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Abstract The analysis of polychlorinated dibenzo-p-dioxins, polychlorinated
dibenzofurans, polychlorinated biphenyls, and other related dioxin-like compounds
requires complex sample preparation and analytical procedures using highly sen-
sitive and selective state-of-the-art instrumentation to meet very stringent data
quality objectives. The analytical procedures (extraction, sample preparation),
instrumentation (chromatographic separation and detection by mass spectrometry),
and screening techniques for the determination of dioxins, furans, dioxin-like
polychlorinated biphenyls, and related compounds with a focus on new approaches
and alternate techniques to standard regulatory methods are reviewed.
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1 Introduction

Polychlorinated dibenzo-p-dioxins (PCDDs) and polychlorinated dibenzofurans
(PCDFs) are considered among the most toxic groups of chemicals known to man
[1,2]. They are listed in the Stockholm Convention on Persistent Organic Pollutants
(POPs) [3] for reduction or elimination. PCDD/PCDFs, as shown in Fig. 1, are
planar molecules with two benzene rings connected by either one (furan) or two
oxygens (dioxin). They can contain from one to eight chlorines forming a possible
75 different dioxins and 135 different furan congeners. This group of 210 chlori-
nated compounds is typically called “dioxin” and will be referred to as such in this
paper. Congeners containing chlorines in the 2,3,7,8 positions (17 of 210) exhibit
dioxin-like toxicity as a result of their preferential binding with the aryl hydrocar-
bon receptor (AhR) [4]. Toxic effects of dioxins include weight loss, reproductive
disorders [5], immune impairment [5], and cancer [6, 7]. A number of other
compounds including polychlorinated biphenyls (PCBs) with one or no chlorines
in the ortho positions (2 or 2/, 6 or 6') [8] and some polychlorinated naphthalenes
(PCNs) [9, 10] also exhibit dioxin-like character and are classified as dioxin-like
compounds (DLCs). DLCs work through a common mechanism, by deregulating
the expression of key genes resulting from their interaction with the AhR. As a
result, their dioxin relative potency can be compared to 2,3,7,8-tetrachlorodibenzo-
p-dioxin (2,3,7,8-T4CDD), the most toxic dioxin congener [11-13]. The toxic
equivalent factor (TEF) is a value assigned to a specific DLC comparing its potency
to 2,3,7,8-tetrachlorodibenzo-p-dioxin [14, 15]. The sum of the concentration of
each dioxin-like compound multiplied by its TEF is the toxic equivalent quantity
(TEQ) and is the relative amount of DLCs converted 2,3,7,8-T,CDD equivalents.

TEQ = Z[PCDD; x TEF,] + X[PCDF; x TEF;] + £[PCB; x TEF]
+ X[DLC, x TEF]

A number of TEF schemes have been reported in the past 30 years. Internationally,
accepted TEF schemes have been developed and since 1994 are reevaluated every
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5-10 years by an expert committee designated by the World Health Organization
(WHO) [14, 15]. TEF values have also been developed for PCBs and brominated
dioxins [14-16] (see Table 1). For other DLC compounds like PCNs, relative
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potenticies [10] can be used for TEQ determination. Most laboratories now only
report the seventeen 2,3,7,8-substituted congeners and TEQ values. TEQ values
make it easier to compare results between samples, but congener-specific pattern
information is lost making it more difficult to identify or indicate sources of
contamination. For source tracking, full congener analysis can help identify sources
of contamination. This procedure can be time-consuming as the remaining
193 non-2,3,7,8-substituted congeners must be quantified and their relative con-
centrations recorded [18—21]. Monitoring the impurities formed along with dioxin
in samples can be used to track and apportion sources. Parette et al. [22] used
tetrachlorodibenzothiopehene formed from the thiophenol impurity in Agent
Orange manufacturing to track specific sources of dioxin contamination. The
focus of this chapter is on PCDD/PCDFs and dIPCBs. A brief summary of the
analytical chemistry of associated DLCs is provided at the end of this chapter.

The goal of any analytical method is to quantitatively and selectively as possible
extract target analytes from the sample matrix while removing the desired analytes
from the bulk matrix and potential interferences and to detect the analytes of
interest using an appropriate selective and sensitive detector. The analysis of dioxin
is one of the most challenging procedures in analytical chemistry. Due to the highly
toxic nature of dioxin, method detection limits are up to three orders of magnitude
lower than for most other organic contaminant Stockholm POPs in order to meet the
strict regulatory limits and guidelines (<1 ppt (picogram per gram for food based
on fat or tissue) per congener [23, 24], <1 ppt for soils/sediments, <10 ppq (pico-
grams per liter) for aqueous samples, and less than 1 pg/m’ for air samples);
concentration factors of 10°~10° are needed to meet these detection limits. Levels
of many interfering compounds like PCBs and polychlorinated diphenyl ethers
(PCDESs) must be removed so that extracts can be concentrated to the very small
volumes needed to meet the very low detection limits required to meet regulatory
limits or guidelines for the protection of wildlife and human health. For aqueous
samples, the dioxin in 1 L of sample is extracted, cleaned, and concentrated to an
extract of about 20 pL. The classical method uses a three-stage silica, alumina, and
carbon cleanup, and in order to achieve accurate quantification, isotope dilution
mass spectrometry (IDMS) with 13C-labeled surrogate standards is necessary.
Carbon-13 labeled analogs of dioxins, furans, and dIPCBs are added to the sample
prior to extraction to account for analyte loss and instrument variability. Gas
chromatography  (magnetic  sector)-high-resolution = mass  spectrometry
(GC-HRMYS) is typically used for detection and quantification because of its
superior sensitivity and selectivity.

There are a number of regulatory methods available for the analysis of dioxin
and dioxin-like compounds. A number of these methods are summarized in Table 2.
Specific details regarding analytical standards, labware, instrumentation, proce-
dures, calibration, and quality control are outlined within these methods.
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Table 2 Various analytical methods for dioxin-like compounds

E.J. Reiner

Source/year of

Method Method description/analytes publication
US EPA 23 Determination of 2,3,7,8-substituted dioxins and furans US EPA 1995
with congener group totals in incinerator stack gasses by

isotope dilution (ID) — GC-HRMS
US EPA 1613b | Determination of 2,3,7,8-substituted dioxins and furans US EPA 1994

with congener group totals in water and wastewater by
GC-ID HRMS

US EPA 8290
(SW-846)

Seventeen 2,3,7,8-substituted dioxins and furans with
congener group totals in materials and waste. Uses isotope
dilution — GC-HRMS

US EPA 199%4a

US EPA TO-9A

Compendium of methods for the determination of toxic
organic compounds in ambient air

Second edition compendium method TO-9A determina-
tion of polychlorinated, polybrominated, and brominated/
chlorinated dibenzo-p-dioxins and dibenzofurans in
ambient air

US EPA 1999

US EPA 1668a

Determination of all 209 PCB congeners. 12 WHO dioxin-
like PCBs by GC-HRMS, the remaining 197 by GC-MS

US EPA 1999

ISO 17025

General requirements for the competence of testing and
calibration laboratories

ISO 2005

ISO 17858

Determination of 12 WHO dioxin-like PCBs in environ-
mental matrices by GC-ID HRMS

ISO 2006

ISO 18073

Determination of seventeen 2,3,7,8-substituted dioxins
and furans with congener group totals in water and
wastewater by GC-ID HRMS

1SO 2004

ISO 16780

Determination of polychlorinated naphthalenes (PCN) —
method using gas chromatography (GC) and mass spec-
trometry (MS)

ISO 2015

MOE E3418

Determination of 2,3,7,8-substituted dioxins and furans
including congener group totals and 12 WHO dioxin-like
PCBs by GC-ID HRMS

MOE 2012

MOE E3431

Determination of polychlorinated naphthalenes (PCNs) in
environmental matrices by GC-HRMS

MOE 2012

EU EN 1948

Seventeen 2,3,7,8-substituted dioxins and furans and con-
gener group totals in stationary sources by isotope dilution
— GC-HRMS

European Stan-
dard 1997

ENV CAN
1/RM/19

Seventeen 2,3,7,8-substituted dioxins and furans and con-
gener group totals in pulp and paper effluents by isotope
dilution — GC-HRMS

Environment
Canada 1992

JIS KO311

Seventeen 2,3,7,8-substituted dioxins and furans including
congener group totals in incinerator stack gasses by iso-
tope dilution — GC-HRMS

JIS 1999a

JIS K0312

Seventeen 2,3,7,8-substituted dioxins and furans including
congener group totals in wastewater by isotope dilution —
GC-HRMS

JIS 1999b

Note: US EPA methods available from www.usepa.org, ISO methods from www.ISO.org, and
MOECC methods from LaboratoryServicesBranch@Ontario.ca


http://www.usepa.org/
http://www.iso.org/

Analysis of Dioxin and Dioxin-Like Compounds 57

2 Extraction

Quantitative extraction of the analytes from the bulk matrix is critical to obtain
quality data. A wide variety of extraction techniques and systems have been used
for the extraction of DLCs. Sonication; Soxhlet extraction; pressurized fluid extrac-
tion (PLE — also known as accelerated solvent extraction (ASE)); microwave-
assisted extraction (MAE), also called microwave-assisted solvent extraction
(MASE); solid-phase extraction (SPE); liquid/liquid extraction; and supercritical
fluid extraction (SFE) have all been used to extract dioxin and DLCs from bulk
matrix. Passive sampling devices such as semipermeable membrane devices, poly-
mer (e.g., polyethylene and polydimethylsiloxane) passive samplers, sorptive stir
bars, window films, and tree bark have also been used to extract dioxin-like
compounds from the bulk sample matrix. The hydrophobic nature of DLCs
makes them very soluable in nonpolar organic solvents. Aromatic solvents like
benzene or toluene are preferred, but require extensive safety precautions due to
their toxicity and carcinogenic nature. Benzene is a controlled substance in many
countries and is now rarely used except for analytical standard preparation. Other
solvents like hexane and/or dichloromethane are also used, but are not as effective
as toluene which is the solvent of choice for most applications. These extraction
methods are detailed in a number of publications [25-28].

The extraction of solid matrices including soil, sediment, sludge, biological
tissue, and vegetation has classically been done by Soxhlet extraction. Soxhlet
extraction is simpler and less expensive, but more labor intensive when compared
to other newer procedures, and is typically the recommended or required proce-
dures in most regulatory methods. Wet samples (sediments, biota, and vegetation)
can be Soxhlet extracted with a Dean-Stark device, which separates the water from
less dense nonpolar solvent. The method allows the drying step to be skipped. The
water is collected in an alternate receiving vessel. The amount of water can be
determined volumetrically or gravimetrically enabling moisture content of the
pre-extracted sample to be determined [29, 30]. Sonication and agitation — shaking
in a paint shaker — have also been used. They can be less efficient than Soxhlet but
are much faster.

Automated extraction methods like PLE and MAE can run unattended. PLE is a
pressurized filtration method that subjects the sample to heat and elevated pressure
[31-33] which can enhance extraction efficiency over room temperature proce-
dures. MAE [34-36] uses microwave energy to produce heat resulting increased
pressure for enhancing extraction efficiency. Microwave-assisted extraction
requires the use of a polar solvent or a solvent mixture containing a polar solvent
like acetone or methanol to convert microwave energy to heat. Because a polar
solvent is used, samples do not have to be dried prior to extraction. Both PLE and
MAE can be used to reduce extraction times over the classical Soxhlet and
sonification procedures.

A number of PLE methods have been developed where column packing mate-
rials are inserted in a modified PLE cell so that extraction and sample cleanup can
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be completed in the same step [37-39]. This can result in very quick extraction and
preparation of relatively clean samples. Highly concentrated and complex samples
can severely contaminate or overload the system, and therefore prior knowledge of
levels of dioxin and other coextractables in the samples is important when using this
method. Biological samples and wet sediment/soil samples can be extracted using
matrix solid-phase dispersion (MSPD). Wet samples are ground and mixed with a
solid dispersant (e.g., silica, diatomaceous earth, sodium sulfate) and placed in a
Soxhlet or PLE cell where the analytes are extracted, while the water remains on the
dispersant. Extreme care must be taken in determining moisture content as this can
result in significant variability or bias if the sample being analyzed is not homoge-
neous and the resulting relative dry weights are not calculated correctly. This is also
the case for biological samples. Dioxin and other POPs partition into the lipid
tissue. Care must be taken to ensure that the sample is homogenized properly to
minimize variability and bias. Results for biological samples can be reported on
wet-weight or lipid-weight basis. If lipid levels vary greatly between organisms,
lipid corrected data can provide better results for comparison [40].

Supercritical fluid extraction (SFE) using pressurized CO, [41] has been used to
extract dioxins from soils and sediments [42] and marine biota [43]. SFE is a
solventless extraction procedure that may need only very small amounts of solvent
to elute the analytes from the trapping or packing material (e.g., carbon or C;g).

The extraction of liquid samples can be challenging, especially if they contain
significant amounts of solid particulate material (SPM). Dioxins and other DLCs
have log Kow values that range from 4 to 8; therefore, they tend to adsorb to SPM,
and extraction schemes must be able to quantitatively remove analytes from the
SPM. The classical dioxin extraction method is liquid/liquid extraction (LLE). The
LLE method is very labor intensive; therefore, aqueous and other liquid samples
including biological fluids are now often extracted using solid-phase extraction
(SPE), a technique that uses a solid stationary phase like C;g or Amberlite XAD-2
resin in an extraction cartridge or disk to extract nonpolar dioxin-like compounds
and pass through polar or slightly compounds. The classical dioxin procedure for
aqueous samples is to filter the sample to collect the particles. The filtered portion is
then extracted using liquid/liquid or solid-phase extraction, and the filter is
extracted by Soxhlet extraction or PLE. If the amount of SPM is relatively low,
e.g., below 2 g/L, direct extraction of samples by SPE is possible [44—46]. The
particles are trapped on top of the extraction disk or column bed. Quantitative
elution of the particles and disk can be done in a single step, significantly reducing
solvent usage and sample preparation time. Erger et al. [47] have reviewed the
various solid phases and uses of SPE disks for samples that contain SPM. The SPE
disk extraction procedure can be automated if SPM levels are low [48, 49]. Aqueous
samples that contain very small amounts or no visible levels of SPM can also be
extracted using stir-bar sorptive extraction followed by thermal desorption [50].

Passive samplers have been used for a number years as integrative samplers to
assess long-term time-weighted average levels of contaminants in water and air.
Semipermeable membrane devices (SPMDs) were some of the first used [51]. Pas-
sive samplers for aqueous media include SPMDs (triolein in a semipermeable
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membrane housing), silicone rubber (SR), low-density polyethylene (LDPE) strips,
and polydimethylsiloxane (PDMS) [52-58]. If performance reference compounds
(PRCs are labeled or other internal standards) are spiked into the samplers, their rate
of elimination from the samplers can be used to determine relative sample volumes
to estimate contaminant concentrations [55]. Sample volumes with passive sam-
plers are not measured directly but are estimated using lab-based constants and PRC
behavior which varies from compound to compound. Passive samplers collect only
the dissolved fraction of dioxin, and therefore results do not compare directly to
those using the whole-water extraction methods described above. Due to their
Kows, the majority of dioxins are present on the particulate phase. The dissolved
phase, however, is the bioavailable fraction, and as a result, passive samplers can be
used as surrogates for exposure to dioxin and other compounds with low
Kows. Passive samplers are extracted using the same methods that are used for
solid samples: Soxhlet, sonication, and PLE.

Passive samplers used for air sampling are typically polyurethane foam (PUF)
plugs housed in a metal canister and can include a type of XAD resin. Other sampler
designs have included just the XAD resin in a metal housing [S9-61]. Passive air
sampling has also been carried out using window films, building wipes [62, 63], and
tree bark [64, 65]. Passive samplers do not require electrical power and therefore
can be deployed for extended periods of time enabling good detection limits to be
achieved.

Ambient air samples are typically sampled using high-volume samplers. Air is
passed through an 82 by 11 in. filter paper to trap the particulate fraction containing
penta to octa dioxin/furan congeners followed by a PUF to trap the volative (mono
to penta) congeners. Some configurations use XAD sandwiched between 2 PUFs.
The filters and PUFs are extracted using Soxhlet or large cell PLE systems. See
method US EPA TO-9 or MOECC 3418 for more details.

3 Extract Cleanup

The extraction of dioxin-like compounds with nonpolar solvents or media is not
very selective. The highly aggressive extraction methods used with nonpolar
solvents or nonpolar media for DLCs co-extract many additional POPs and matrix
compounds which can interfere in the analysis and must be removed in the sample
preparation process. This requires a comprehensive sample preparation scheme to
remove bulk matrix coextractables, eliminate any potential interfering compounds,
and retain as much of the analytes of interest as possible while achieving the high
concentration factors listed above. The classical dioxin cleanup developed over
30 years ago is still basically the same procedure used today. The method originally
developed by Nesterick and Lamparski [66] referred to as the “Dow cleanup” was
later modified by Smith and Stallings [67] using a multilayered acid/basic silica
column to remove acidic/basic polar compounds and silver nitrate/silica to remove
any sulfur compounds, especially any chlorinated dibenzothiophenes. Silver nitrate
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is more expensive than mercury or copper but much faster and easier to use and not
a significant additional cost to the method. Mercury is toxic and now only typically
used in emergency response situations. Sulfur removal is less critical nowadays as
most laboratories are using HRMS or tandem mass spectrometry (MS/MS) detec-
tion systems.

Column chromatography with various combinations of silica, alumina, Florisil,
and carbon adsorbents can be used to remove bulk matrix and interfering com-
pounds and to direct specific analytes into desired fractions [68—73]. Due to the
ability to extract a variety of analyte groups together (dioxin, PCBs, PBDEs, PCNs,
etc), sample preparation schemes have been developed to combine analytical
methods and fractionate extracts to eliminate any potential interfering compounds.
For example, activated carbon can separate the planar from the nonplanar com-
pounds. Dioxin and coplanar PCBs and PCNs can be collected in one fraction and
the nonplanar compounds (ortho-PCBs, PBDEs, PCDEs, chlorinated pesticides) in
another. This eliminates a number of the gas chromatographic coelutions, e.g.,
PCB77/110 and PCB 87/81, and also splits the PCDE a major interference to
PCDFs into separate fractions [74]. The PCDEs can fragment in the mass spec-
trometer ion source to form PCDFs which can result in a significant bias. They are
highly bioaccumulative and can be a major interference to PCDFs in biological
samples. In all cases, the use of each adsorbent type must be carefully characterized
and calibrated to optimize elution volumes of the analytes of interest while mini-
mizing the contribution of interferences.

Alumina and Florisil are used to remove or separate (e.g., ortho-substituted
PCBs) some of the less polar compounds as well as residual lipids not removed
by the silica column cleanup. Any combination of silica, carbon, alumina, or
Florisil can be used to remove potential interferents. The strategy is to use minimal
amounts of packing to reduce contamination and possible irreversible adsorption of
analytes on the packing material to achieve the highest analyte recoveries possible.
For difficult samples, additional amounts of packing materials and cleanup stages
may be needed to produce an extract clean enough to inject on the gas chromato-
graph. For samples with high levels of lipids, e.g., biological tissue or biosolids, gel
permeation chromatography (GPC) [75] can be used as a preliminary cleanup step.
Additional amounts of acid silica packing can also be used to remove excess lipids.
This option is preferred if sample extracts are not also used to analyze acid labile
compounds like some of the brominated flame retardants.

Classical open-column cleanup procedures like the Smith/Stallings method
(silica, alumina/Florisil, or carbon) can be very labor intensive. It can 3-5 days
extract and cleanup a set of 10-20 samples using manual procedures. Each column
eluant is concentrated, typically to dryness. This is one of the most important steps
in the analytical scheme as aggressive extract concentration can result in analyte
loss, low surrogate recovery, and elevated detection limits.

In order to minimize labor costs, a number of automated or semiautomated
systems have been developed. Fluid Management Systems Inc. (FMS — Watertown
MA, USA) developed the first automated dioxin sample preparation system, the
PowerPrep System, that uses a variety of different disposable prepackaged columns
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which allows for the ability to prepare extracts for a single group of compounds
(e.g., dioxin, PBDEs) or multiple compound groups or a combination of analyte
groups together in a single method [46, 76]. Figure 2 shows the FMS automated
sample preparation system. In recent years, other systems have become available
from a variety of vendors including LCTech (Dorfen Germany) and Miura Co
(Ehime Japan, also available from DSP Systems, Erichem Netherlands). Fayez
et al. [78] reported that the cost of preparing dioxin extracts using the FMS system
is about the same as conventional manual methods; however, a single analyst can
prepare double the number of samples in the same period of time. For larger
contract labs that analyze many thousands of samples per year, using assembly
line processing and manual methods with disposable labware can be more cost-
effective.

Fayez et al. [79] have also used the FMS system to extract and cleanup dioxin,
PCBs, PCNs, and BDE:s in biological tissue in a single run using PLE extraction
with combined manual transfer to the FMS system for cleanup. This method
reduces the extraction/sample preparation time to 2-3 days significantly reducing
analytical time and costs. Doing the four tests separately using manual methods
could take 10 days to extract and prepare. The ortho-substituted PCBs and BDEs
are collected by forward elution through the activated carbon column, while dioxin,
coplanar PCBs, and PCNs are collected in a reverse elution fraction. Focant et al.
[80] were able to interface a PLE with the FMS system to automatically extract and
cleanup a set of food samples ready to be analyzed in about 10 h.

These automated systems can work very well with samples like biological
tissues and food where the matrix is relatively constant and analyte levels do not
vary significantly. In cases where high concentrations are expected or there is heavy
matrix loading, manual methods may be preferred so that the automated systems are
not contaminated to the point that background levels interfere with detection limits.

Cape Technologies (South Portland ME, USA) have developed a semiautomated
method using disposable glass columns. The system (Fig. 3) is pressurized with
nitrogen gas. A multi-analyte compound group method (dioxin, PCBs, PBDEs, and
PCNs) similar to that developed for the FMS system was developed by Yang
et al. [77, 81, 82]. The major advantage of the Cape system is that it does not
require power, and because the sample extract only makes contact with disposable
labware, no rinse cycles and labware cleaning are needed making this a very
cost-effective sample preparation method. Because the sample never touches
any reusable labware, cross contamination from high-level samples is minimized.
Some high production contract labs use disposable labware methods similar
to the Cape procedure, but find it more cost-effective to purchase reagents and
adsorbents in bulk and pack their own columns.

There have been a number of publications reporting the extraction and cleanup
using an ASE or modified ASE or PLE cell. The samples are typically mixed with
some type of matrix dispersant like diatomaceous earth or hydromatrix and are
placed above a series of column packings like silica or carbon in the extraction cell
allowing extraction and sample cleanup to be carried out simultaneously [38, 39,
83-85].
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4 Chromatographic Separation

Dioxins, furans, and PCBs contain many isomers or congeners of similar structure,
and as a result of the symmetrical nature of these compounds, the mass spectra of
their isomers (e.g., tetra dioxins) are essentially identical. In addition, congeners of
higher degrees of halogenation can fragment in the mass spectrometer to form
interfering ions at mass-to-charge ratios of their lower halogenated homologues.
Because mass spectrometers cannot separate isobaric compounds, it is important
that the toxic compounds be separated from the nontoxic ones either physically
(by placing them in separate fractions) or chromatographically, especially if accu-
rate TEQ values are required.

The majority of dioxin and furan congeners are not considered toxic, and
therefore a chromatographic column or combination of columns able to uniquely
separate the 17 toxic congeners from one another as well as the remaining
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193 nontoxic congeners is required. Coelutions with nontoxic congeners or other
interferences can cause biased results. PCBs can interfere with dioxins, and PBDEs
can interfere with PCBs [86]. The Wellington Reference and Handling Guide [87]
provides information on a variety of halogenated compounds including exact
masses and theoretical isotope ratios that can be used to determine potential
interferences.

There currently is no single GC column that can uniquely resolve all of the toxic
dioxin congeners from the other 193 nontoxic dioxins or other interfering com-
pounds, and therefore, samples must be analyzed on separate GC phases, or sample
extracts must be fractionated in a way that interfering compounds are split into
different fractions.

There have been a number of attempts to develop a dioxin-specific column that
can separate the seventeen 2,3,7,8-substituted congeners. Many of these attempts
have resulted in a column with lower numbers of coelutions than the standard 5%
phenyl-methyl phases. DB-dioxin [88] was the first dioxin-specific column devel-
oped. Rtx-dioxin-2 [89-91] and BPX-DXN [92] are also dioxin-specific GC col-
umns. A number of reviews have compared the separation of dioxin on 5% phenyl-
methyl phases to a number of other polar and analyte-specific phases [93—
95]. Table 3 compares the ability of a variety of GC columns to separate each of
the seventeen 2,3,7,8-substituted dioxins. None of the columns currently available
can uniquely separate all the toxic congeners, and therefore in most regulatory
methods, the 5% diphenyl-dimethylpolysiloxane column is still used in conjunction
with the DB-225 (50% cyanopropylphenyl-dimethylpolysiloxane). A lower bleed
version of the 5% diphenyl-dimethylpolysiloxane column was developed by J&W
in the early 1990s. The elution pattern of this phenyl arylene polymer is slightly
different from the standard 5% phenyl-methyl columns. Abad et al. [96] and
Fishman et al. [95] have reported the relative retention times and coelutions for
all of 2,3,7,8-substituted dioxins and furans on these “5” phase-ms columns. The
5-MS column can uniquely separate 2,3,7,8-T4,DCF from the other T,DCFs elim-
inating the need for secondary confirmation of 2,3,7,8-T4DCF. The standard GC
columns typically used for confirmation for dioxin analysis completed on a 5%
phenyl phase are the DB-225 or SP-2331 columns. Both columns are polar, have
very low-temperature maximums, and can suffer from significant bleed. A number
of liquid crystal columns have been developed for dioxin analysis [97, 98]. These
columns can have very high resolving powers for planar compounds and therefore
are very selective to dioxins and other dioxin-like compounds. Unfortunately, they
typically have low-temperature maximums. A variety of ionic liquid columns have
been developed recently. They have higher temperature limits than the liquid
crystal columns but are not as stable as conventional cross-linked columns. Do
et al. [99, 100] have reviewed the various column combinations. The combination
of a 5-MS and SLB-IL61 column will separate all of the 2,3,7,8-substituted
congeners and is an alternative combination to the classical 5% diphenyl-
dimethylpolysiloxane and 50% cyanopropylphenyl-dimethylpolysiloxane pair.

The GC-HRMS analysis of dioxin using a conventional 5% phenyl-dimethyl,
60 m, 0.25 mm, 0.25 pm, and GC column is about 50 min long. Prior to analyzing
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samples, the instrument must be tuned to 10,000 resolutions and then calibrated. A
resolving power (AM/M) of 10,000 is the best compromise between selectivity
(eliminating most interfering compounds that are not removed by sample prepara-
tion) and sensitivity on a magnetic sector instrument. A series of quality control
(QC) samples include a column performance check containing the nearest eluting
neighbors of 2,3,7,8-TCDD, low-level standard (sensitivity check), continuing
calibration standard, laboratory blank, spiked sample or certified reference material
(CRM), and duplicate sample. The setup procedure can take 5 h or more. Continu-
ing calibration methods are used to reduce analytical run times because running a
five-point calibration curve can add up to another 4 h to the analytical run. Even
when using the continuing calibration procedure, only about 15-18 samples can be
analyzed in a single day.

If columns of smaller inner diameters and thinner films (inner diameter
<0.20 mm and film thickness <0.18 pm, i.e., microbore columns) are used, a
technique called fast GC can significantly reduce analysis times. If the phase ratio
(the ratio of film thickness to column inner diameter) remains constant, the relative
retention times do not change. As the inner diameter and phase thickness are
reduced and their ratio is kept constant, retention times decrease, and the
chromatoraphic peaks get narrower and taller. Microbore columns have much
lower height equivalent theoretical plates (HETP) than classical columns resulting
in significantly increased theoretical plates per meter, enabling significantly shorter
columns to be used. Microbore columns require higher column head pressures, flow
rates, and temperature ramp rates, which results in reduction of analytical run times
by up to 50% and an increase of peak heights of up to a factor of five [101-105].

Multidimensional gas chromatographic techniques have been used for a number
of years for the analysis of dioxin and related compounds. Comprehensive
multidimensional gas chromatograph or GCxGC is an emerging technique that
continues to gain interest. It can enhance sensitivity and reduce analysis times and
has been used to analyze dioxins and PCBs [106—114]. GCxGC is carried out using
two GC columns of different stationary phases that are connected through a device
called a modulator. The modulator traps the analytes eluting from the first (primary)
column, compresses their column plug, and then reinjects these small plugs or slices
into the second (secondary) column where further separation occurs by a different
mechanism that happens in the primary column [110]. Figure 4a shows a schematic
of a comprehensive GCxGC system. The modulation process produces much
narrower and taller chromatographic peaks which can increase signal-to-noise
ratios and sensitivity by up to an order of magnitude. Fig. 4b depicts the procedure,
whereas peak that is not completely separated on the primary column (X +Y) is cut
into “slices” by the modulator and can be separated on the secondary column as a
result the different stationary phase. The slices are small very narrow packets of
ions (Fig. 4b) where each packet results from a separate modulation cycle — Py;. The
slices can be reconstructed as either a three-dimensional plot or a contour plot.
Columns of distinctly different phases (depending on temperature compatibility)
can be used resulting in significantly enhanced peak capacity. If the main process of
separation for each column is different (e.g., boiling point, polarity, shape
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Fig. 4 Schematic of the column coupling in the GCxGC-TOFMS apparatus. (a) The modulator
allows rapid sampling of the analytes eluting from the first-dimension GC (1D) and reinjection into
2D. The modulation process is illustrated for two overlapping compounds (X and Y) eluting from
1D at a defined first-dimension retention time 'tg. As the modulation process occurs during a
defined modulation period P,, narrow bands of sampled analytes enter 2D and appear to have
different second-dimension retention times 2tR(X) and 2tR(Y). (b) Raw data signal as recorded by
the TOFMS through the entire two-dimensional separation process. (¢) Construction of a
two-dimensional contour plot from the high-speed secondary chromatograms obtained in (b), in
which similar signal intensities are connected by the contour lines. Reproduced with permission
from [106]

selection), orthogonal (optimal) separation can be achieved. Orthogonal separations
typically result in separation of isomers in bands at an angle of about 45°. The peak
capacity in an orthogonal GCxGC system is the product of the peak capacity of the
primary and secondary columns and can be typically in the order of 1,000 (approx-
imately 50 x 20) (first dimension (30 M, 0.25, 0.25) x second dimension (2 M,
0.10, 0.10)) [115]. The major challenge of this technique is obtaining enough data
points across the very narrow peaks produced in the modulation process. GCxGC
peaks are in the order of 400 ms wide. In order to accurately define a second-
dimension GC peak (7-10 measurements), scan rates of greater than 25 Hz are
required. Figure 5 exhibits the power of GCxGC showing a chromatogram of a
sediment sample where many analytes can be measured in a single run. In many
areas of the chromatogram, there would be multiple coelutions if the extract was
analyzed in by regular single-dimensional chromatography.

Electron-capture detectors (ECD) have been used in GCxGC applications
because of the significantly enhance separation enables much simpler and less
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Fig. 5 Three-dimensional GCxGC-ECD plot of a sediment sample, private communication from
Alina Muscalu using the method from [116]

selective detectors to be used [116, 117]. The significantly increased peak capacity
of this technique enables multiple analyte groups like dioxin, PCBs, organochlorine
(OC) pesticides, PCNs, and other organohalogen compounds to be analyzed in the
same single run in many cases bypass the need for sample extract fractionation.
Cryogenic zone compression modulation (CZC) has been used to enhance sensi-
tivity of the analysis of dioxin in blood samples [118]. In this technique, a single
7 m, 0.1 mm id, and 0.1 pm d; column is fed through a modulator. A long
modulation period of 6-9 s is used to attempt to trap the entire peak into one
modulation. An on-column detection limit of 300 attograms which is about an order
of magnitude lower than conventional methods can be achieved.

5 Mass Spectrometric Detection

A number of different types of mass spectrometers are capable of analyzing dioxin.
The magnetic sector high-resolution mass spectrometer (HRMS) was the first used
in the early 1970s and is still the most sensitive and selective instrument for dioxin
analysis [119-121]. It is considered the gold standard for dioxin analysis and is the
only type of mass spectrometric detector allowed for a number of regulatory
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analytical methods for litigation purposes. GC-HRMS is the most technically
complex system and requires the most highly skill operators. There are a number
of reviews comparing different mass spectrometric system [26, 27, 105, 122—-130].
GC-HRMS must be operated in the selected ion monitoring (SIM) mode where only
ions from the analytes are scanned. In this process, the magnet is set to a specific
mass range, and the accelerating voltage is jumped to pass ions with mass-to-charge
ratios only of the ions of interest, because the instrument only spends time directly
on desired analytes and not scanning a range of masses that in most cases will not
produce a signal, SIM can enhance sensitivity up to two orders of magnitude and is
required in order to meet the very low detection limits needed for dioxin analysis.
HRMS instruments are operated at a resolution of 10,000. Regulatory methods
require the resolution to be confirmed every 12 h. This was a challenge for
instruments in the late 1970s and early 1980s. Modern instruments can now hold
10,000 resolutions for days. HRMS instruments require a mass calibrant like
perfluorokerosene (PFK) to ensure mass accuracy. PFK is used to tune the mass
spectrometer and calibrate the mass scale. It is then infused into the mass spec-
trometer during the analytical run as a lock mass to ensure there is no mass drift.
The lock mass trace is monitored to ensure results are not biased by matrix
suppression.

Tandem mass spectrometry using triple quadrupoles [131, 132] has been used
for the analysis since the mid-1980s. Recently, tandem quadrupole mass spectrom-
eters have been used and approved in Europe specifically for food testing and food
safety purposes [133—135]. Hybrid mass spectrometers (HRMS/quadrupole) [136],
ion trap mass spectrometers [137—-139], and the orbitrap [140, 141] have also been
used for tandem mass spectrometry analysis of dioxin. Hybrid instruments are
expensive and even more difficult to set up and operate than HRMS systems and
are no longer routinely available commercially. Ion traps have been used mainly for
screening purposes because being a trapping-type mass analyzer, ion suppression
from coextractable compounds can result in loss of sensitivity or bias. The orbitrap
can meet method requirements of regulatory dioxin methods and may also become
a replacement for magnetic sector instruments in the future.

Tandem mass spectrometry uses multiple reaction monitoring (MRM) where the
molecular ion is selected by the first mass analyzer and is then passed through a
collision gas (typically nitrogen or argon) in a second quadruple set to pass all ions.
Characteristic fragment ions are then selected by the third quadruple (mass ana-
lyzer). Dioxins lose COCI (63 Da) in MRM transitions and are the only group of
compounds that lose this specific neutral fragment producing clean mass chromato-
grams with very few interferences [132].

Most dioxin methods also determine results for the dioxin-like PCBs.
Polychlorinated biphenyls do not have a unique MRM fragmentation reaction like
the loss of COCI from PCDD/PCDFs. The major fragment reaction for PCBs is the
loss of Cl,. Most polychlorinated compounds lose Cl,, and therefore MRM chro-
matograms for PCBs can exhibit a significant number of interferences.

The sensitivity of newer triple quadrupole mass spectrometers can approach that
of HRMS instruments using MRM. Applying additional mass selection stages to the
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analytes of interest reduces their transmission through the instrument resulting in a
reduced signal. The additional mass filtering however reduces the chemical noise at
a greater rate than the loss in analyte signal, therefore resulting in net increase in the
signal-to-noise ratio. GC-MS/MS has been accepted in a number of dioxin methods
as an alternative to HRMS including the analysis of food and feed [23, 24, 134].

A number of adjustments that can be used to increase sensitivity include using
larger sample sizes or sample volumes (or PTV/LVI injection) and/or microbore
columns. A number of applications using large volume injection (LVI) or
programmed temperature vaporization (PTV) have been reported. Programmed
temperature vaporization enables a greater portion of the sample extract to be
injected into the mass spectrometer increasing sensitivity and allowing smaller
sample sizes to be used [142—146]. It also enables minimal sample concentration.
Bias resulting from analyte loss for semivolatile compounds like dioxin and PCBs
is typically not significant, especially when isotope dilution mass spectrometry is
used. The major advantage is time savings from not having to concentrate organic
solvents.

5.1 Ionization Techniques

Electron ionization (EI) is the classical ionization method for dioxin. It is available
in essentially all GC-MS instrument types. Electron ionization is normally carried
out using 70 eV electrons which produce ions with a broad range of internal
energies resulting in variety of different fragment ions [147]. When using SIM,
the number of possible ions produced should be as few as possible. In order to
minimize the degree of fragmentation, an electron energy of about 35 eV should be
used. The reduced electron energy decreases the degree of fragmentation and
enhances the molecular ion signal which correspondingly enhances sensitivity.
The mass spectra of halogenated compounds exhibit multiple isotopic peaks for
the molecular ions as well as their corresponding fragment ions. Sensitivity is
reduced due to these isotopic ion clusters, because the signal is split over the
isotopic ions. This is also an advantage as isotopic ratios are much more stable
than fragmentation ratios, and this information can be used for identification and
conformation of the analytes of interest. Specific abundance of molecular or
fragment ions is monitored and compared to acceptance criteria. This can be
important in identifying potential interfering compounds that may be present. If
interfering compounds are routinely presents, analysts can select other isotopic
peaks which may be free of interferences for quantification.

Chemical ionization (CI) [148] is a soft ionization technique producing mass
spectra with little fragmentation where the molecular anion is typically the base
peak [149, 150]. Electron-capture negative-ion chemical ionization (ECNI) is a
form of NCI using a reagent gas like methane that is to adsorb energy from
electrons so they can be more easily attached to analytes of interest. The sensitivity
of most polyhalogenated compounds like PCDD/PCDFs increases with increasing
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degree of chlorination in ECNI, and for most congeners, the sensitivity in NCI can
be much greater than with EI. However, for 2,3,7,8-T,CDD, as for a number of
organochlorine pesticides, the C1™ anion [151, 152] is the base peak resulting in a
2,3,7,8-T4CDD molecular anion with much lower intensity in NCI than that of the
molecular ion in EI. Due to the presence of many other chlorinated compounds in
most sample extracts, the C1™ anion is common, and therefore monitoring Cl™ is not
very selective. Chemical ionization using O, as a reagent gas has also been
investigated [149, 153, 154]. It can be used to distinguish different congeners, but
is much more difficult to use than EI and not sensitive enough to be used for ultra-
trace analytical purposes with regular chemical ionization vacuum sources.

Atmospheric pressure ionization is a new technique that has been available for a
few years. It ionizes target molecules by charge exchange from the nitrogen present
in the source which has been ionized from a corona discharge [155, 156]. The
advantage of atmospheric pressure ionization is that it can be matched with other
atmospheric liquid chromatographic sources enabling instruments to be used as a
more flexible combined GC and LC instrument. There are only a few reports of
atmospheric pressure gas chromatography (APGC) for dioxin using tandem quad-
rupole mass spectrometry [156, 157]. APGC-MSMS is an excellent combination
where the ion sources are based on a modified LC source. Both APGC source and
the tandem mass analyzer are simple to maintain and operate, resulting in a rugged,
sensitive instrument with minimal downtime. Figure 6 shows the sensitivity of this
new ionization technique.
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Fig. 6 Chromatogram demonstrating the sensitivity of the APGC-MS/MS. Congener identifica-
tions are, from left to right, 1,3,6,8-, 1,3,7,9-, 1,3,7,8-, 1,4,7,8-, 1,2,3,4-, and 2,3,7,8-tetrachlor-
odibenzo-p-dioxin. Reproduced with permission from [158]
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5.2 Calibration and Quantification

Quantification of dioxin and dioxin-like compounds is a challenge because of the
large number of congeners and the many cleanup stages required. In order to obtain
good-quality data, isotope dilution with '*C-substituted PCDD/PCDF internal
standards (surrogates) for quantification of the 2,3,7,8-containing congeners is
used. In addition to using mass-labeled internal standards for quantification, they
are also used as GC retention time markers to ensure that the correct native toxic
isomer is detected. Isotope dilution is the most accurate form of quantification
[159, 160]. Adding labeled surrogates at the beginning of the analytical procedure
enables results to be corrected for any losses during the multistage sample prepa-
ration procedure, sample concentration steps, volumetric transfers, or instrumental
variability. Additional labeled internal standards can also be added at different
stages. Cleanup standards are added after extraction to evaluate extraction and
cleanup efficiency. Injection or syringe standards are added before injection to
correct for injection variability and instrumental drift.

A calibration curve with five or more concentrations is typically used. The
calibration standards typically contain all 17 native 2,3,7,8-substituted congeners
and 16-labeled 2,3,7,8-substituted congeners. Labeled OCDF is not included
because the higher mass isotopes of labeled OCDF can interfere with native
OCDD. Concentration of the lowest-level calibration standard (CS1) for 2,3,7,8-
TCDD is typically 0.5 pg/pL. Concentrations increase by factors of 4 or 5, to a
concentration of 200 pg/uL in CSS5, the highest-level calibration standard. Levels
of the penta to hepta congeners are typically a factor five higher than the tetra
concentrations and OCDF and OCDD which are typically 10 times higher. Exam-
ples of calibration standard sets can be seen in any of the methods listed in Table 2.
A relative response factor (RRF) is calculated between the native analyte and
labeled surrogate for each 2,3,7,8 substituted congener except 1,2,3,7,8,9-HxCDD
whose labeled standard is used as an injection standard and OCDF. The average
RRFs of the other two HxCDD congeners are used to quantify 1,2,3,7,8,9-HxCDD,
and the response factor of OCDD is used for OCDF. Relative response factors are
used to correct for any difference in response or concentration of the labeled
standards relative to the native compounds in the calibration standards and should
be close to 1. Non-2,3,7,8-substituted congeners are quantified using the average
RRFs determined to their specific congener group.

In most methods, an average response factor over the calibration range is used
instead of a response factor from linear regression using a classical calibration
curve. Response factors (RFs) for the labeled surrogate standards are determined
using internal standard calibration by the 12C_labeled injection standards (1,2,3,4-
T4CDD and 1,2,3,7,8,9-HxCDD). Concentrations of the surrogates are determined
and reported as percent recoveries which are used for quality control purposes.
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5.3 Detection Limits and Low-Level Quantification

Dioxin is considered the most toxic organic chemical, and as such, analytical
methods must be able to report results at sub-picogram (10~ '%g) levels and well
into the femtogram (10~ '°g) level for food analysis. At these low levels, back-
ground levels can easily contribute to contamination resulting in positive values in
the laboratory blanks which often is the limiting factor and the determination
sample detection limits [161]. This can usually be controlled for dioxins and furans
in most cases; however, contamination from PCBs poses a larger problem. The use
of PCBs in many building and electrical equipment remains and circulates in the
building and laboratory area. Dust control, air filtration, and good laboratory
practices can minimize background contamination. If levels are constant, back-
ground subtraction can be used [162].

In the analytical scheme, there are a number of detection limits that need to be
considered. Instrumental detection limits can be used to determine sample sizes and
sample extract volumes needed to obtain required detection limits. Average recov-
eries and background blank levels also need to be considered [163]. Method
detection limits (MDLs) are a statistical determination of detection limits using a
set (n>7) of low-level spiked samples (spiked at 5-10 times the instrument
detection limit) that are taken through the entire method [159, 160, 164] The
MDLs are determined by multiplying the standard deviation (c) of the mean
concentration of the sample set by the student’s T value. In this method, the value
of the MDL of a compound can be elevated if there is contribution from background
contamination. Because of the low levels required, many labs calculate the actual
detection limit (DL) for each parameter in every sample [165]. In this method, the
signal-to-noise ratio of five to one (peak to peak) or three to one (average to peak) is
used to estimate the area of a peak that would have been present at the retention
time of the target analyte. The estimated area value is in the concentration calcu-
lation. The advantage of this method is that it is an actual determination of the
detection limit for the target analyte in each sample being analyzed. This method is
not always used because it is very time-consuming. The limit of quantification
(LOQ) is typically about three times the method detection limit value and is the
level where the analyte signal is repeatably identifiable, discrete, and reproducible
with a precision of about 20% and an accuracy of £20% [80, 159, 165]. The LOQ is
important parameter for regulatory and litigation situations. In such cases, sample
size and concentrations factors should be used such that results are well above LOQ
values. In Ontario Canada, LOQ values must be greater than 10% of the regulatory
limit if technologically possible.

Any compounds found in laboratory blanks can elevate detection limits and/or
result in biased high values. Correction for background contamination can be
carried out if blank levels are relatively constant (RSD <30%). This is often the
case for low-level sample analysis like biological or human samples [80, 165]. Back-
ground contamination in blanks and reduced analyte recovery (as indicated by low
recovery of labeled surrogates) can also elevate detection limits. Adsorption to
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surfaces or cleanup packing materials is a major source for reduced analyte
recovery. Bias can be magnified in low recovery situations (<40%). The correction
of values for surrogate standard recovery also magnifies any value by the same
amount as the recovery correction including the contribution for background
contamination. The main advantage of using isotope dilution methods is that
labeled analogs are often spiked into samples at levels significantly greater than
those in the sample which can reduce losses due to adsorption effects. For other
environmental samples like sediments, sludge, ash, or hazardous waste where levels
in samples can vary up to eight orders of magnitude, blank levels can fluctuate
significantly. In this case, determining accurate values for blank correction can be
very difficult, and this may result in significantly elevated uncertainty values (i.e.,
>100%).

Other sources of bias include polychlorinated diphenyl ether (PCDE) fragment
ions for PCDFs. PCDEs fragment by loss of Cl, to form PCDFs in the mass
spectrometer ion source. PCDE traces are typically monitored to ensure there is
now column break through during carbon column sample preparation.

6 Screening and Alternate Methods

Dioxin analysis is the most complex, time-consuming, and labor-intensive analyt-
ical method. Screening methods can be used to increase analytical capacity and
reduce costs. They can be very valuable for screening samples like food and feed
where dioxins are not expected or contaminate sites where they are used to provide
quick results to enhance site cleanup procedures [166, 167].

The high cost of analysis for dioxin has resulted in the development of a number
of alternate less expensive and quicker analytical methods. Bioassays [168—173],
immunoassay [174—177], and aryl hydrocarbon receptor-based polymerase chain
reaction (PCR) assays [178] have been developed. For bioassays to produce accu-
rate results and compare very well with the classical HRMS methods [179, 180], a
rigorous dioxin-type cleanup sample cleanup procedures must be used.

Screening approaches include instrumental methods monitoring a reduced num-
ber of congeners, reduced resolution methods, and a variety of bioanalytical
methods. Schrock et al. [181] have compared the analysis of dioxins in soils
using a modified USEPA-1613b GC-HRMS method. Samples were extracted
using PLE, extracts outside the calibration range were not diluted and reanalyzed,
and no secondary column confirmation (DB-225) was used. The majority of results
compared within 10-20% with the classical USEPA-1613b method [30]. In most
cases, contribution of compounds like 2,3,7,8-T4CDF after multiplication by their
respective TEF is significantly less than the uncertainty of the method, and their
contribution to the TEQ is minimal indicating that confirmation by a secondary
column may not be required in most cases.

Bioassay and immunoassay methods do not require complex expensive instru-
mentation for analyte detection enabling any laboratory with basic equipment to
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analyze samples for dioxin. However, it is still critical that proper sample prepara-
tion procedures are used. The inability to use labeled internal standards creates
challenges with respect to analyte loss during sample preparation, and cross-
reactivity from compounds with similar structures can result in biased results.
Dindal and Billets [182] compared a number of bioassay/immunoassay methods
used in an intercalibration/method validation study. Participating laboratories were
typically biased high for dioxin/furan and PCB and less precise when compared to
HRMS. Detection limits ranged from approaching those of HRMS to more than two
orders of magnitude higher. The number of false positives ranged from 6 to 10%,
and the number of false negatives ranged from 0 to 8%. Analytical costs were
significantly lower ranging from 5 to 50% of HRMS, and analysis times were less
than 10% that of HRMS. Nording et al. [183] compared two bioassays and one
immunoassay method with HRMS. The bioassays tended to overestimate results
due to contributions from cross-reactivity of other dioxin-like compounds in the
sample. If an extensive cleanup was used, no statistical difference between the
bioassay and HRMS results was observed.

7 Quality Assurance/Quality Control/Accreditation

The analysis of dioxins and related compounds requires an extensive QA/QC
program to ensure that analytical procedures are developed and validated by
methods that can produce accurate, precise, and ultra-trace results in order to
meet required data quality objectives [184—186].

There are numerous quality control limits and ranges that must be met for each
set of samples. These include limits such as:

1. An acceptable range for calibration and continuing calibration checks. The
relative standard deviation in the value of RRFs determined as the mean RRF
across the calibration curve range should be less than 20%. This is typically the
largest contribution to the uncertainty of the analyte. The value for continuing
calibration acceptance is also +20% of the mean RRF value for the specific
congener.

2. An acceptable range for recoveries of surrogates from 25 to 150% in most
regulatory methods [30]. Recoveries of less than 10% to over 200% can be
observed resulting from suppression or enhancement in signal for extracts that
contain significant amounts of coextractable matrix materials. If this occurs at
the retention time of the injection standards and/or labeled internal standards,
significant bias in the result for the recovery of the associated internal standards
can occur, and analysts should check the lock mass trace for any dips or
disturbances. Changes of more than 10% in the level of the lock mass can result
in bias, and further cleanup of the sample extract or dilution and reanalysis
should be done.
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3. Elution of target analytes within the proper elution window as defined by the
“Window defining standard” which contains the first and last of every dioxin and
furan. This standard is analyzed daily or after any GC column maintenance.

4. Ability to separate the 1237/1238 coeluting pair and 2378-TCDD at a valley of
25% or lower on a 5% phenyl-methyl column. This is the critical pair for 2378-
TCDD separation and column performance.

5. Resolution check to ensure the instrument is operating at a resolving power of
10,000 or greater. This check is required least every 12 h for most regulatory
methods.

6. GC peak shape of the native dioxin must be Gaussian and eluting within 2 s of its
corresponding '*C-labeled standard.

7. The isotopic ratios must be within 15% of their theoretical value. Values and
ranges are listed in most regulatory methods.

Text box 1 summarizes the key considerations in the development of an analyt-
ical scheme for the analysis of dioxin and other POPs. Due to the ultra-trace nature
of dioxin analysis, extra care must be taken to ensure that contamination for
background levels and carryover does not result in significant analytical bias.
Isotope dilution mass spectrometric procedures, IDMS, enable the correction for
losses in the extraction and cleanup stages [187] as well as correction for any
variability in the analysis stage. The '>C,-labeled standards act as time markers for
the native analyte being determined to ensure that the 2,3,7,8-labeled congeners are
correctly identified even if there is any shift in retention times. The recovery of the
surrogate standards effectively turns every sample into its own spiked matrix
sample providing important quality control information. Different surrogates can
be added at different stages of the sample preparation procedure and can be used to
investigate any problems in the analytical procedure. ISO/IEC 17025 lists a number
of critical quality control checks required to produce quality data. Key components
of a quality assurance program as well as some of these critical quality control
checks are listed in Text Box 2. One important consideration is that the analytical
methods that are used are validated to ensure the methods are rugged and produces
data that are accurate and precise.

Participation in interlaboratory studies and the use of reference materials can be
used to assess accuracy and precision [188, 189] Certified reference materials
(CRMs) are important tools for performance evaluation to ensure the laboratory
is reporting accurate and precise results. A number of different CRMs for Dioxin
have been developed in the past few years [190-193].

Van Bavel and Abad [194] reported a significant enhancement of the quality in
dioxin data over the previous 15 years. They concluded that through a series of
interlaboratory studies, issues with sample preparation, chromatographic separation
and instrumental detection had been identified and corrected and that limits for
confirming that methods and procedures are in control and “fit-for-purpose” were
<10% RSD for standards, <15% RSD for samples extracts and <20% RSD for
soil/sediment or ash samples. The uncertainties for dioxin methods are typically in
the order of £20% per congener [123] which agrees very well with the limits
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reported by Van Bavel and Abad [194]. The uncertainty of the TEQ tends to be
lower (about 10%) than that of the individual congeners because it is the sum of the
uncertainties of each of the individual congeners [123].

However, depending on how TEQs are calculated, there can be significant bias
or error when comparing TEQs. It is important to identify the specific TEF scheme
used and how the TEQs were calculated. TEQs can be calculated a number of
different ways using different values for detection limits, e.g., ND=0, ND=1/
2ND, ND =ND’? or ND =ND. At lower levels, there can be a significant differ-
ence in TEQ values depending on which detection limits (value for ND) used
varying up to 50% [162, 194].

Laboratory accreditation is an important requirement for routine analytical
laboratories. Accreditation to ISO/IEC 17025 — General requirements for the
competence of testing and calibration laboratories [195], is the standard to which
labs are deemed technically competent.

Text Box 1: Key Considerations in an Analytical Scheme for POPs

Analysis

» Ensure all labware, reagents and analytical instruments are free of con-
tamination and interferences before beginning analysis

» Detect analytes at levels to meet MDLs — e.g., to meet sub-picogram
detection limits for dioxin, every piece of labware should be prechecked
(<500 fg) or labware segregated for high and low samples

» Determination of a representative sub-sample including gravimetric or
volumetric determination for analysis. May require adjusting sample size
or replicate analyses

» Addition of all internal and surrogate standards to the sample such that
they will behave as the natural analytes in the sample during the analysis
minimizing potential bias

* Quantitative extraction of analytes from matrix

« Extract may contain significant amounts of coextractable organic material
including: Dioxins, Furans, PCBs PCNs, PCDEs, polycyclic aromatic
hydrocarbons (PAHSs), organochlorine pesticides (OCs), brominated
flame retardants (BFRs), and many other organic compounds including
lipids, humic material and sulfur

» Cleaning of extracts to remove interfering coextractables to the degree
where DQOs and QC limits can be met for the required analysis

» Not all coextractable compounds need to be removed, but they should not
affect the separation or detection systems with respect to the analytes of
interest

» Separation of target analytes from non-target or nontoxic isomers, conge-
ners or interfering compounds (e.g., GC-HRMS for dioxin)

— There are many congeners per analyte group

(continued)
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— Separate and accurately quantify all toxic congeners

Dioxins/furans: 17, PCBs: 12, PCNs: 8-10

» Ensure method and instrument selectivity and sensitivity meet DQOs and
QC limits

e Accredited laboratory (to ISO 17025), Quality System, trained/experi-
enced analysts, proper instrument and analytical procedures, validated
and documented methods and SOPs, control charting, non-conformance
and root cause determination

» Ensure quantitative accuracy

— Calibration, blanks, spiked samples, CRMs, ILS, Performance Evalua-
tion, surrogates and internal standards, standard validation.

e Other considerations:

— Toxicity of compounds can range up to six orders of magnitude. For
example, T,CDD toxicity can range from: NOEL=3 g/kg to
LDso=1 pg/kg — must identify correct isomers using proper GC
columns and conditions.

— Range of concentrations — fg/g (10~ "° g/g) to % levels — potential lab
contamination and instrument issues from carryover.

— Range of sample types and complexities — biota, air, water, soil,
hazardous waste which have different matrix dependent and method
requirement issues. Use method fit for purpose that has been validated
for specific matrix being analyzed.

— Are the patterns of congeners representative of samples being analyzed,
e.g., does the pattern match an Aroclor mixture (PCB) or does an ash
sample have a combustion source pattern or does a biota sample have
only the toxic congeners present (dioxin)?

Text Box 2: Key Steps for Quality Assurance and Quality Control

A Comprehensive Quality Assurance Program Includes:

e A Quality Management System that includes a Quality Manager, Quality
Management group, quality manual and procedures manuals (for non
analytical procedures)

e Detailed written analytical methods and standard operating procedures
(SOPs)

(continued)
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Document management system to ensure controlled documents and
approved procedures are used

Facilities management — proper working conditions (temperature control,
light and power) and supply of water, air (fume hoods), and IT (networks,
data system and storage)

Human Resource management to ensure trained and proficient analysts
Health and Safety Committee and protocols to ensure safe working
conditions

Sample management — proper reception, logging, storage and distribution
to ensure samples do not spoil

Procurement of equipment and supplies — proper instruments, labware,
data systems, software

Preventative action (maintenance) — procedures to ensure failures are
minimized, e.g., change pump oils on regular schedules

Corrective action — system to review failures or non-conformance and
determine root cause to ensure problem will not reoccur

Standardization and calibration of instruments, volumetric labware, bal-
ances, etc

Research and development, continual improvement

Performance evaluation/review: intercalibration, round robins to deter-
mine accuracy and ruggedness of method

Accreditation — external review to ensure lab is following proper pro-
cedures, e.g., ISO 17025

Control charting — data trend analysis to ensure data quality
Determination of uncertainty

Critical Quality Control Checks Include:

Control standard — to check calibration and accuracy (alternate source
standard) — determines accuracy of calibration

Low level standard — confirm sensitivity of instrument and detection limits
can be met

Column performance check — should contain critical pair showing analytes
are resolved chromatographically, e.g., 1237/1238-TCDD and 2,3,7,8-
TCDD

Blanks: laboratory (procedure), field, reagent, instrument blanks — to
determine levels of contamination

Control sample: spiked samples/reference materials — determines overall
accuracy of method and data set

Internal standards/surrogates — determines recovery and accuracy of
analytes in samples

Duplicate/replicate — determines precision

Reproduced with permission from reference [27]
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8 Related Dioxin-Like Pops

There are a number of other compounds that interact with the Ah receptor and have
dioxin-like toxicity. These include brominated and mixed halogenated dioxins and
furans, polychlorinated naphthalenes and halogenated carbazoles [196-201]. Bro-
minated dioxins/furans can be formed by thermal degradation of PBDEs and,
bromo/chloro exchange can occur to form mixed bromo/chloro dioxins/furans
[202]. At lower temperatures (between 250°C and 500°C). Rupp and Metzger
[203] reported that bromo/chloro exchange occurs on the PBDE molecule prior to
dehalogenation and ring closure.

Methods for most halogenated compounds use common extraction and cleanup
and techniques [204, 205]. Polybrominated dioxins and furans [198, 206, 207] can
be analyzed under similar conditions to those for chlorinated dioxins and furans,
however shorter thin film columns should used and care must be taken to limit
contamination from PBDEs and degradation from light and heat [207-211].

Mixed halogenated dioxins and furans are the most challenging type of dioxins
to analyze. There are 1,436 mixed bromo/chloro dioxins congeners [212-214] and
chloro/fluoro dioxins [215, 216] and only a few bromochloro standards are avail-
able commercially. Mixed halogenated dioxins and furans are at least as toxic as
chlorinated dioxins [217]. Van den Berg et al. [16] reported that the ranges of
relative potencies determined from various studies of chlorinated, brominated and
mix halogenated dioxins, furans and dioxin-like PCBs overlapped and therefore,
TEFs for the most recent chlorinated compounds should be used in TEQ
calculations.

Levels of mixed halogenated dioxins are typically an order of magnitude or more
lower than the chlorinated PCDD/Fs [218, 219]. The use of GC-MSMS where the
loss of COCl and COBr is monitored significantly increases selectivity over HRMS
methods [220]. The increased sensitivity of APGC has helped lower detection
limits for analysis [156, 158, 221]. Multidimensional (GCxGC) chromatography
has also been used [222].

9 Future Trends

There are significant challenges to enhance sensitivity, selectivity and speed for the
analysis of Dioxin and dioxin-like compounds while reducing analytical costs.
Dioxin sample preparation methods are evolving toward more automated or semi-
automated extraction and sample preparation systems that analyze multiple analyte
groups of POPs including polybrominated dioxins/furans, PBDEs, and PCNs. The
current trend is toward lower detection limits as toxicity and risk is now better
understood. Analytical instrument sensitivity is much lower in recent years and
blank levels are the limiting factor in reducing detection limits in many cases. The
current limitation is the availability of analytical instrumentation that can separate
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and detect the many closely related compounds at levels low enough for protection
of human health and the environment in a single analytical run. More sensitive
multi-analyte group screening techniques that require reduced sample preparation
as a result of the advancement of chromatographic techniques like
multidimensional chromatography and fast scanning mass spectrometric detectors
will greatly aid in the advancement for the analysis of Dioxin and related dioxin-
like POPs. The development of full scanning analytical instrumentation with the
sensitivity and selectivity of current HRMS instruments could be used to analyze
target and non-target compounds a levels low enough to detect Dioxins and provide
results for other known or unknown compounds new and emerging compounds.
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