorbax ODS 1.80
Serva CIS 1.84
Partisil 5 ODS-3 1.93
Hypersil ODS (HP) 1.94
Microsorb CIS 1.95
J&W Accuphase ODS 2 1.96
Novapak CIS 1.97
Ultrasphere ODS 1.98
Capcell CIS SG120A 1.99
Supelcosil LC-18 2.00
IBM ODS 2.00
Brownlee Spheri 5 RP-18 2.02
ODS Hypersi1 2.04
Cosmosil CIS-P 2.04
Ultracarb 5 CIS (20%) 2.05
J&W Accuphase ODS 2.07
YMC 120 A "A" 2.08
Ultracarb 5 CIS (30%) 2.10
Adsorbosphere CIS HS 2.10
Supelcosil LC- 18-DB 2.18
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TABLE 4

NIST SRMs FOR THE DETERMINATION OF PAHs

S. A. Wise et al. / J. Chromatogr. 642 (1993) 329-349

PANH = polycyclic aromatic nitrogen heterocycles; PAQ = polycyclic aromatic quinones; PASH = polycyclic aromatic sulphur
heterocycles.

SRM Title Date Certified Non certified Literature
No. issued constituents constituents references

Performance standard
869 Column selectivity test mixture for liquid 1990 18,21

chromatography (PAHs)

Calibration solutions
1491 Aromatic hydrocarbons in hexane-toluene 1989 PAHs (23) PAHs (I)
1644 Generator columns for PAHs 1981 PAHs (3) 50,51
1647c Priority pollutant PAHs (in acetonitrile) 1993 PAHs (16)
2260 Aromatic hydrocarbons in toluene (nominal 1991 PAHs (23) PAHs (I)

concentration 60 pg/ml)

Natural matrix materials
1580 Organics in shale oil 1980 PAHs (5); phenols (3) Phenols (6) 36, 42, 43

PANH (I) PANH (I)
1582 Petroleum crude oil 1984 PAHs (5); PASH (I) PAHs (5) 36,43

Phenols (2); PANH (I)
1597 Complex mixture of PAHs from coal tar 1987 PAHs (12) PAHs/PACs (18) 37
1648 Urban particulate matter 1978 Trace elements (9) Trace elements (25) 45

PAHs (13)
1649 Urban dust/organics 1982 PAHs (5) PAHs (9) 40,45
1650 Diesel particulate material 1985 PAHs (5); PAHs (6); 43

Nitro-PAHs (I) Nitro-PAHs (3); PAQ (I)
1939 Polychlorinated biphenyls (congeners) in 1990 PCBs (3) PCBs (14); pesticides (5); 49

river sediment PAHs (5)
1941 Organics in marine sediment 1989 PAHs (II) PAHs (24); pesticides (7); 39

PCBs (15); trace elements (32)
1974 Organics in mussel tissue (Mytilus edulis) 1990 PAHs (9) PAHs (19); pesticides (9); 40

PCBs (13); trace elements (36)
1975 Diesel particulate extract "(in preparation) 1993 PAHs; nitro-PAHs

4. SRMs FOR THE DETERMINATION OF PAHs

To accurately identify and quantify individual
PAHs in complex environmental samples, the ana
lyst must use analytical procedures that have been
validated as to their accuracy. To assist in validating
the accuracy of analytical methods for the determi
nation of PAHs, NIST has developed a number of
PAH related SRMs [46-49]. Reference materials are
used primarily for the following purposes: (i) to
calibrate the measurement system, (ii) to validate the
reliability and precision of a new analytical method,
and (iii) to provide quality control of routine
analyses by analyzing the SRM at appropriate,

regular time intervals. The NIST SRMs for PAH
measurements are summarized in Table 4. These
SRMs represent two different levels of analytical
difficulty: (i) simple calibration solutions containing
a number of PAH analytes and (ii) natural matrix
materials. A third category, performance standards
such as SRM 869, has been described above. The
calibration solutions are useful for several purposes
including: (i) calibration of chromatographic instru
mentation for retention times and detectorresponse
factors for quantitation, (ii) spiking or fortifying
samples, (iii) analyte recovery studies, and (iv)
determining method response factors. The natural
matrix materials, which are similar to the actual
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methods that simultaneously give high resolution
and response selectivity.

High-performance liquid chromatography (HPLC)
is therefore associated with diode-array detection
systems, which permit simultaneously the identifica
tion and quantitation of the compounds, or with
fluorescence detectors [10-13].

High-resolution gas chromatography (HRGC)
with capillary columns is used in combination with
flame ionization detection (FID) and photoioniza
tion detection (PID) , multimode ionization detec
tion (MMID) and quadrupole analyser mass spec
trometry (QUAD) [14-17].

Various combinations of these techniques have
also been proposed [18,19]. The highest sensitivity
is given by the HPLC-fluorescence (HPLC-FL)
method, which permits the determination of PAH
amounts in the picogram range. The reported detec
tion limits for the quadrupole mass spectrometer
operated in single-ion monitoring (SIM) mode range
between 0.1 and 0.5 ng [7]. However, neither the
HPLC-FL nor the HRGC-=-MS-SIM technique
permits identification and, for maximum sensitivity
in quantitation, should be applied to previously
identified compounds in order to select the proper
excitation and emission wavelength (HPLC-FL) or
the characteristic ion mass free from interferences
(HRGC-MS-SIM). Other techniques, having lower
sensitivity, should therefore be used for identifica
tion purposes.

The use of the ion-trap mass detector permits the
entire mass spectra to be obtained with a sensitivity
greater than that of quadrupolejSIM and therefore
the application of identification algorithms to very
small sample amounts. Ion-trap detection (lTD)
was therefore used as the detection system in HRGC
with bonded-phase open tubular columns, in paral
lel with FID, and the sensitivities obtained were
compared with those obtained by quadrupole MS
and by HPLC with constant- or variable-wavelength
UV detection and with fluorimetric detection.

Our application of these methods to many envi
ronmental samples showed that the HRGC-lTD
technique offers a sensitivity that for many com
pounds is higher than that obtained by HPLC-FL,
with the further advantage of permitting the identifi
cation of the compounds by means of automatic
library search. The simultaneous use of lTD and
FID in many instances allows quantitation to be
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carried out without the need for standard samples of
all of the detected PAHs.

EXPERIMENTAL

In order to investigate the behaviour of various
detection systems over a wide range of molecular
masses of PAHs, a mixture containing sixteen
compounds included in the priority pollutants list of
the US Environmental Protection Agency (EPA)
was used as reference standard (Table I).

The GC-MS analyses were carried out using a
Saturn II ion-trap spectrometer (Varian, Palo Alto,
CA, USA) connected to a Model 3400 gas chro
matograph also equipped with a flame ionization
detector. The outlet of the column could be con
nected simultaneously to the two detectors, by
means ofa zero-volume "y" press-fit glass connector
and deactivated capillary tubings. The length of the
connecting tubes must be selected in order to act as a
restrictor on the lTD side of the system, thus
avoiding the backflushing of air and hydrogen from
the base of the flame ionization detector to the

TABLE I

MOLECULAR MASS OF THE ANALYSED COMPOUNDS
AND THEIR RETENTION TIMES (tR) ON GC AND HPLC
COLUMNS

For analysis parameters see Experimental section.

Compound Molecular tR (min)
mass

GC HPLC

Naphthalene 128 13.51 8.24
Acenaphthylene 152 18.52 9.54
Acenaphthene 154 19.29 10.97
Fluorene 166 21.05 11.40
Phenanthrene 178 24.02 12.51
Anthracene 178 24.10 13.34
Fluoranthene 202 27.43 14.61
Pyrene 202 28.24 15.27
Benz[a[anthracene 228 32.13 17.92
Chrysene 228 32.21 18.25
Benzojajfluoranthene 252 35.43 20.65
Benzo[k]fluoranthene 252 35.48 21.43
Benzo[a]pyrene 252 36.53 22.21
Dibenz[a,h]anthracene 278 42.48 23.84
Benzo[ghi]perylene 276 44.03 24.72
Indeno[I,2,3-cd]pyrene 276 42.29 25.14
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best resolution, but were selected only to give a
separation good enough to allow the comparison of
different detection systems. When more complex
mixtures have to be resolved, other columns and
analytical parameters should be used. The knowl
edge of the retention index of the compounds [20]
can assist in the preidentification of many peaks. If
different programming speeds have to be used to
permit the best resolution to be obtained, computer
prediction of the programmed temperature reten
tion times by starting from two or three isothermal
run permits tentative identification to be carried out
in analysis conditions different from those used for
the analysis of standard samples [21-24].

When interfering peaks not belonging to PAR
compounds are present in the chromatogram ob
tained from the environmental samples, identifica
tion based on retention times is not adequate. Mass
spectrometry with quadrupole detection operated in
SIM mode offers a sensitivity similar to that ofFID:
minimum detectable amounts ranging from 0.1 to
0.5 ng depending on the molecular mass of the
compound [7]. The amount necessary to obtain a
full-scan spectrum of reasonable intensity is more
than one order of magnitude greater, and therefore
an amount of some nanograms should be injected
for each compound on a RRGC-MS-QUAD sys
tem to obtain a spectrum good enough for identifi
cation [25-28].

In contrast, using lTD it is possible to obtain with
full-scan spectrum a sensitivity higher than that
obtained in MS-QUAD-SIM mode, and to apply
therefore the automatic library search programmes
available. Table II shows for lTD the minimum
identifiable quantity, i.e., the minimum injected
quantity that produces correct library search identi
fication within first five search hits. lTD also shows
a fair linearity of about four orders of magnitude
from the minimum identifiable quantity up to
2000 pg, with correlation values higher than 0.997
over a five-point calibration for all of the com
pounds in the PAR mixture [29-31]. The detection
limits of the fluorimetric detector, experimentally
measured using the conditions described above, are
also reported and show that lTD permits identifica
tion at concentrations smaller than those obtained
with the RPLC-FL method.

The sensitivity reported for the RPLC-FL meth
od is not the highest possible with this technique,
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because, as shown in the Experimental section, only
three combinations of excitation (}'ex) and emission
(}'em) wavelengths were used during the elution of the
compounds. It is possible to select for every com
pound the Aex and }'em values yielding the highest
sensitivity [32,33], by programming the fluorimetric
detector and the signal integrator.

In order to obtain accurate results, however, the
retention times must be perfectly reproducible and
the peaks separated by a baseline segment long
enough to permit all the automatic steps for wave
length change to be carried out.

Deactivation of integration, change of }'ex and
Aem, equilibration of the signal at the new baseline
level, activation of the integrator and monitoring of
the new baseline value require two or three times the
base width of the peaks, and therefore a resolution
on 2.5 or greater is preferable.

This resolution value can only be obtained when
few PARs are analysed, and in the absence of
interfering compounds. When the analysis of sam
ples extracted from complex matrices is carried out,
it is only possible to change the detector parameters
a few times during the elution of the chromatogram.
Various PARs are therefore detected with the same
wavelength combination: the first change of Aem

from 340 to 410 nm is made after the elution of
anthracene; the second (Aex from 280 to 305 nm, l.em

from 410 to 500 nm) before the elution of indeno
[1,2,3-cd]pyrene.

This wavelength programme offers a suitable
compromise for the analysis ofreal samples and was
therefore used for the determination of the sensitiv
ities reported in Table II.

UV detection yields a sensitivity lower than that
of fluorimetry but, by using a diode-array detector,
permits the spectrum of every peak to be recorded
for identification purposes and, by selecting the
wavelength of maximum absorbance, an increase in
sensitivity.

Table III shows the minimum concentration
detected using non-concentrated samples and differ
ent RPLC detection systems: constant-wavelength,
variable-wavelength and fluorimetry. The minimum
concentration required by the EPA 610 method [34]
after concentration of the water sample at a ratio of
1:1000 is also shown. If the same concentration
procedure is applied before RPLC analysis, the
values in the table (mg/l) should be converted into





356

TABLE IV

WEIGHT RESPONSE FACTORS (RELATIVE TO FLUOR
ANTHENE) OF PAHs TO VARIOUS DETECTION SYS
TEMS IN GAS CHROMATOGRAPHY

Compound lTD Quadrupole FID

Naphthalene 1.44 1.01
Acenaphthylene 1.61 1.01
Acenaphthene 1.09 1.04
Fluorene 1.09 0.86 1.04
Phenanthrene 1.59 0.92 1.00
Anthracene 1.52 0.88 0.99
Fluoranthene 1.00 1.00 1.00
Pyrene 1.29 1.07 0.99
Benz[a]anthracene 0.66 1.24 0.99
Chrysene 0.70 1.01
Benzo[b]fluoranthene 0.18 1.33 0.99
Benzo[k]fluoranthene 0.14 1.43 1.00
Benzo[a]pyrene 0.12 1.32 1.03
Dibenz[a,hJanthracene 0.11 0.98
Benzo[ghi]perylene 0.14 1.36 1.02
Indeno[I,2,3-cd]pyrene 0.17 1.01

If the flame ionization detector is mounted in
parallel with the ion-trap detector at the end of the
capillary column by using flow restriction on the
ion-trap detector side in order to split the larger
amount of the sample to the flame ionization
detector, identification through library search can
then carried out on the small (but large enough to
give a suitable spectrum) amount of sample going to
the ion-trap detector, while quantitative analysis is
achieved by using the simultaneous FID chromato
gram.

Owing to the similar response of FID to the
various PARs (Table IV), the use of non-corrected
areas permits an accuracy of ±5% to be obtained,
good enough for many applications in environ
mental analysis, where the main sources of uncer
tainty are sample pick-up and conservation, extrac
tion and enrichment procedures, different recovery
of various compounds, interferences, etc.

CONCLUSIONS

The analysis carried out under standard and
reproducible chromatographic conditions on vari
ous PARs permitted the sensitivity of the various
detection systems used in RRGC and RPLC to be

G. Castello and T. C. Gerbino / J. Chromatogr. 642 (1993) 351-357

compared. Instruments of the latest generation
commercially available were used, and therefore the
relative sensitivities were determined on a common
basis, partially confirming previously literature data,
and, in some instances, showing a substantial increase
in sensitivity.

Using an ion-trap detector sensitivities higher
than those previously obtained by MS-QUAD
SIM and RPLC-FL methods were achieved and, at
the same time, the compounds could be identified
from their mass spectra by using standard library
search programmes.

The uniform sensitivity of FID to PARs with a
wide range of molecular masses allows the quantita
tion to be carried out in routine analyses without
frequent use of authentic samples of all the detected
compounds, if the amount ofsample is great enough
to permit the use of this detection system.

In the same concentration range, the connection
ofITD and FID in a parallel mode in order to obtain
simultaneous chromatograms permits qualitative
identification and quantitative determination to be
carried out at the same time.
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EXPERIMENTAL

Solvents and chemicals
Stainless-steel analytical columns (150 mm x 4.6

mm J.D.) were laboratory packed with 5-llm CIS
RoSil (RSL, Eke, Belgium) particles using aceto
nitrile as the slurry liquid. Further, a 150mm x 4.6
mm J.D. Supelcosil LC-18-DB (Supelco, Bellefonte,
PA, USA) column packed with CIS DB material
(3-llm particles) and a 250 mm x 4.6 mm J.D. Su
pelcosil LC-18-DB column packed with CIS DB
material (5-llm particles) were used. HPLC gra
dient-grade acetonitrile, methanol and water were
obtained from J. T. Baker (Deventer, Netherlands).
Ultra-pure water was prepared by ultrafiltration
with a Milli-Q system (Millipore, Bedford, MA,
USA). Disodium hydrogenphosphate, sodium di
hydrogenphosphate and orthophosphoric acid
(85%) were obtained from J. T. Baker. The various

J. Slobodnik el al. / J. Chromatogr. 642 (1993) 359-370

pesticides were supplied by Riedel-de Haen (Seelze,
Germany), Promochem (Wesel, Germany), Dr. S.
Ehrenstorfer (Augsburg, Germany) and Hoechst
(Frankfurt, Germany). As stated by the manufac
turers, they were all at least 95% pure. The pesti
cides used in the study are listed in Table J.

Surface water samples were collected at Lobith
and at the 335-km point (River Rhine, Netherlands
and Germany, respectively), Eysden and Keizers
veer (River Meuse, Netherlands), Toulouse (River
Garonne, France), Westminster Bridge, London
(River Thames, UK) and the Rivers Uster and
Monchaltdorf (Switzerland).

Instrumentation
The LC analyses were performed with an HP

1090 liquid chromatograph (Hewlett-Packard,
Waldbronn, Germany) equipped with a PV5 ter
nary solvent-delivery system (SDS), an injection

TABLE I

PESTICIDES Q USED AND THEIR WAVELENGTHS OF MAXIMUM ABSORBANCE

No.

I
2
3
4
5
6
7
8
9

10
II
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

Name

Aniline
Carbendazim
1-(3-Chloro-4-hydroxyphenyl)-3,3-dimethylurea (CHPDMU)
Metamitron
Chloridazon
Dimethoate
Monomethyl metoxuron
Aldicarb
Bromacil
Cyanazine
2-Nitrophenol
Chlorotoluron
Atrazine
Diuron
Metobromuron
Metazachlor
Propazine
Warfarin
3,3'-Dichlorobenzidine (DCB)
Barban
Alachlor
Nitralin
Dinoseb
Dinoterb
Phoxim
Nitrofen
Trifluralin

203
201
207
201
229
201
207
201
211
221
213
211
223
213
203
201
223
205
213
207
201
229
270
271
281
201
207

Q For structures with Chemical Abstracts Registry numbers and molar absorptivities, see refs. 5 and 8, respectively.
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In order to obtain a robust method, single-wave
length detection should be performed at an opti
mised bandwidth in order, to monitor simultane
ously a large group of pesticides with high sensitiv
ity. Particularly at the /lgjl level, this is a critical
choice. Most of the analytes have their maximum
absorbance in the range of 200-210 nm (Table I).
After testing a number of wavelengths in this range,
using bandwidths between 5 and 20 nm, a compro
mise between the highest and the most selective re
sponses was found with a wavelength of21O nm and
a bandwidth of 10 nm. These values were used in all
further experiments.

Analytical column
In order to obtain the optimum sensitivity and

selectivity, the choice of the analytical column that
has to be used, in combination with a PLRP-S en
richment cartridge, is very important [7]. Two C1 S

columns, one packed with 3-/lm particles (150 mm
x 4.6 mm J.D.) and one packed with 5-/lm particles
(250 mm x 4.6 mm J.D.) were tested. In spite of the
excellent performance of both columns, the longer
C1 S column was used for all further studies because
of its lower back-pressure.

The test mixture of 27 pesticides was analysed at
ambient temperature and 40, 45 and 50°C. The best
results, with respect to peak shapes and back-pres
sure, were obtained at 45°C.

Validation of the system
The system was validated for a group of 27 pesti

cides (Table I). The repeatabilities of the retention
times and peak areas were measured using River
Rhine water (Table III). The relative standard de
viations (R.S.D.s) of the retention times were in the
range 0.2-1.5% and those of the peak areas were
1-15%. High R.S.D.s were observed only for ana
lytes eluting between 12 and 25 min. This is partly
due to matrix interferences and partly to break
through of the more basic compounds on the
PLRP-S cartridge [7].

The correlation coefficients of nearly all of the
calibration graphs for River Rhine water were over
0.99. The only exceptions were warfarin and phox
im, with correlation coefficients of 0.97. This is
caused by small interferent that nearly co-elute with
these analytes.

In Table III the identification limits of the indi-
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vidual pesticides in HPLC-grade, drinking and Riv
er Rhine waters are also given. The identification
limit is the lowest concentration allowing identifica
tion of the compound according to its spectrum (see
Data handling). Of the 27 pesticides, all but two pos
sess identification limits :::;; 1.0 /lgjl in surface water
and :::;;0.1 /lgjl in HPLC-grade water.

Robustness of the system
The performance of the system was tested in two

laboratories, one during a 5- and the other a 7
month period. Within these periods the systems
were continuously switched on for 6-8 analyses per
day and about once every week a sequence of 14-16
analyses was performed unattended overnight. This
means that in total over 1000 samples were ana
lysed, and during this time only two types of prob
lems were encountered: (i) with each system the
deuterium lamp had to be exchanged once, and (ii)
when using non-filtered surface water for trace en
richment the SDU became clogged twice. There
fore, for the handling of unfiltered samples the SDU
was replaced with a preparative pump (Fig. 2). The
analytical columns did not deteriorate during the
whole test period. The results demonstrated that the
present (SAMOS) system is suitable for long-term
unattended operation using non-buffered (i.e. pH
6-9) and non-filtered surface water samples.

Flexibility of the system
The flexibility of the system was tested for the 27

test compounds extended with an additional num
ber of triazines, phenylurea herbicides and nitro
phenols. The analytes were measured without
changing any of the preset analytical parameters
(see previous sections). In each trial, first a 25-/l1
loop injection was performed, followed by the en
richment of 100ml of spiked Milli-Q-purified water.
The results of, for example, the group of thirteen
phenylurea herbicides, six of which were present in
the original set of 27 test compounds and seven ad
ditional pesticides, show (Fig. 4) that all of the add
ed analytes can be detected and identified at a level
of 0.1-1 /lgjl without any modifications to the sys
tem. The losses observed for the early-eluting com
pounds (3 and 44) are due to partial breakthrough
[5].

Similar results were obtained for the triazines and
nitrophenols. So far, in our department [5-7], about
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Fig. 2. Ion chromatograms of an air sample (200 ml) collected at Tsukuba at 13:18 h on August 31st, 1991.

out cryogenic cooling of the capillary column. The
peak width ofDMS is larger than those of the other
compounds, but can be improved by lowering the
initial temperature to 4Q-45°C and focusing more
precisely on the top of the colum.

The method was validated by determining break
through volume, recovery, linearity of detector re
sponse and detection limit.

Breakthrough volume. The breakthrough volume
was determined by extrapolating the retention vol-
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cedures [15]. Integration of the field sampling and
laboratory analysis was achieved through a sam
pling component common to both an automated air,
sampler and an automated thermal desorption unit
mounted on a gas chromatograph. This component
was a sample carousel capable of holding 50 mini
tubes packed with a particulate sorbent.

The objective of this study was to evaluate this
system for its effectiveness in determining residues
of the herbicides trifluralin and triallate in air with a
view to utilizing the system in the aerodynamic gra
dient method of determining post-application her
bicide vapour losses from treated fields [16,I7].

EXPERIMENTAL

Mini-tube air sampling system (MASS)
The MASS (Canadian Centre for Advanced In

strumentation, Saskatoon, Canada) consisted of a
sequenceprogrammable air sampling unit (Model
SAM) and an automated thermal desorption unit
(ATDU) together with a common 50-position ca
rousel. The carousel was fitted with borosilicate
glass mini-tubes (38 mm x 2 mm I.D.) packed with
approximately 14 mg of Tenax-TA resin. The resin
was centered within each tube and held in place by a
pressed stainless-steel screen on either side. For the
field study, the air pump in the SAM was operated
at its maximum capacity which produced an air
flow-rate of 0.1 I min -1 through the mini-tubes.
The SAM was programmed for sampling time (I 5,
30, 60 and 120 min) and with respect to mini-tube
position such that some positions were bypassed,
these being filled with empty mini-tubes for the later
insertion of mini-tubes fortified with standards. For
mini-tube analysis, the ATDU was mounted onto a
Hewlett-Packard Model 5890A gas chromatograph
equipped with a 63Ni electron-capture detector
(ECD) and controlled with a Model 5895A data
section. The ATDU, directly interfaced to the GC
system via an HP-I fused-silica column (Hewlett
Packard; 25 m x 0.53 mm I.D., 0.88 f1m film thick
ness), was operated isothermally (desorption oven
temperature, 210°C) with a desorption cycle time of
5 min. The column oven temperature program of
the GC system was as follows: 70°C for I min, then
5°C min - 1 to 270°C, and hold for 5 min. The carrier
gas (helium UHP) flow-rate was 6.5 ml min -1 while
the detector make-up gas (nitrogen UHP) flow-rate

A, J. Cessna and L. A. Kerr / J. Chromatogr. 642 (1993) 417-423

was maintained at 70 ml min -1. ECD temperature
was set at 350°C. Under the above operating condi
tions, trifluralin and triaIIate had retention times of
24.5 and 28.1 min, respectively.

Thermal conditioning of the mini-tubes
A manifold, constructed from stainless-steel tub

ing and Swagelok components to accomodate eight
mini-tubes, was used for the preliminary condition
ing of the mini-tubes. The manifold was housed in a
GC oven maintained at 32SOC (maximum recom
mended temperature for Tenax-TA) and helium
passed through the mini-tubes at 25 ml min -1 for 2
h. Then, with the GC column removed, the mini
tubes were cycled three times using the ATDU-GC
with an ATDU oven temperature of 210°C and a
10-min desorption cycle. With the GC column in
stalled, this process was repeated with a 5-min de
sorption cycle until desired background interfer
ences were obtained.

Desorption temperature optimization
Mini-tubes were fortified with trifluralin and

triallate by adding to the Tenax-TA resin I ng each
of both herbicides contained in 10 f11 of hexane us
ing a 10-f11 syringe. The mini-tubes were then placed
in the carousel such that the fortified end of the
resin was towards the GC column when the carou
sel was positioned in the ATDU. The optimum
ATDU oven temperature using a 5-min desorption
cycle was determined by thermally desorbing the
fortified mini-tubes using temperatures from 150 to
220°C at 10°C intervals.

ATD U-GC-ECD linearity/reproducibility
Six-point (0.1, 0.5, 1.5, 10 and 50 ng) calibration

curves for the thermal desorption of both herbicides
from fortified mini-tubes were determined using the
ATDU-GC-ECD. Peak area and retention time re
producibilities were established following replica
tion of the above experiment nine more times.

Carousel storage/cross-contamination study
A carousel was fitted with 8 thermally condi

tioned mini-tubes, wrapped in aluminum foil, and
then placed in a polypropylene container (with
screw-cap lid) at room temperature. At weekly in
tervals, the carousel was inserted into the ATDU
GC-ECD and a single mini-tube analysed to deter-
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ABSTRACT

Accurate congener-specific determination of chlorobiphenyl congeners (all 209 congeners) is finally possible with the use of multidi
mensional gas chromatography--electron-capture detection techniques. The effectiveness of this technique for environmental analyses is
enhanced by ultraclean laboratory practices, non-destructive extraction and clean-up steps and the use of low-volume, high-efficiency
HPLC separation for various classes of organic contaminants. In the light of these new developments conventional procedures for
chioro biphenyl analysis are evaluated.

INTRODUCTION

Polychlorinated biphenyls (PCBs) are anthropo
genic compounds. Their presence in the environ
ment has been studied in great detail for several
reasons.

(1) Many representatives of this class of com
pounds (chlorobiphenyls; CBs) are persistent. Their
ubiquitous presence in the environment has been
demonstrated by the last four decades of research
[1].

(2) Laboratory studies using in vivo and in vitro
bioassays indicate that several CBs are inducers of
drug-metabolizing enzymes, 'being able to affect
various physiological processes such as reproduc
tion, embryonic development, carcinogenesis and
hormone- and vitamin-related control systems of
these physiological processes [2].

(3) Several of these toxic symptoms noticed in
laboratory experiments in animals have also been
observed in victims of PCB poisoning and in occu
pationally exposed workers [3].

(4) Marine health programmes utilize biological
indicators such as mussels to judge coastal contami-

* Corresponding author.

nation by CBs. It is proposed that "mussel watch"
could be an early warning system for ecological
catastrophes [4].

(5) CBs are even used as chemical tracers for
observing certain biological phenomena such as
population structure in marine mammals and migra
tion pattern of birds and other animals [5].

(6) PCB mixtures are composed of many individ
ual constituents (of all 209 CB congeners). These
cover a large range of chemical and physicochemical
properties in a systematic way [6]. Their distribution
in the environment has been interpreted in theoreti
cal models, involving molecular properties [7]. These
models can be used to forecast the environmental
behaviour of other less well studied compounds.

All the above-mentioned approaches, in one way
or another, depend on reliable, accurate and un
ambiguous measurement of CBs in the material of
choice.

PCBs differ in their physicochemical characteris
tics as well as in their toxic potencies. For example,
non-ortho chlorine-substituted congeners such as
3,3',4,4'-tetrachlorobiphenyl (lUPAC No. 77), 3,3',
4,4',5-pentacholrobiphenyl (126) and 3,3',4,4',5,5'
hexachlorobiphenyl (HCB, 169) are potent inducers
of enzymes, being far more toxic for certain bio
logical end-points than other congeners [1]. On the

0021-9673/93/$06.00 © 1993 Elsevier Science Publishers B.Y. All rights reserved
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other hand, lower chlorinated biphenyls (di- and
trichlorobiphenyls, for example) and arrha chlorine
substituted congeners are more potent inhibitors of
dopamine, an important neurotransmitter, than
other congeners in pre-human primates [8]. The
composition of PCBs in biological tissues and other
environmental matrices differs greatly from the
original source, i.e., commercial PCBs, for various
reasons such as metabolism, physical weathering
etc. [9]. Taking into consideration such factors, the
need for congener-specific analysis of CBs was
stressed in the beginning of the last decade [10].

Although the use of high-resolution single-col
umn gas chromatography (HRSCGC) is essential to
reach this goal, no single column available can
separate all 209 CB congeners. The use of mass
spectrometry (MS) detection techniques to solve
co-elution problems [II] may be not foolproof as
fragmentation of co-eluting congeners with higher
mass can generate interfering signals [12,13].

Mixtures of chioro biphenyl can be analysed un
ambiguously in terms of the individual CBs by
multidimensional gas chromatographic (MDGC)
techniques [in combination with electron-capture
detection (ECD)] [14-16]. Applying several thou
sand of "heart-cuts", the composition of a range of
commercial PCB mixtures was determined [16,17].
Additional problems arise when "PCB" fractions of
environmental samples are studied. Appropriate
extraction and clean-up procedures are essential to
minimize the presence of interfering compounds.
We have developed an HPLC technique that is
effective for biological tissues and other environ
mental matrices [15].

MDGC-ECD has been successfully used in the
direct analysis of toxic non-arrha CBs, as they are
usually present in very low concentrations; more
over they co-elute with other CBs that are present at
considerably higher levels. Other methods have been
suggested and applied for the analysis of this class of
CBs, e.g., various charcoal enrichment techniques
[18]. The application of MDGC-ECD has shown
some inherent weakness in the latter pre-GC separa
tion techniques [19].

In view of these developments, it is highly desir
able to sum up the procedures that are used for the
accurate measurement of CBs. The current paper
deals with important topics in CB analysis, such as
clean laboratory practices (including solvent purity
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and blank problems), sampling, extraction, clean-up
and pre-GC separation of environmental contami
nants in column chromatography and quantitation
of CBs.

MATERIALS AND METHODS

Since our laboratory procedures are directed to
wards meeting the severe requirements of MDGC
ECD, a brief description of this technique is given
first.

MDGC-ECD
MDGC allows a selected small fraction of the

eluate of a high-resolution capillary column to enter
a second capillary column with different characteris
tics for further separation. Thus, co-eluting com
pounds can be separated on the second column. The
columns are in separate ovens and connected to
separate detectors. The one connected to the first
column is referred to as the "monitoring detector";
the other is the "main detector". Transfer of the
selected fraction is regulated by a pneumatically
controlled, valveless "live T-piece" unit. This is
achieved without loss and dead volume problems.
The system is optimized by regulating two gas flows
in such a way that maximum and zero signals are
obtained on the monitor and main detectors, respec
tively, when the flow is directed through the monitor
detector and maximum and zero signals are ob
tained on the main and monitor detector, respective
ly, when the "heart-cut" is made.

A Siemens SiChromat-2 MDGC-ECD system is
used. The first column is a 0.25-pm fused-silica
SE-54 (25 m x 0.32 mm J.D.) column. The second
column is a 0.25-pm fused-silica OV-210 (25 m x
0.32 mm J.D.) column. The gas pressure (hydrogen)
was maintained at 0.8 bar on the first column and at
0.4 bar on the second column. Temperature pro
gramming conditions were: first column 140-250°C
at 4°C min-I, 12 min at 250°C; second column at
170°C until 20 min after injection, then increase to
240°C at 4°C min -1.

MDGC-ECD is very sensitive and selective for
CB components. Usually, the main detector is at
least 50 times more sensitive than the monitor
detector because the column load is small and the
sample is pre-cleaned. The normal detection limit
for CBs in this detector is 0.01 pg. MDGC-ECD
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