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Abstract

An extended study of seven fused silica capillary gas chromatographic (GC) columns has been conducted with regard to separation of
international toxic equivalent factor (I-TEF) isomers (tetra- through octa-chlorinated at 2,3,7,8 positions) of polychlorinated dibenzo-p-dioxins
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nd polychlorinated dibenzofurans (PCDDs/PCDFs) from closely co-eluted other isomers using high-resolution gas chromatogr
esolution mass spectrometry (HRGC–HRMS). The data are explicated in mass chromatograms of Series 5 GC columns from
anufacturers (Varian CP-Sil 8 CB LowBleed/MS, Phenomenex ZB-5UMS, Agilent HP-5MS, Restek Rtx-5MS, Supelco Equity
cientific DB-5 and DB-5MS), according to relative retention times, and 2,3,7,8-substituted isomer concentrations for each of th

ested. Results showed differences between 5% phenyl methyl silicone and 5% silphenylene (Si-arylene) silicone polymer type GC
hases in separation of 2,3,7,8-substituted PCDDs/PCDFs from closely co-eluted isomers. The separation differences for Si-a
olumns resulted in lower toxic equivalence (TEQ) values compared to the siloxane-based columns. Because of differences
omenclature and manufacturing practices by various manufacturers, incorrect assumptions and comparisons may be made r

nterchangeability of these columns for PCCD/PCDF separations. The data presented are the most comprehensive to date a
aluable addition to operational criteria for the standard US Environmental Protection Agency methods 1613b and 8290.
2004 Elsevier B.V. All rights reserved.
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. Introduction

The term “dioxins” commonly refers to two classes
f organic compounds: polychlorinated dibenzo-p-dioxins
PCDDs) and polychlorinated dibenzofurans (PCDFs).
CDDs and PCDFs are classified as persistent organic pollu-

ants making them of particular concern to the international
ommunity[1]. There are some natural phenomena that pro-
uce PCDDs and PCDFs, such as forest fires[2], however

hese events are considered to be minor contributors in in-
ustrialized countries. Dioxins may be formed as an unin-

entional by-product of some industrial processes and other
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human activities, such as waste combustion, medical inc
ators, tire and wood combustion, power generating facil
combustion by gasoline and diesel powered vehicles, etc[3].

Up to eight chlorine atoms can be placed on the b
structure, giving rise to 75 dioxin and 135 furan congen
Out of these 210 compounds, only 49 PCDDs and 87 PC
contain four to eight chlorines and their generic chem
structures and acronyms are shown in detail inTable 1. In
this smaller group of 136 compounds, there are 17 cong
with chlorines in the 2,3,7,8-positions that are considere
be of toxicological significance and their relative poten
are estimated by the toxic equivalent factor (TEF)[4]. The
most toxic compound is considered to be 2,3,7,8-TCDD
though the body of toxicity data available for 2,3,7,8-TC
is greater than for other congeners, there are data availa
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Table 1
Number of isomers of the PCDDs and PCDFs

Chlorines
(x+y)

Acronyms PCDD No. of
isomers

PCDF No. of
isomers

4 TCDD/TCDF 22 38
5 PnCDD/PnCDF 14 28
6 HxCDD/HxCDF 10 16
7 HpCDD/HpCDF 2 4
8 OCDD/OCDF 1 1

4–8 Total 49 87

be able to estimate the relative toxicities based upon a num-
ber of criteria[4]. Table 2lists the relative toxicities of the
17 dioxin and furans in terms of one of the accepted system
of toxic equivalences (TEQs) that was proposed by the North
Atlantic Treaty Organization (NATO) Committee on Chal-
lenges to Modern Society, also known as the international
toxic equivalent factor (I-TEF) system[4]. The toxic equiva-
lence of each compound (TEQi) is calculated by multiplying
the concentration of the congener (Ci) by its I-TEFi . The sum
of the 17 individual TEQs gives a Total TEQ value (Eq.(1))
which is equivalent to the toxicity of all 17 toxic dioxins and
furans in the sample, if all were present as 2,3,7,8-TCDD.

TEQ =
∑

i

Ci × I-TEFi (1)

In order to establish the “true” TEQ value, accurate deter-
mination of isomer-specific concentrations of all 17 2,3,7,8-
substituted dioxins and furans is required. The current US En-
vironmental Protection Agency (EPA) methods for PCDDs
and PCDFs have been developed mainly based on J&W DB-5
GC column performance[5–7]. However, this column can-
not separate all 17 2,3,7,8-substituted dioxins and furans
from their other closely co-eluting isomers[5–7]. To sep-
arate unresolved I-TEF isomers, particularly 2,3,7,8-TCDF,
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Fig. 1. Polymer structures of 5% phenyl methyl silicone (DB-5) and 5%
phenyl silphenylene silicone-based (DB-5MS) GC columns. Both columns
consider being Series 5 GC columns with the same polarity.

the EPA methods suggest using one of a variety of differ-
ent GC phases such as J&W DB-225, Supelco SP-2330, and
SP-2331 as a complimentary tool. The EPA methods, how-
ever, give little guidance for the higher chlorinated 2,3,7,8-
substituted dioxins and furans, especially the penta- and hexa-
isomers where interferences are also present[8–11]. Depend-
ing on the sample matrix, the majority of the Total TEQ value
may come from the higher chlorinated PCDDs and PCDFs.
There have been published papers demonstrating the perfor-
mance of other GC column stationary phases on PCDDs and
PCDFs separation[8–15], however, there is little information
showing the difference in separation of various Series 5 (5%
phenyl-methyl silicone and 5% silphenylene silicone poly-
mer based) GC columns which are currently on the market.

“Series 5” nomenclature of the GC columns normally clas-
sified stationary phases based on their polarity rather than
selectivity. At least two polymer phase structures are com-
monly known for Series 5 GC columns as shown inFig. 1
[16]. “Conventional” type GC columns such as J&W Sci-
entific DB-5 have the siloxane backbone with phenyl group
attached to the side chains. Supelco Equity-5, Restek Rtx-
5MS, and Agilent HP-5MS are also typical “conventional”
columns,vide infra. Rtx-5 and Rtx-5MS are virtually iden-
tical columns at the beginning of the production process.
Columns which will give a lower bleed during the quality
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-TEFs for 2,3,7,8-substituted dioxins and furans

ongener I-TEF Congener I-TE

,3,7,8-TCDD 1 2,3,7,8-TCDF 0.1

,2,3,7,8-PnCDD 0.5 1,2,3,7,8-PnCDF 0.0
2,3,4,7,8-PnCDF 0.5

,2,3,4,7,8-HxCDD 0.1 1,2,3,4,7,8-HxCDF 0.1
,2,3,6,7,8-HxCDD 0.1 1,2,3,6,7,8-HxCDF 0.1

,2,3,7,8,9-HxCDD 0.1 2,3,4,6,7,8-HxCDF 0.1
1,2,3,7,8,9-HxCDF 0.1

,2,3,4,6,7,8-HpCDD 0.01 1,2,3,4,6,7,8-HpCDF 0.0
1,2,3,4,7,8,9-HpCDF 0.01

CDD 0.001 OCDF 0.00
ssurance test at the manufacturing site are labeled as
17]. As a “non-conventional” type of GC column; J&W S
ntific DB-5MS has a phenyl ring in the polymer backb

ntending to stiffen the polymer chain to reduce the amou
back biting” and hence improve stability and lifetime[16].
ometimes these “non-conventional” types of GC colu
re referred to as silphenylene silicone or Si-arylene p
er based. Phenomenex ZB-5UMS is an R&D project a

ime and recently NEW ZB-5MS (not tested in this study)
een introduced on the market. While both products em
ngineered self cross-linking bonding they are not con
red to be the same due to the difference in polymer p
tructures[18]. We have no information about polymer ph
f Varian CP-Sil 8 CB LowBleed/MS GC column, howev
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we believe that both Varian and Phenomenex have either Si-
arylene base or could use some different type of non-phenyl
polymer chain stabilizer because there are more similarities in
PCDDs/PCDFs isomer specific separation of DB-5MS, CP-
Sil 8 CB LowBleed/MS, and ZB-5UMS columns compared
to “conventional” type, see below. For purposes of this paper,
we will define these three columns as a “non-conventional”
or Si-arylene type.

In this study, the seven previously mentioned GC columns
have been evaluated for separation of the 17 I-TEF isomers
from closely co-eluting isomers. Furthermore, the Total TEQ
values have been calculated for a variety samples from differ-
ent matrices that have been analyzed on each of the columns.

2. Experimental

2.1. Standard preparation and sample description

The window standard was prepared by mixing Cambridge
Isotope Labs. (CIL) (Andover, MA, USA) ED-1732-B and
EF-1731-B window defining mixtures that contain the first
and last eluting isomers for each of the tetra- through hepta-
congener groups on DB-5 type GC column. In addition,
native OCDD and OCDF were added to the above mixture
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2 ng) spiking standard and processed using a Sohxlet-Dean-
Starks (SDS)[5] extraction with 250 mL of benzene for 18 h.
The filtrate was liquid–liquid extracted by stirring for 18 h
with 40 mL of 20% (v/v) benzene in hexane. The SDS extract
and liquid–liquid extract were combined prior to solvent ex-
change. For soil samples, aliquots after SDS extraction were
spiked with 20�L of the 13C-labeled PCDD/PCDF (2, 0.8,
0.8, 0.8, 2 ng) spiking standard. The XAD resin for stack
samples was spiked with 10�L of 13C-labeled 1,2,3,7,8-
PnCDF (1 ng) before sample collection and with 20�L of
the13C-labeled PCDD/PCDF (2, 0.8, 0.8, 0.8, 2ng, excludes
1,2,3,7,8-PnCDF) after SDS extraction but prior to solvent
exchange, see below.

All cleanups were performed using the Power-PrepTM

(Fluid Management Systems, Waltham, MA, USA) which is
computer-controlled system of valves, pumps, and solenoids
arranged in modules that automatically direct sample and
solvent flow through a series of three disposable prepacked
PTFE liquid chromatographic (LC) columns (multilayer sil-
ica, basic alumina, and carbon adsorbents) in a way similar
to the manual process described in EPA method 1613b and
8290 [5,6]. This system has been successfully used in our
laboratory for several years as well as by many other lab-
oratories world-wide for PCDD/PCDF cleanup process in
different matrices including: biological samples[20,21], in-
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ere not added in order to confirm their elution order w

espect to 1,2,3,4,7,8-HxCDD and 1,2,3,4,7,8-HxC
ll “real world” samples, except Sample No. 5, w
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ow proprietary method shown to be similar to EPA Met
3A [19]. Sample No. 5 was used as a column perform
tandard containing a combination of the CIL EDF-4
CDD/PCDF window defining and isomer specificity m

DB-5), and all 17 I-TEFs calibration compounds.
ample weights were normalized to 1 g sample size.

.2. Extraction and automated cleanup processes

Water samples were passed through Whatman G
1.2�m pore size) filter paper using a Buchner fun
nd an Erlenmeyer flask. The filtered solids were sp
ith 20�L of 15 different 2,3,7,8-substituted13C-labeled
CDD/PCDF isomers containing 2 ng of TCDD/TCD
.8 ng of PnCDD/PnCDF, 0.8 ng of HxCDD/HxCDF, 0.8
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inerator fly ash[22], wood combustion ash[23], stack ga
missions, ambient air, and sludge[24,25].

The sample extracts, which are in benzene, cannot b
ectly introduced into the Power-PrepTM system without firs
erforming a solvent exchange. Introducing the sample

racts in benzene would cause problems with the elution
ern of the PCDDs/PCDFs from the multilayer silica and
ic alumina columns. Therefore, a benzene/iso-octane so
xchange was performed on all sample extracts. The fin
ract volume after solvent exchange to iso-octane was 12
he 12 mL of extract is pumped into the system and
ushed through a multilayer acid and caustic silica colu
ith 90 mL of hexane into an alumina column. Interfer
ompounds were eluted from the alumina column with 60
f 2% (v/v) dichloromethane in hexane. The analytes w
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dditional interfering compounds were removed from
arbon column with 4 mL of 50% (v/v) ethyl acetate in b
ene and 10 mL of hexane in the forward direction. Th
olvents for removing interferences from the carbon col
re different than reported in literature[22] and the change
re based on manufacturer’s recommendation. The fina
lyte collection is accomplished by reversing the direc
f solvent flow through the carbon column with 50 mL

oluene. The first 5 mL of toluene is sent to waste and the
s collected. The 45 mL of toluene used to wash the col
s less than amount reported in some literature[21,22] and
uggested by the manufacturer. By sending the first 5 m
oluene to waste and using only 45 mL afterwards to w
he carbon column, more interferents are removed wit
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losing any significant amount of PCDDs/PCDFs. We think
that this step in the automated cleanup procedure is very
important because it puts less stress on the HRGC–HRMS
equipment (GC column and ion source components, in par-
ticular), makes data interpretation easier, and improves over-
all data quality. After the effluent is collected, the samples
are placed on the Turbo-Vap® LV Evaporator Concentra-
tion Workstation (Zymark, Hopkinton, MA, USA) and blown
to approximately 0.2 mL at 50◦C under a purified nitro-
gen stream. Then, a solvent exchange was performed with
20�L of nonane containing13C-labeled 1,2,3,4,7-PnCDD
as an injection standard to account for autosampler injection
variability.

2.3. HRGC–HRMS measurements

All PCDD/PCDF measurements were performed by
HRGC–HRMS using a 5890 Series II gas chromatograph
(Agilent Technologies, Palo Alto, CA, USA) and a Finnigan
MAT-95 double focusing magnetic sector mass spectrometer
(Thermo Electron Co., Bremen, Germany) equipped with an
electron ionization (EI) ion source operating in the positive
ionization mode. Typical ionization conditions were electron
energy of 48 eV, ion source temperature of 240◦C, and ac-
celeration voltage of 4700 V. Mass spectrometer data were
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13C-labeled internal standards recoveries were quantified via
an internal standard calculation procedure using13C-labeled
1,2,3,4,7-PnCDD as an injection standard. Peak areas were
used in all calculations. All 2,3,7,8-substituted native isomers
were identified based on co-elution with the13C-labeled iso-
tope.

The limit of detection (LoD) has been calculated as 2.5
times noise value for all 2,3,7,8-substituted native isomers.
The noise value was obtained using baseline peak-to-valley
heights from the standard instrument software and stored into
the ASCII file. The Dow Dioxin Data Reduction Package
(DDDRP) as a software application for the Finnigan ICIS
V8.2.1 data system[26,27]converts peak-to-valley measure-
ments into the peak areas using the area-to-height ratio of the
individual analytes in the calibration standard.

3. Results and discussion

The results indicate that Series 5 GC columns exhibited
differences in isomer resolution; e.g. isomers co-eluting on
the column from one manufacturer were found to have some
degree of separation on a column from another manufac-
turer. Sometimes, elution order of isomers of interest might be
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.4. Quantitation and limit of detection

Quantitation of PCDDs/PCDFs was performed using
sotope dilution method[5]. I-TEF calibration standard w
sed for instrument calibration and computation of the
rage relative response factors. Native PCDDs/PCDF
ifferent. HP-5MS, Rtx-5MS, and Equity-5 columns exh
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P-Sil 8 CB LowBleed/MS, and ZB-5UMS not only sh
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Table 3represents the retention time data for all seven
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Table 3
Relative retention times on 60 m columns with respect to DB-5

CDDs/CDFs EPA specificity DB-5 Rtx-5MS Equity-5 HP-5MS DB-5MS CP-Sil 8 CB/MS ZB-5UMS

1,3,6,8-TCDD Window 24:39 1.02 1.06 0.94 0.97 1.06 1.08
1,2,3,7/1,2,3,8-TCDD Column performance 28:38 1.02 1.07 0.94 0.98 1.06 1.08
2,3,7,8-TCDD I-TEF 28:52 1.02 1.07 0.94 0.98 1.07 1.08
2,3,7,8-TCDD (13C) I-TEF 28:50 1.02 1.07 0.94 0.99 1.07 1.10
1,2,3,9-TCDD Column performance 29:10 1.02 1.07 0.94 0.97 1.05 1.09
1,2,8,9-TCDD Window 30:57 1.02 1.07 0.94 0.97 1.06 1.07
1,2,4,6,8/1,2,4,7,9-PnCDD Window 34:31 1.01 1.05 0.95 0.97 1.03 1.06
1,2,3,4,7-PnCDD (13C) Injection standard 37:31 1.01 1.04 0.96 0.98 1.03 1.05
1,2,3,7,8-PnCDD I-TEF 38:08 1.01 1.04 0.96 0.99 1.03 1.06
1,2,3,7,8-PnCDD (13C) I-TEF 38:06 1.01 1.04 0.96 0.99 1.04 1.06
1,2,3,8,9-PnCDD Window 39:00 1.01 1.04 0.96 0.98 1.03 1.04
1,2,4,6,7,9/1,2,4,6,8,9-HxCDD Window 41:47 1.01 1.03 0.97 0.98 1.02 1.04
1,2,3,4,7,8-HxCDD I-TEF 43:47 1.01 1.03 0.97 0.99 1.02 1.04
1,2,3,4,7,8-HxCDD (13C) I-TEF 43:47 1.01 1.03 0.97 0.99 1.02 1.04
1,2,3,6,7,8-HxCDD I-TEF 43:56 1.01 1.03 0.97 0.99 1.02 1.04
1,2,3,7,8,9-HxCDD I-TEF 44:22 1.01 1.03 0.98 0.98 1.02 1.03
1,2,3,7,8,9-HxCDD (13C) I-TEF 44:22 1.01 1.03 0.97 0.98 1.02 1.04
1,2,3,4,6,7-HxCDD Window 44:22 1.01 1.03 0.97 0.98 1.02 1.04
1,2,3,4,6,7,9-HpCDD Window 47:29 1.01 1.03 0.98 0.98 1.01 1.03
1,2,3,4,6,7,8-HpCDD Window/I-TEF 48:29 1.01 1.03 0.98 0.98 1.01 1.03
1,2,3,4,6,7,8-HpCDD (13C) Window/I-TEF 48:28 1.01 1.03 0.98 0.98 1.01 1.03
OCDD I-TEF 53:01 1.01 1.03 0.97 0.98 1.01 1.04
OCDD (13C) I-TEF 53:00 1.01 1.03 0.97 0.98 1.01 1.04

1,3,6,8-TCDF Window 22:38 1.02 1.07 0.92 0.96 1.06 1.09
2,3,4,7-TCDF Column performance 27:30 1.02 1.07 0.94 0.98 1.07 1.09
2,3,7,8-TCDF I-TEF 27:30 1.02 1.07 0.94 0.99 1.08 1.10
2,3,7,8-TCDF (13C) I-TEF 27:27 1.02 1.07 0.94 0.99 1.08 1.10
1,2,3,9-TCDF Column performance 29:08 1.02 1.07 0.94 0.98 1.07 1.07
1,2,8,9-TCDF Window 30:56 1.03 1.07 0.94 0.98 1.07 1.07
1,3,4,6,8-PnCDF Window 31:33 1.02 1.06 0.94 0.96 1.04 1.08
1,2,3,7,8-PnCDF I-TEF 35:59 1.01 1.05 0.95 0.98 1.04 1.06
1,2,3,7,8-PnCDF (13C) I-TEF 35:57 1.02 1.05 0.95 0.98 1.04 1.06
2,3,4,7,8-PnCDF I-TEF 37:26 1.01 1.04 0.96 0.99 1.04 1.06
2,3,4,7,8-PnCDF (13C) I-TEF 37:25 1.01 1.04 0.96 0.99 1.04 1.06
1,2,3,8,9-PnCDF Window 39:12 1.01 1.04 0.96 0.99 1.04 1.05
1,2,3,4,6,8-HxCDF Window 40:50 1.01 1.03 0.97 0.98 1.02 1.04
1,2,3,4,7,8-HxCDF I-TEF 42:32 1.01 1.03 0.97 0.98 1.02 1.04
1,2,3,4,7,8-HxCDF (13C) I-TEF 42:31 1.01 1.03 0.97 0.98 1.02 1.04
1,2,3,6,7,8-HxCDF I-TEF 42:43 1.01 1.03 0.97 0.98 1.02 1.04
2,3,4,6,7,8-HxCDF I-TEF 43:34 1.01 1.03 0.97 0.98 1.02 1.04
2,3,4,6,7,8-HxCDF (13C) I-TEF 43:33 1.01 1.03 0.97 0.98 1.02 1.04
1,2,3,7,8,9-HxCDF I-TEF 44:42 1.01 1.03 0.98 0.99 1.02 1.04
1,2,3,7,8,9-HxCDF (13C) I-TEF 44:42 1.01 1.03 0.97 0.99 1.02 1.04
1,2,3,4,8,9-HxCDF Window 44:52 1.01 1.03 0.98 0.98 1.02 1.03
1,2,3,4,6,7,8-HpCDF Window/I-TEF 47:05 1.01 1.03 0.98 0.98 1.01 1.03
1,2,3,4,6,7,8-HpCDF (13C) Window/I-TEF 47:04 1.01 1.03 0.98 0.98 1.01 1.03
1,2,3,4,7,8,9-HpCDF Window/I-TEF 49:03 1.01 1.03 0.98 0.99 1.02 1.04
1,2,3,4,7,8,9-HpCDF (13C) Window/I-TEF 49:02 1.01 1.03 0.98 0.99 1.02 1.04
OCDF I-TEF 53:12 1.01 1.03 0.97 0.98 1.02 1.04
OCDF (13C) I-TEF 53:11 1.01 1.03 0.97 0.98 1.02 1.04

Retention times on DB-5 column are in minutes.

3.1. TCDD column performance

All columns tested showed good separation of 2,3,7,8-
TCDD from other co-eluting isomers. We observed differ-
ences in the elution order of 2,3,7,8-TCDD with respect to
closely eluting isomers: 1,2,3,7/1,2,3,8-TCDD and 1,2,3,9-
TCDD as shown inFig. 2. The data on DB-5 and DB-5MS
columns agreed well with previously reported observations
[8–11].

3.2. PnCDD column performance

“Conventional” columns showed separation of 1,2,3,7,8-
PnCDD (pentachlorodibenzo-p-dioxin) from its closest elut-
ing isomer of 1,2,3,6,7-PnCDD with a peak resolution of
R= 1.9 (Fig. 3) (typically for our mass chromatograms peak
resolution ofR= 1.4 and more represents “baseline separa-
tion”, R= 1 corresponds to “near baseline” with 90% sep-
aration completed, andR= 0.8 in most cases allows us to
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Table 4
Comparison of calculated mass in nanograms for 2,3,7,8-substituted PCCDs/PCDFs and homolog totals based on 1 g sample (1 ppb) (Sample No. 2)

PCDD/PCDF DB-5 HP-5MS Rtx-5MS Equity-5 DB-5MS ZB-5UMS CP-Sil 8 CB/MS

Total-TCDD 0.26 (±0.05)a 0.25 0.44 0.37
2,3,7,8-TCDD ND (0.04)b ND (0.03)c ND (0.03)c ND (0.02)c

Total-PnCDD 1.44 (±0.05) 1.4 1.2 1.34
1,2,3,7,8-PnCDD 0.24 (±0.02) 0.24 0.28 0.22
Total-HxCDD 5.4 (±0.41) 5.61 4.96 4.92
1,2,3,4,7,8-/1,2,3,6,7,8-HxCDD 1.36 (±0.12) 1.37 1.26 1.22
1,2,3,7,8,9-HxCDD 0.93 (±0.03) 0.45 0.48 0.45
Total-HpCDD 24.79 (±2.08) 23.11 24.69 23.14
1,2,3,4,6,7,8-HpCDD 15.14 (±1.38) 13.83 15.24 14.11
OCDD 54.62 (±3.99) 46.66 55.18 50.15

Total-TCDF 4.09 (±0.19) 3.77 3.89 3.53
2,3,7,8-TCDF 1.13 (±0.12) 0.71 0.72 0.66
Total-PnCDF 8.57 (±0.62) 8.35 7.47 7.49
1,2,3,7,8-PnCDF 1.44 (±0.08) 1.49 1.38 1.34
2,3,4,7,8-PnCDF 1.07 (±0.07) 1.29 1.22 0.82
Total-HxCDF 24.75 (±1.83) 25.04 25.13 22.32
1,2,3,4,7,8-/1,2,3,6,7,8-HxCDF 11.49 (±0.88) 8.98 9.24 7.96
2,3,4,6,7,8-HxCDF 2.41 (±0.09) 3.17 3.24 3.03
1,2,3,7,8,9-HxCDF 0.55 (±0.04) 2.23 2.17 1.99
Total-HpCDF 86.21 (±6.21) 80.23 85.21 83.55
1,2,3,4,6,7,8-HpCDF 46.14 (±2.81) 43.27 45.39 44.85
1,2,3,4,7,8,9-HpCDF 15.58 (±0.28) 14.63 15.7 14.52
OCDF 416.51 (±12.91) 378.81 397.07 386.3

a Average concentration with standard deviation of four GC columns tested.
b Average limit of detection of four GC columns tested.
c Absolute limit of detection of corresponding GC column tested.

do “quantifiable” measurements with±10% accuracy). The
elution order for our DB-5 GC column is very similar to
that described previously in the literature[8,11]. DB-5MS
and CP-Sil 8 CB LowBleed/MS with resolutions ofR= 0.9
and 1.0 correspondingly, yield results with nearly baseline
separations of the peaks mentioned above. The elution or-
der for DB-5MS is identical to that observed by Abad and
Rivera[10], with better separation of 1,2,3,7,8-PnCDD and
1,2,3,6,7-PnCDD isomers. The difference in this separation
may be due to differences in manufacturing practices since

F sing a
v 3,6,8-
T D;
(

the work of Abad and Rivera. The ZB-5UMS column shows
no separation between the two peaks described above. We
consider this as a major drawback for this column compared
to other Si-arylene based columns, see below.

3.3. HxCDD column performance

All Si-arylene based GC columns demonstrate better
performance compared to “conventional” columns in
separation of 1,2,3,7,8,9-HxCDD from the closely eluting
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Fig. 4. GC high-resolution mass chromatograms of HxCDD obtained us-
ing a variety of Series 5 fused-silica bonded phase capillary columns: (10)
1,2,4,6,7,9/1,2,4,6,8,9-HxCDD; (11) 1,2,3,4,7,8-HxCDD; (12) 1,2,3,6,7,8-
HxCDD; (13) 1,2,3,4,6,7-HxCDD; (14) 1,2,3,7,8,9-HxCDD.

isomer of 1,2,3,4,6,7-HxCDD. ZB-5UMS shows baseline
separation (R= 1.8) while DB-5MS and CP-Sil 8 CB
LowBleed/MS exhibit sufficient separation (R= 0.9 in both
cases) to allow accurate quantification (Fig. 4). For those
three Si-arylene based MS columns, it is worth mentioning
that the I-TEF isomer of 1,2,3,7,8,9-HxCDD elutes after
its window-defining standard required by EPA method to
demonstrate column performance[5]. Our data agree very
well with previously published results on DB-5MS[9,10]
and DB-5 columns[8,9,11]. Korhonen and Mantykoski[28]
studied separation of some PCDDs/PCDFs based on HP-5
column performance. Interestingly, their data showed that
1,2,3,7,8,9-HxCDD and 1,2,3,4,6,7-HxCDD co-elute in a
manner similar to the “conventional” columns[8,9,11].

3.4. TCDF column performance

One of the most important advantages of all Si-arylene
columns compared to “conventional” columns is the im-
provement of the separation of 2,3,7,8-TCDF from other, at
least two, closely eluting isomers (Fig. 5). For DB-5 GC col-
umn Ryan et al.[8] have shown five isomers co-elution and
Ballschmiter and Bacher[11] observed that six isomers co-
elute with 2,3,7,8-TCDF. Our TCDF mass chromatograms
for DB-5 and DB-5MS columns are very similar to oth-
e om
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c
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p CDF,
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Fig. 5. GC high-resolution mass chromatograms of TCDF obtained using a
variety of Series 5 fused-silica bonded phase capillary columns: (15) 1,3,6,8-
TCDF; (16) 2,3,4,7-TCDF; (17) 2,3,7,8-TCDF co-elution with another iso-
mers is suspected in this case; (18) 1,2,8,9-TCDF.

TCDF on DB-225 column” and the peak labeled 2,3,4,8-
TCDF should be labeled 2,3,7,8-TCDF. We believe that based
on this information the CIL EDF-4147 PCDD/PCDF Win-
dow Defining and Isomer Specificity Mix (DB-5) for column
performance check should be used to confirm 2,3,7,8-TCDD
separation on a DB-5 column and 2,3,7,8-TCDF on a DB-
225 column[8]. However, as stated in Method 1613b, the
DB-5 column cannot separate all TCDF isomers from 2,3,7,8-
TCDF and therefore should be used with caution when ana-
lyzing for that compound. Nevertheless, Si-arylene columns
appear to exhibit the least amount of interference and there-
fore a significantly lower concentration value for this isomer
(seeTable 4) compared to “conventional” columns tested.

3.5. PnCDF column performance

All Si-arylene based columns demonstrated baseline sep-
aration (R> 1.5) of 1,2,3,7,8-PnCDF, on the other hand,
“conventional” columns showed only “quantifiable” results
(R= 0.9) as shown inFig. 6. The most challenging aspect for
all Series 5 columns is the separation of 2,3,4,7,8-PnCDF
from other closely eluting isomers, presumably 1,2,4,8,9-
PnCDF, 1,2,6,7,9-PnCDF and 1,2,3,6,9-PnCDF[8,11]. None
of the columns tested was successful in this matter, however,
Varian CP-Sil 8 CB LowBleed/MS column gave the lowest
c
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ixture for DB-225 column. However, the Fig. 7 capt

tates “Isomer-specific separation of 2,3,7,8-TCDF on D
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aption should read “Isomer-specific separation of 2,3
oncentration value for this isomer as reported inTable 4.
n unique feature observed for the Phenomenex ZB-5U
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,2,4,6,8-PnCDF isomers with peak resolution ofR= 0.83
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efining standard” based on the standard 1613b EPA m
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.6. HxCDF column performance

We observed a large amount of discrepancy in the s
ation of HxCDF isomers between Si-arylene and “con
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Fig. 6. GC high-resolution mass chromatograms of PnCDF obtained us-
ing a variety of Series 5 fused-silica bonded phase capillary columns: (19)
1,3,4,6,8/1,2,4,6,8-PnCDF; (20) 1,2,3,7,8-PnCDF; (21) 2,3,4,7,8-PnCDF
co-elution with another isomers is suspected in this case; (22) 1,2,3,8,9-
PnCDF.

tional” columns as shown inFig. 7. Our data agree well with
previously published separation by some authors[8,9,11]and
somewhat in contradiction with Abad and Rivera[10] on
the DB-5 column elution order for 1,2,3,4,7,8-HxCDF and
1,2,3,6,7,8-HxCDF.

DB-5, HP-5MS, Rtx-5MS, and Equity-5 GC columns
could not separate 1,2,3,4,7,8-HxCDF from its closely eluted
isomer of 1,2,3,4,6,7-HxCDF, while DB-5MS and CP-Sil 8
CB LowBleed/MS columns exhibited near baseline separa-
tion with peak resolutions ofR= 1.3 and 1.1 correspond-
ingly; and, in the case of ZB-5UMS, it achieved base-
line separation (R = 1.5) of the aforementioned isomers.
On the other hand, “conventional” columns could quantita-
tively (R= 0.9) and near baseline (R= 1.1) resolve 2,3,4,6,7,8-
HxCDF from 1,2,3,6,8,9-HxCDF and 1,2,3,7,8,9-HxCDF
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1

from 1,2,3,4,8,9-HxCDF, correspondingly, while Si-arylene
columns showed clear signs of co-elution (Fig. 7).

3.7. HpCDD, HpCDF, OCDD, and OCDF column
performance

All columns tested were capable of base line chromato-
graphic separation of all HpCDD, HpCDF congeners. We
have found it very helpful in our laboratory to use13C-labeled
standard for quantitative measurements of OCDF. The real
challenge in using this standard is that it requires over 10,000
of resolving power to separate some of the13C-OCDF iso-
topes from native OCDD (m/z457.7771 versus 457.7377,m/z
459.7742 versus 459.7347, etc.). However, using a proper GC
program allows one to resolve chromatographically OCDD
and OCDF as seen inTable 3.

3.8. Concentrations, total mass 17 (TM 17), and toxic
equivalence (TEQ)

Figs. 2–7demonstrates that none of the columns tested in
this study were able to separate all 2,3,7,8-substituted isomers
without co-elution with others. This means that for any Se-
ries 5 GC column, the Total TEQ value will always be biased
high. We think that the best way to compare GC column per-
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Table 5
Comparison of total dioxin and furan masses, total mass 17 (I-TEFs) and Total TEQ (0.5)a values in picograms for variety GC columns tested

PCDD/PCDF DB-5 HP-5MS Rtx-5MS Equity-5 DB-5MS ZB-5UMS CP-Sil 8 CB/MS

Sample No. 1
Total dioxin 10.95 (±0.59)b 10.97 10.64 11.53
Total furans 28.49 (±0.8) 29.44 27.04 29.03
Total mass 17 24.98 (±1.15) 24.2 23.97 25.94
Total TEQ (0.5) 1.1 (±0.03) 1.11 1.09 1.09

Sample No. 2
Total dioxin 86.51 (±6.06) 77.03 86.47 79.92
Total furans 540.13 (±20.52) 496.2 518.77 503.19
Total mass 17 568.61 (±21.61) 517.13 548.57 527.62
Total TEQ (0.5) 3.75 (±0.21) 3.67 3.75 3.29

Sample No. 3
Total dioxin 13.78 (±0.51) 13.4 14.85 13.5
Total furans 152.73 (±7.48) 146.18 160.1 149.54
Total mass 17 124.81 (±5.24) 115.12 129.19 116.57
Total TEQ (0.5) 2.17 (±0.13) 1.88 2.01 1.88

Sample No. 4
Total dioxin 5552.9 (±360.94) 5121.72 5428.19 5321.77
Total furans 4587.5 (±330.3) 4358.69 4590.22 4436.33
Total mass 17 7976.43 (±207.39) 7522.11 8063.10 7694.95
Total TEQ (0.5) 36.84 (±1.73) 33.5 37.13 34.72

Sample No. 5
Total dioxin 31.73 (±1.71) 30.63 30.84 29.46
Total furans 33.18 (±1.69) 33.67 33.29 30.75
Total mass 17 36.34 (±1.64) 33.7 34.31 32.27
Total TEQ (0.5) 5.82 (±0.37) 5.45 5.75 5.45

Sample No. 6c

Total dioxin 213.91 (±7.91) 204.84 221.44 194.57
Total furans 6322.34 (±31.61) 5777.85 6416.67 5941.21
Total mass 17 2738.64 (±54.77) 2349.82 2658.7 2442.79
Total TEQ (0.5) 257.88 (±0.52) 239.75 260.92 206.37
a Non-detected species are assumed to be present at 0.5× LoD for calculation purposes.
b Average values with standard deviation of four GC columns tested.
c Sample No. 6 was not available for columns Equity-5 and Rtx-5MS at the time tested. Data represent only average of two experimental values (DB-5 and

HP-5MS).

observed in our laboratory that the LoD might significantly
change on a day-to-day basis due to the instrument operating
conditions. For example, changing the spectrometer tuning
parameters, ion volume/ion source cleaning or replacement,
etc. can significantly affect the LoD by causing changes in
the noise level. Therefore, we decided to compare the LoD
of a GC column tested by injecting a known amount of the
Sample No. 5 into the instrument. The assumption is that any
mass spectrometer operation changes will equally affect both
instrument noise and analyte signal and therefore it will have
no effect on the signal-to-noise ratio for the given column.
This approach allows us to calculate the LoD from mass chro-
matograms in which only a known amount of congeners are
present. The LoD values have been normalized for the in-
jected amount of each column tested. For PCDD and PCDF
analysis, we considered this approach to be the most infor-
mative because we do not have interferences from the major
polysiloxane fragments coming off the column (m/z 73,m/z
147,m/z207,m/z221,m/z281,m/z355,m/z429, etc.) due to
combination of HRMS and SIM mode. Values for “conven-

tional” and “non-conventional” GC columns were grouped
together. The results indicate that LoD values are experi-
mentally indistinguishable (all within error bars) between
“conventional” and “non-conventional” columns for most of
2,3,7,8-substituted isomers. One exception, 1,2,3,7,8-PnCDF
shows slightly better detection limit using Si-arylene type
columns. In our case, it is very difficult to make comments
about durability of GC columns tested, simply because these
columns were installed for experimental use only and for a
short period of time. However, our general experience is that
the lifetime of GC column dramatically decreases after injec-
tion of some unknown aggressive compound(s) that could be
present in the sample extract. Optimizing HRGC–HRMS pa-
rameters for the best sensitivity and taking a smaller amount
of the sample for the extraction makes cleanup more efficient
and prolongs the lifetime of the GC column and ion source
components.

Because of the possible variability in the LoD values from
day-to-day operation, we use limit of quantification (LoQ =
10× noise) to determine our “true” concentration values. In
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Table 6
Isomeric specific separation of 2,3,7,8-substituted PCDDs/PCDFs on GC columns

PCDD/PCDF DB-5 HP-5MS
Rtx-5MS Equity-5

DB-5MS ZB-5UMS CP-Sil 8 CB/MS

2,3,7,8-TCDD + + + + + + +−
1,2,3,7,8-PnCDD + + +− − − + −
1,2,3,4,7,8-HxCDD + + + + + + + +
1,2,3,6,7,8-HxCDD + + + + + + + +
1,2,3,7,8,9-HxCDD − − + − + + + −
1,2,3,4,6,7,8-HpCDD + + + + + + + +
OCDD + + + + + + + +

2,3,7,8-TCDF − − − −a − −a − −a

1,2,3,7,8-PnCDF + + + + + + + +
2,3,4,7,8-PnCDF − − − − − − − −
1,2,3,4,7,8-HxCDF − − + + + + + +
1,2,3,6,7,8-HxCDF + + + + + + + +
2,3,4,6,7,8-HxCDF +− − − − − − −
1,2,3,7,8,9-HxCDF + + − − − − − −
1,2,3,4,6,7,8-HpCDF + + + + + + + +
1,2,3,4,7,8,9-HpCDF + + + + + + + +
OCDF + + + + + + + +

++: Baseline separation or at least 10% valley. Peak resolution,R> 1; +−: quantifiable result (separation that allows peak area measurement with±10% of each
peak and typically correspond to at least 50% valley of equal peaks on GC mass chromatogram. Corresponded to peak resolution ofR∼ 0.8);− −: interference
present.

a DB-5MS, ZB-5UMS, and CP-Sil 8 CB LowBleed/MS appear to exhibit the least amount of interference compared to “conventional” columns (see text
for details).

general, LoQ are used by our laboratory for the reporting of
PCDD/PCDF concentrations into the Government (EPA) and
Local Environmental Agencies.

4. Conclusion

All seven GC columns tested for this study can be used
for PCDD/PCDF analysis. The relative performances of these
columns were compared on the basis of separation of 2,3,7,8-
substituted isomers of PCDDs/PDCFs and summarized in
Table 6. HP-5MS, Rtx-5MS, and Equity-5 columns have iso-
mer elution orders identical to “conventional” DB-5 column
performance. DB-5MS, CP-Sil 8 CB LowBleed/MS, and ZB-
5UMS show differences in isomer resolution compared to
DB-5 type columns as well as with respect to each other. For
example, DB-5, HP-5MS, Rtx-5MS, and Equity-5 columns
could separate most of I-TEF isomers excluding 1,2,3,7,8,9-
HxCDD, 2,3,7,8-TCDF, 2,3,4,7,8-PnCDF, and 1,2,3,4,7,8-
HxCDF from the other closely eluting isomers tested. On
another hand, DB-5MS, CP-Sil 8 CB LowBleed/MS, and
ZB-5UMS columns could not resolve 2,3,4,7,8-PnCDF,
2,3,4,6,7,8-HxCDF, and 1,2,3,7,8,9-HxCDF from other non-
toxic isomers. The ZB-5UMS column could not separate
1,2,3,7,8-PnCDD from 1,2,3,6,7-PnCDD. For those three MS
c of
1 an-
d col-
u ffer-
e aken
t are

taken into account. None of the columns tested were able
to separate all 17 I-TEFs from other co-eluting isomers,
which therefore leads to the overestimation of the TEQ value
reported. Calculated total mass 17 and consequently TEQ
values were lower when using the DB-5MS and CP-Sil 8
CB LowBleed/MS columns compared to “conventional” GC
columns (seeTable 4).

The combination of “conventional” (DB-5, HP-5MS, Rtx-
5MS, Equity-5) and DB-225 columns made possible separa-
tion of all 2,3,7,8-substituted PCDDs/PCDFs[8]. However,
if a laboratory is using a Series 5 column in most applica-
tions and using a DB-225 column only as complimentary
equipment they probably should choose the Series 5 column
based on the “common” congener concentrations, i.e. to en-
sure that the I-TEFs that significantly contribute to their TEQ
value are separated from other closely eluting isomers. In the
examples presented here, Si-arylene based columns such as
DB-5MS, ZB-5UMS, CP-Sil 8 CB LowBleed/MS are better
choice for analysis of polychlorinated dibenzo-p-dioxins and
polychlorinated dibenzofurans in spite of some co-elutions.

Although the quantitative comparison of the TEQ values
calculated on identical sample extracts analyzed on the dif-
ferent columns tested in this study showed relatively small
differences, a greater concern would be the possible implica-
tions of using I-TEF isomer data obtained on different types of
c tly,
r po-
n nt to
m par-
t be
e ared
olumns, it is worth mentioning that the I-TEF isomer
,2,3,7,8,9-HxCDD elutes after its “window-defining st
ard” required by 1613b EPA methods to demonstrate
mn performance. In comparing isomeric data from di
nt analytical GC Series 5 columns, care should be t

o insure that subtle differences in isomeric separation
olumns for comparison of “isomer fingerprints”. Frequen
elative isomer concentrations are used for principal com
ent analysis (PCA) or similar type of data assessme
ake judgments about the source of PCDDs/PCDFs in

icular samples. In this type of application, care should
xercised to insure that the isomer profiles being comp
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have been obtained under conditions that are truly compa-
rable. If data from different column types are interchanged,
possible isomer interferences with one analytical column may
be interpreted as a different isomer concentration and result
in incorrect conclusions regarding the isomer profile.
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