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Abstract The analysis of persistent organic pollutants is a real
challenge due to the large number of compounds with varying
chemical and physical properties. Gas chromatography with
electron capture detection or mass spectrometry has been the
method of choice for the past 50 years. Comprehensive two-
dimensional gas chromatography (GCxGC) coupled with
micro-electron capture detector (μECD) is a new method that
can analyze polychlorinated biphenyls (PCBs), organochlorine
pesticides (OCs) and chlorobenzenes (CBz) in a single
analytical run with enhanced selectivity and sensitivity over
single columnmethods and can also be used to screen for other
halogenated organics in environmental samples. An accredited
routine method using commercially available LECO GCxGC-
μECD and a column combination DB-1×Rtx-PCB has been

developed to analyse PCBs/OCs/CBz in soils, sediments and
sludges. The method provides quantification of Aroclors and
Aroclor mixtures to within 15% of target values and sub-
nanogrammes per gramme detection limits.
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Introduction

Industrial chemicals have been used for almost 200 years in
a wide variety of applications as solvents, precursors,
reagents, surfactants, flame retardants and pesticides [1,
2]. Over 100,000 chemicals are currently in use with over
30,000 considered to be in wide commercial use (>907 kg/
year) [3]. Many of these compounds are persistent, toxic
and bioaccumulative, and many of them are halogenated.
Unfortunately, only a small number of these compounds are
regulated. The Stockholm Convention on persistent organic
pollutants (POPs) [4, 5] came into force on May 2004 in
order to reduce and eliminate 12 compounds including nine
legacy organochlorine pesticides (OC), the industrial
chemicals, polychlorinated biphenyls (PCBs) [6] and the
unintentionally produced polychlorinated dibenzo-p-diox-
ins (PCDDs) and polychlorinated dibenzofurans (PCDFs)
[7]. An additional nine pesticides, flame retardants and
surfactants were added to the list in 2009, and three
additional groups of compounds are currently under review.
All of the Stockholm compounds are halogenated com-
pounds, and most of them, especially the recently added
ones, are routinely detected in environmental samples.
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Very large amounts of many Stockholm POPs [8] (~1
million tonnes of PCBs and 2 million tonnes of DDT alone)
were manufactured during the last century and used in
numerous industrial applications and as pesticides and
flame retardants. The dioxin-like polychlorinated naphtha-
lenes (PCNs) were produced in amounts of about 15% to
20% of the PCBs and were used as flame retardants in
airplane cloth and uniforms in World War I, electrical
insulators for cabling prior to the development of polymeric
materials and as antifungal agents in gas masks [9]. PCNs
were replaced in many applications by PCBs because they
were considered less toxic. Although it was known that
many of these early halogenated compounds were toxic, it
was not until the discovery of gas chromatography (1951)
and its combination with sensitive detectors like the
electron capture detector (ECD, 1958) and mass spectrometer
that these compounds could be analysed at levels low enough
to be used for the protection of human health and the
environment. The ECD is very sensitive to halogenated
organics, but not selective. Early methods split extracts into
a number of fractions. Fractions were run onmultiple columns
to separate compounds for accurate quantification. Mass
spectrometry provides greater selectivity, but many of the
compound groups (e.g. PCBs, PCDD/Fs and polybrominated
diphenyl ethers (PBDEs)) contain isomers and congeners of
varying toxicity and must be chromatographically separated
because they may not be separated mass spectrometrically.
There currently is no single GC column phase that can
separate all 209 PCBs or 210 PCDD/Fs, and therefore, at least
two columns must be used for accurate quantification [2].

Comprehensive two-dimensional gas chromatography
(GCxGC) [10–26] is a method that can connect two GC
columns of different phases using a modulator to signif-
icantly increase peak capacities and correspondingly
selectivity. The modulator is a thermal or valve-
controlled device that traps compounds from the first
column and then re-injects them in a very tight band onto
the second column. The enhanced separation is achieved
because compounds are subjected to two independent
separations (GC column phases). Orthogonal separation
occurs when the two columns use different separation
mechanisms, operating independently in the two dimen-
sions (synentropy across dimensions is zero) [10]. Struc-
tured chromatograms are distinctly visible in orthogonal
GCxGC chromatograms for structurally related com-
pounds such as PCBs, PCDD/Fs, PCNs and polychlori-
nated alkanes (PCAs) allowing easier group-type
identification [14, 16, 18, 19]. Isomers line up as bands
in the chromatogram, and congeners groups or homo-
logues appear as separate bands. Reversing the phases
provides an alternate approach with different patterns and
separations and can be effective where coelutions of
critical target analytes are a challenge.

The modulation process produces very narrow GCxGC
peaks that elute in the second column (dimension),
requiring fast scanning detectors to record data. Detectors
such as the time-of-flight (TOF) mass spectrometer (MS) or
ECD are the detectors of choice due to their high scanning
rate (>20 Hz) and ability to accurately characterize the
narrow GCxGC peaks. TOF mass spectrometers can
perform mass spectral deconvolution of overlapping peaks
when fragmentation patterns of coeluting peaks are different
[16, 21, 22] but are significantly less sensitive to higher
molecular weight and polyhalogenated compounds than the
ECD. The enhanced selectivity of GCxGC, especially for
analysis of compounds groups that contain congeners or
homologues like PCBs, PCDD/Fs or PCN, can enable a less
selective detector such as the ECD to be used. The micro-
electron capture detector (μECD) has a much smaller inner
volume than classical ECDs and is an excellent detector for
quantitative analysis and screening of polyhalogenated
organics by GCxGC [19, 23]. This paper describes the
development of a routine accredited method (to ISO 17025
[27]) for the analysis of PCBs, OCs, chlorobenzenes (CBz)
and screening of polyhalogenated organics in soil, sediment
and sludge by GCxGC-μECD.

Experimental

Standards and reference materials

PCBs standards (BP-MS, BP-MS2, BP-MS3 and BPMS-
PARH; see Table 1 for composition) were obtained from
Wellington Laboratories (Guelph, ON, Canada). The BP-
MS, BP-MS2 and BP-MS3 solutions were combined and
used for multilevel calibration, while the PCB-PARH (82
PCB congeners) standard solution was used for spiking and
alternate standard verification. A CBz standard mixture of
15 CBz and an OC standard mixture of 23 compounds were
acquired from Absolute Standards Inc. (Hamden, CT, USA)
for calibration and UltraScientific (North Kingstown, RI,
USA) for spiking and as an alternate standard. Decachlor-
obiphenyl and 1,3,5-tribromobenzene (North Kingstown,
RI, USA) were used as surrogates.

The six-level calibration standard solutions containing
PCBs/OCs/CBz were prepared by combining BP-MS, BP-
MS2 and BP-MS3 which contain 82 PCB congeners and
the OC and CBz standard solutions and diluting in iso-
octane to produce a calibration series with concentrations
ranging from 1 to 500 ng/ml. All calibration solutions
contained 4,4′-dibromo-octafluoro-biphenyl at a concentra-
tion of 10 ng/mL, which was used as an internal standard
for PCB congeners" quantification.

Sediment reference material Standard Reference Material
1944 (SRM1944, NewYork/New JerseyWaterway Sediment)
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from the National Institute of Standards and Technology
(NIST; Gaithersburg, MD, USA) and sludge reference
material CNS-312 from the Resource Technology Corpora-
tion (RTC; Laramie, WY, USA) were used to determine
precision and accuracy of the method.

Sample extraction and internal standard spiking

The sediment samples, collected from various locations in
Ontario, were air-dried, crushed and sieved, if necessary,
using a 2-mm sieve or other suitable means to ensure
homogeneity and to remove stones and organic fragments.
A portion of the soil/sediment/sludge sample was then
weighed (5 g), and surrogate standards, decachlorobiphenyl
and 1,3,5-tribromobenzene (in acetone), were added to the
sample in each ASE cell prior to extraction to reach a final
concentration of 50 ng/mL. Along with the samples, a

fortified sample was prepared by spiking blank material
with BPMS-PARH standard solution and OCs/CBz spiking
solutions in acetone (UltraScientific) at a concentration of
50 ng/mL. The blank material consisted of samples
previously extracted by Soxhlet extraction and analyzed to
show no detectable residues of the analytes to be tested.

Extraction and sample preparation

Pressurized liquid extraction (accelerated solvent extrac-
tion, ASE 200, Dionex Corporation, Sunnyvale, CA, USA)
was used to extract the samples with 25% dichloromethane/
75% hexane (v/v) as the extraction solvent. The ASE
conditions were as follows: one cycle extraction at 100 °C,
heat time 5 min, purge time 90 s and flush volume 60%.
The resulting extract is then subjected to a single-stage
silica cartridge cleanup procedure prior to instrumental

Table 1 Within- and between-run instrument performance data for selected PCBs/OCs/CBz standards

Compound name Expected amount (ng/mL) Within-run Stds. (n=10) Between-run Stds. (n=8)

Mean Rec. (%) RSD (%) Mean Rec. (%) RSD (%)

Dioxin-like PCBs

PCB77 20 103 3.3 100 5.9

PCB81 20 90 2.2 90 5.1

PCB126 20 101 4.2 101 5.1

PCB169 20 103 7.7 98 10.7

PCB105 20 96 1.9 97 3.9

PCB114/cis-nonachlor 40 (coelution) 98 6.5 109 8.5

PCB118 20 90 5.8 94 6.3

PCB123 20 107 3.8 103 7.7

PCB156 20 94 4.0 96. 5.3

PCB157 20 91 2.4 98 4.3

PCB167 20 106 3.8 103 5.7

PCB189 20 104 6.6 104 8.1

EU indicator PCBs

PCB28 20 99 1.2 98 2.7

PCB52 20 103 0.7 101 4.2

PCB101/PCB90 40 (coelution) 108 1.2 108 2.6

PCB118 20 90 5.8 94 6.3

PCB138 20 101 2.9 100 5.8

PCB153 20 114 7.8 105 9.3

PCB180 20 109 1.0 104 4.6

OC pesticides

α-Chlordane 20 101 2.5 110 4.6

p,p′-DDE 20 94 3.3 100 5.5

p,p′-DDD 20 80 8.4 92 7.6

p,p′-DDT 20 93 8.8 106 11.5

CBz

Hexachlobenzene 20 112 3.4 112 9.2

Octachlorostyrene 20 100 7.9 112 9.0
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analysis (1 g, Varian, Mississauga, ON, Canada). The
cartridge was conditioned with 5 mL 25% dichlorome-
thane/75% hexane (v/v); the sample was then applied and
gravity eluted with 15 mL 25% dichloromethane/75%
hexane (v/v). The extracts were evaporated to 5 mL final
volume in iso-octane using a Turbovap LV evaporating
system (Caliper Life Sciences, Hopkinton, MA, USA).
Copper treatment (15 min shaking each sample with copper
granules or powder followed by 4 to 24 h time to settle out)
was applied to all samples to remove the sulphur
interferences prior to instrumental analysis. No fraction-
ation of extracts was carried out prior to analysis. A similar
sample preparation method was developed for analysis of
polycyclic aromatic hydrocarbons and adopted for this
method because it recovers most non-polar and slightly
polar organic compounds [28–30, 32].

Instrumental setup

A LECO Corp GCxGC-μECD system (Benton Harbour,
MI, USA) was used for all the analyses. This system was
equipped with a stationary quadruple jet dual-stage modu-
lator, a modified Agilent 6890 gas chromatograph with
split/splitless injector and μECD detector.

The following chromatographic column combination
was used: a 30-m, 0.25-mm i.d., 0.25 μm film thickness
DB-1 (100% dimethylpolysiloxane) from J&W Scientific
(Folsom, CA, USA) as the first dimension column; a 1.6-m,
0.18-mm i.d., 0.18-μm film thickness Rtx-PCB from
Restek Corp. (Bellefonte, PA, USA) as the second
dimension column; and a 0.3-m, 0.1-mm i.d. IP-Deact.
column (Restek Corp.) as the transfer line to ECD. The
connections between the first dimension, second dimension
and IP-Deact columns were made using SGE Siltite mini
unions 0.25 col. (Canadian Life Sciences, Peterborough,
ON, Canada). One-microlitre samples were injected into the
split/splitless injector operated in splitless mode at a temper-
ature of 250 °C with a 4-mm i.d. gooseneck liner (Restek
Corp.). Helium gas with a purity of 99.999% was used as
carrier gas with a flow rate of 1.2 mL/min. The μ-ECD system
was operated at 300 °C, with 5%methane in argon asmake-up
gas at a flow-rate of 150 ml/min and data acquisition rate of
50 Hz. ChromaTof software (LECO Corp.) was used for data
acquisition and analysis.

Results and discussion

Optimization of GCxGC separation

Many studies have shown the numerous advantages of GCxGC
which include powerful separation capability through increases
of peak capacity of >20 times over conventional single

dimensional methods, orthogonal separation for structurally
related compounds (e.g. PCBs and PCAs), improved sensitivity
due to the modulation process producing significantly narrower
and taller GC peaks and improved separation of analytes from
the matrix interferences [14, 16, 18, 20–22]. After reviewing
potential column combinations, DB-1×Rtx-PCB was selected
as the column combination of choice because it showed
distinct orthogonal separations for the PCBs. Similar to other
published reports [14, 16], PCB congeners are separated as
bands in the two-dimensional space according to their degree
of chlorination as well as to the degree of ortho substitution.
The mono-ortho PCBs and non-ortho PCBs 37, 77, 81, 126
and 169 elute later in the second dimension due to the
selectivity of Rtx-PCB for the compounds that are planar or
may adopt a planar configuration [14].

Figure 1 shows the analysis of PCBs, OCs and CBz in a
single injection. The greatest challenge in developing the
method was to optimize the separation of the 118 target
compounds from three different classes of halogenated
organic contaminants in a reasonable run time. This was
accomplished by analyzing the separate components: PCBs,
OCs and CBz to determine preliminary values and then a
combined standardmixture containing PCBs, OCs and CBz to
evaluate the effects of the different parameters (e.g. modula-
tion time, modulator temperature offset, oven temperature
programming and carrier gas flow rate). The optimal
parameters produced an analytical run of 45 min with the
following temperature program: starting oven temperature of
80 °C (hold for 2 min) to 160 °C at 10 °C/min, then to 280 °C
at 4 °C/min (hold for 5 min); the secondary oven had a 35 °C
temperature offset to the first dimension oven program. The
modulation period was 4 s with a modulator temperature
offset of 35 °C. These temperature offsets and the 4-s
modulation period assured that the target analytes from the
same class are not wrapped around within the group and to
eliminate a split across the 2D chromatogram, and the best
possible separation was achieved. In addition to the above
parameters, 0.3 m of the 1.6-m second dimension column was
left in the first oven, preceding the modulator, and an IP-
Deact. (intermediate-polarity deactivated fused silica) transfer
line from the second dimension column to the ECD played an
important role in avoiding wrap-around and in the optimiza-
tion of target analyte separations.

After optimization, a total of seven coelutions remained
unresolved: three within-class (PCB4/PCB10, PCB90/
PCB101 and 1,2,3,5-tetrachlorobenzene (1,2,3,5-TCB)/
1,2,4,5-tetrachlorobenzene (1,2,4,5-TCB)) and four
between-class (heptachlor-epoxide/PCB74, gamma-
chlordane (γ-CHLA)/PCB60, cis-nonachlor/PCB114 and
methoxychlor (DMDT)/PCB171). The within-class coelu-
tions are challenging separations also present in the
classical GC-ECD analysis when using a DB-1 column
[21] and were not further resolved by GCxGC. Since the
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calibration standard analysed does not contain all the PCBs
present in the environment, there is the risk of reporting a
positive bias for some PCBs (e.g. PCB138/163/164 not
separated with this method) [31].

GCxGC quantification

The GCxGC calibration was performed using a PCB/OC/CB
standard mixture at six different concentrations ranging from 1
to 500 ng/mL to develop the calibration curves used for
quantification. The regression coefficients were satisfactory
(0.995 to 0.999) using a linear calibration; however, quantita-
tive results for the lowest and the highest calibration standards
exhibited greater error than the other calibration standards.
Thus, second order curve for quantification was used, and this
resulted in regression coefficients ranging between 0.9996 and
0.9999, showing significantly lower error for the lowest and
highest calibration standards. An external standard calibration
methodwas used for the OCs and CBz, and an internal standard
calibration procedure was used for PCB quantification. Prior to
injection, 10 μL of 4,4′-dibromo-octafluoro-biphenyl internal
standard solution at 1 μg/mL was added to each sample.
Determination of an analyte"s retention time when using a less
selective detector like an ECD is critical for accurate
quantification; therefore, the PCB internal standard was also
used to check retention time stability between runs [18].

Retention time reference peaks were used to take into
account any retention time shifts due to matrix effects in
real samples and to simplify data processing for the analyst.

Retention times were adjusted using 1,3,5-tribromobenzene
as retention reference for all CBz, p,p′-DDE for the OCs
and three PCBs based on their first dimension elution order:
PCB52 for the first group of PCBs, PCB151 for the second
group and PCB199 for the third. If any of the references
were shifted, their retention times were updated, and the
samples were then reprocessed.

A number of closely eluting analyte pairs were not
baseline separated and typically required manual baseline
manipulation in order to obtain proper integration and
accurate quantification: PCB44/aldrin, PCB70/oxy-chlor-
dane, PCB85/p,p′-DDE and PCB99/α-chlordane. Some
other analyte pairs not baseline resolved by GCxGC did
not require manual manipulation by the analyst: PCB28/
PCB31 and PCB123/PCB118/PCB149.

Instrument performance

Instrument performance was assessed initially by analysing
ten replicates of the PCBs/OCs/CBz calibration standard at
1 and 20 ng/mL levels. Quantification was carried out as a
continuing calibration procedure with the 1- and 20-ng/mL
standards used as daily instrument calibration confirma-
tions. Experimental results of the 20-ng/mL standard
solution showed a relative standard deviation (%RSD)
ranging from 0.2% to 10% for PCBs, 2% to 7% for CBz
and 2% to 14% for OCs (endrin was the poorest performer
due to degradation in the injector port). The instrument
precision at the low level (1 ng/mL) was calculated for nine

Fig. 1 Two-dimensional chromatogram of PCBs/OCs/CBz standard mix (118 target compounds) using DB-1×Rtx-PCB as column combination
(for abbreviations, see Supplemental Table S3)
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replicates, and the %RSD ranged from 2% to 13% for
PCBs, 2% to 14% for CBz and 1% to 11% for OC (beta-
BHC had the highest RSD, 27% at this concentration).

To further assess the instrument performance, between-run
results of eight replicates at 20 ng/mL were evaluated, and the
data showed %RSD between 2% and 14% for PCBs (where
PCB31 and PCB44 had the highest values), 5% and 15% for
OCs with the exception of endrin at 21%, and 3% and 14% for
CBz (Table 1, selected PCBs, OCs, CBz and Electronic
Supplementary Material Table S1 for all analytes).

Method performance

Replicates of clean sediment samples spiked with the
PCBs/OCs/CBz spiking solution were extracted, cleaned-

up and analysed by GCxGC, and their recoveries were used
to assess the method performance. The within-run precision
(repeatability) was calculated from ten replicates processed
in the same analytical run, while the between-run precision
(reproducibility and accuracy) was determined from multi-
ple replicates analysed from different analytical runs on
different days (N=21 for PCBs, N=13 for OCs and N=15
for CBz). Results presented in Table 2 for selected PCBs,
OCs and CBz (for all the complete set of target analytes,
see Electronic Supplementary Material Table S2),

Fig. 2 SRM1944: sediment reference material. a Two-dimensional
chromatogram showing the PCBs/OCs/CBz as well as other contam-
inant classes present in the extract. b Data comparison for PCBs, OCs
and CBz analysis. *H-epoxide is reported as coelution with PCB74
and DMDT coelution with PCB171

b

Table 2 Method performance data summary for selected PCBs/OCs/CBz for spiked samples

Compound name Expected amount
(ng/g)

Within-run spikes
(n=10)

Between-run spikes
(n=8)

MDL Uncertainties
(U=2μc), ng/g

Mean Rec. (%) RSD (%) Mean Rec. (%) RSD (%)

Dioxin-like PCBs

PCB77 50 88 3.8 97 6.8 0.28 5

PCB81 50 92 5.4 101 9.6 0.16 7

PCB126 50 93 3.1 99 5.4 0.3 6

PCB169 50 92 2.7 101 8.0 0.16 9

PCB105 50 93 2.6 99 6.0 0.11 6

PCB114/cis-nonachlor 100 (coelution) 88 3.8 93 17.4 0.28 46

PCB118 50 95 3.6 104 7.6 0.34 9

PCB123 50 83 3.6 96 6.8 0.22 7

PCB156 50 89 3.1 97 6.6 0.17 7

PCB157 50 85 4.1 97 8.5 0.19 9

PCB167 50 94 1.9 103 7.5 0.15 8

PCB189 50 91 2.5 100 8.5 0.16 9

EU indicator PCBs

PCB28 50 92 3.7 99 4.2 0.8 6

PCB52 50 87 3.8 98 4.7 0.23 6

PCB101/PCB90 100 (coelution) 87 2.7 100 7.0 0.48 15

PCB118 50 95 3.6 104 7.6 0.34 9

PCB138 50 85 3.8 98 7.0 0.17 8

PCB153 50 104 3.4 102 7.8 0.29 8

PCB180 50 84 2.9 100 7.0 0.21 7

OC pesticides

α-Chlordane 50 98 3.0 103 6.3 0.3 7

p,p′-DDE 50 85 3.4 100 7.8 0.11 8

p,p′-DDD 50 92 2.7 106 7.2 0.49 8

p,p′-DDT 50 88 6.2 82 19.5 0.5 20

CBz

Hexachlobenzene 50 78 4.0 95 10.4 0.14 11

Octachlorostyrene 50 74 3.7 94 11.5 0.17 12

U=2μc with k=2 as the coverage factor for 95% confidence. See [34] for details
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expressed as relative standard deviation (percent), show that
the recoveries are within method acceptance criteria (±50%)
and within ±10% for the majority of the analytes in the
between-run results.

The statistical method detection limits (MDL), calculated
by analyzing eight replicates of a clean sediment matrix
spiked with the lowest level of the analytes in the calibration
curve (1 ng/mL), are reported in Table 2 (Table S2 for
all analytes) and exhibit the excellent sensitivity of the
method. MDLs varied from 0.1 to 1.6 ng/g for PCBs, 0.14 to
0.83 ng/g for CBz and 0.12 to 0.50 ng/g for OCs. Since a
quadratic fit was used for quantification, the minimum
quantification limits (MQLs) were set as the lowest point of
the calibration curves. The MQLs were 5 ng/g for di-PCBs,
2 ng/g for tri-PCBs and 1 ng/g for the remainder of
compounds (Electronic Supplementary Material Table S2).

Only one potential interference, triclosan (a disinfectant in
cleaning products), which elutes very close to the PCB60/γ-
chlordane pair, was detected by GCxGC. No other significant
interferences of the target analytes were observed.

Uncertainties

The estimation of overall uncertainty [33], which includes
combined and expanded uncertainties, was based on data
collected from different spiked samples that cover all the
target parameters analysed over a period of time (Table 2
and Electronic Supplementary Material Table S2). The
combined uncertainty (μc) was calculated as the square root
of the sum of the squares of individual uncertainty
components (μx, relative standard deviation times the
design concentration of the individual component) and the
uncertainty of “near zero” data (μ0, method MDLs). Since
the number of data points was less than 30 (n=21 for PCBs,
n=13 for OCs and n=15 for CBz), μx was multiplied by the
appropriate Student"s t for 95% confidence. The expanded
uncertainties were expressed as two times the combined
uncertainty at the 95% confidence level. The uncertainties
of the weighing procedure and sub-sampling were found to
make negligible contributions, and therefore were not
included in the final uncertainty budget [32–34]. The
uncertainties were about on average 15% to 25% for most
PCBs and 20% to 30% for most OC pesticides and CBz.

Accuracy—reference materials analysis

Two different reference materials were used to determine
the efficiency of the extraction, clean-up and instrumental
procedures and to assess the accuracy of the GCxGC-ECD
method: a sediment (SRM1944) and a sludge (CNS312).
For SRM1944, the data obtained from ten within-run
replicates and eight between-run replicates were compared
to the certified values. SRM1944 is a sediment CRM that

contains many different compound groups, and as shown in
Fig. 2a, the main components (PCBs, OCs and CBz are
present in the chromatogram) and other compounds like
PCDD/Fs, PBDEs and PCNs were also detected. The
analytical results from NIST1944 are depicted in Fig. 2b
and are in excellent agreement with the certified values for
all analytes for both the between- and within-run data,
indicating the method is accurate and rugged. Similarly,
when CNS312, a biosolid reference material (N=8 repli-
cates), was analysed with the current GCxGC method
(Fig. 3), the data was also in excellent agreement with the
certified values. The error bars represent the standard
deviations for both the CRM certified and GCxGC values.
Some of the compounds such as heptachlor epoxide and γ-
chlordane are reported as coelutions with different PCBs.
The result for γ-chlordane is very close to its certified
value, and the result for heptachlor epoxide appears slightly
biased high. The detection of additional compounds enables
the analyst to provide screening information or possible
further sample preparation and/or concentration and analy-
sis for some of these additional compounds.

PCB total (Aroclor)

PCB commercial mixtures were produced in a number of
combinations with the Aroclor mixtures being the most well
known and most produced. PCBs have been quantified using
Aroclor technical mixtures as calibration standards for many
years. This has resulted in difficulties in comparing data
because not all laboratories used the same Aroclors or
combination (mixtures) of Aroclors for quantification. Envi-
ronmental and biological samples undergo weathering or
degradation, changing their patterns and therefore are no
longer neat Aroclors. All of these practices and processes
introduce variability and bias into the analysis. This method
quantifies 82 PCB congeners, and the final selection of
congeners was determined so that most Aroclors could
be determined as accurately as possible and that results
can be compared with classical “Aroclor matching”
procedures. A number of different Aroclors and Aroclor
mixtures were analyzed and compared to the sum of the
82 target PCB congeners. As shown in Table 3, all of the
results are within 15% agreement of the concentration of
the Aroclor analyzed.

Samples

To further emphasize that the GCxGC method provides a
very good estimate of the PCB total, two samples
previously analysed in our laboratory using the classical
GC method are presented in Table 3. Both the low level
and high level PCBs results are in excellent agreement
(<10%).
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In addition to accurately quantifying target compounds,
this two-dimensional technique detects and screens for
other classes of contaminants present in sludge and
sediment samples. Figure 4a shows the chromatogram of
a sludge sample that contains numerous additional peaks.
After a preliminary assessment of the “unknown” com-
pounds, the presence of polychlorinated terphenyls was
identified in the sludge using GCxGC-time of flight mass
spectrometry. Figure 4b shows the chromatogram of a
sediment sample that contains target analytes and numerous
additional compounds including PCA (shown as typical

bands), dioxins, furans, PBDEs and other unknown
contaminants.

A few challenges were encountered when analysing “real”
sediment extracts: the presence of PCA bands interfered with
some of the higher chlorinated PCBs (i.e. PCB170 and
PCB180), making their quantification a challenge, and the
presence of triclosan that elutes closely to γ-chlordane/
PCB60 has to be monitored. The analyst should pay careful
attention to the γ-chlordane retention time and compare it
with a control sample, such as matrix spike when using ECD
to ensure it is not misidentified as triclosan.

Aroclor type Design value (ng/ml) GCxGC analysis (n=3)

1242 150 145

1248 300 298

1254 100 114

1260 500 524

1254:1260 (4:1) 500 499

1248:1254:1260 (1:1:1) 300 328

Sediment GC analysis (ng/g) GCxGC analysis (ng/g)

Sediment 1 13.3 13

Sediment 2 41,900 39,700

Table 3 Data comparison for
Aroclor mixes analysed by
GCxGC

Fig. 3 CNS312 - sludge reference material. Selected PCBs and OCs analysed by GCxGC-μECD (*H-epoxide/PCB74 coelute)
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Conclusions

Comprehensive GCxGC-μECD can be used as a sensitive
and selective routine method for the analysis of PCBs, OCs
and CBz in sediments, soils and sludges in a single
analytical run. The method can also be used to perform
analytical triage to screen for additional compounds, for
additional extract processing and testing or for identifica-
tion and monitoring of new and emerging halogenated

compounds present in sample extracts. Fractionation of
sample extracts prior to instrument analysis, a prerequisite
in classical GC-ECD methods, is not required resulting in
significant savings of time and analytical costs. GCxGC
requires more time to review the chromatograms than a
single one-dimensional GC run, but because using GCxGC,
all analytes can be determined in a single injection, versus
up to six separate injections (dual column injections for
PCBs, OCs and CBz); data review is often faster than for
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Fig. 4 a Sludge sample analyzed by GCxGC showing the presence of polychlorinated terphenyls along with the method"s target compounds. b Two-
dimensional chromatogram of a sediment sample showing the presence of other contaminant classes in addition to the PCBs/OCs/CBz
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separate classical GC analyses. The DB-1×Rtx-PCB column
combination used for GCxGC analysis yields excellent
separation of analytes and minimal coelution of analytes.
This is important when analysing compound groups that
contain isomers, congeners or homologues that may not be
distinguished by more expensive mass spectrometric
detectors. This method is accurate and precise for the
standards and reference materials tested, and the sum of the
82 target PCB congeners results in quantification of
Aroclors or Aroclor mixtures to within 15% enabling
comparison with historical Aroclor matching results. The
instrument is commercially available, and comprehensive
two-dimensional gas chromatography requires minimal
additional training to be used as a routine analytical method
for the analysis of halogenated organics.
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