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Chapter 1

Infroduction

Since the industrial revolution in the 19t century, the knowledge on chemistry
has developed rapidly. Together with the strong development of several
industries (.e. petrochemical, pharmaceutical, etfc.), the number of
chemicals being applied grew to large numbers. In the framework of the EU
REACH programme, over 100,000 compounds have been pre-registered! for
use within the European Union (7). Chemicals find their way in all kinds of
industrial applications and consumer products. They play an important role in
the convenience, safety and wealth we enjoy everyday. Chemistry is
everywhere around.

Most of the compounds and products are harmless. However, several
compounds can do harm to wildlife and humans, some already at very low
concentrations. Well known examples are polychlorinated biphenyls (PCBs),
lindane, aldrin, dieldrin, endrin and DDT (2-6). These were produced and
applied in the past, because of their useful properties as e.g. flame retardant
or insecticide. However, their presence in the environment and humans is
undesired because of specific toxic effects at very low concentrations.
Therefore, and because of their persistent character, these compounds
classified as “persistent organic pollutants” (POPs).

Persistent organic pollutants (POPs)

POPs were defined under the Stockholm Convention that entered into force
in 2004 (7). POPs are compounds that are persistent, bioaccumulate, show
long-range fransportation and are toxic. The definitions are mentioned in the
grey box below. POPs are resistant to degradation processes such as
photolytic, chemical and biological degradation (their structure is not easy
accessible for micro-organisms). Consequently, they remain intact and do not
degrade under environmental conditions. Most POPs are lipophilic and their
uptake rates in organisms are higher than the rate of depuration. This results in
an accumulation in aguatic and fterrestrial organisms and in  humans
(bioaccumulation). Further transfer up in the food chain can lead to elevated
levels in fop predators (biomagnification). These properties lead to continuous
exposure to POPs. Their toxic properties can cause serious health effects such
as certain cancers, birth defects, dysfunctional immune and reproductive
systems, greater susceptibility to diseases and even diminished intelligence
(2,3,5,6,8-11). Because their widespread use and aerial fransport, the
contamination with POPs has become a world-wide problem.

1 Pre-registration in the framework of the EU Reach program (Registration, Evaluation, Authorisation
and restriction of Chemicals) is required for chemicals that are substances on their own, in
preparations and those which are intentionally released from articles. Pre-registration stopped at 1
December 2008.
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The group of POPs currently consist of the following 12 compounds: () eight
chlorinated pesticides (dieldrin, endrin, aldrin, chlordane, heptachlor, DDT,
mirex and toxaphene), (i) two industrial chemicals (hexachlorobenzene
(HCB) and polychlorinated biphenyls (PCBs)) and (i) two unintentionally
produced compounds (polychlorinated dibenzo-p-dioxins (PCDDs)), also
abbreviated as dioxins, and polychlorinated dibenzofurans (PCDFs), also
abbreviated as furans) (12). The structures are shown in Figure 1.1. These
compounds (except dioxins and furans) were produced intentionally
between the 1930s to the 1980s for use as insecticide or fungicide and as
flame retardants in heat capacitors (see chapter 2.1 for more information on
applications). POPs entered the environment during their production, use
and after disposal. Dioxins and furans have never been produced
infentionally, but result from incomplete combustions and are by-products of
the production of certain pesticides and some other specific chemicals.
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Figure 1.1 Chemical structures of the 12 persistent organic pollutants (POPs).
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12

Stockholm Convention criteria for POPs (Annex D of (7)).

Persistence:

(i) Evidence that the half-life of the chemical in water is greater than
two months, or that its half-life in soil is greater than six months, or
that its half-life in sediment is greater than six months; or

(i) Evidence that the chemical is otherwise sufficiently persistent to
justify its consideration within the scope of this Convention;

Bio-accumulation:

() Evidence that the bio-concentration factor or bio-accumulation
factor in aquatic species for the chemical is greater than 5,000 or, in
the absence of such data, that the log Kow is greater than 5;

(i) Evidence that a chemical presents other reasons for concern, such
as high bio-accumulation in other species, high foxicity or
ecotoxicity; or

@iii) Monitoring data in biota indicating that the bio-accumulation
potential of the chemical is sufficient to justify its consideration within
the scope of this Convention;

Potential for long-range environmental transport:

@ Measured levels of the chemical in locations distant from the
sources of its release that are of potential concern;

(i) Monitoring data showing that long-range environmental fransport
of the chemical, with the potential for fransfer to a receiving
environment, may have occurred via aqir, water or migratory
species; or

(i) Environmental fate properties and/or model results that demon-
strate that the chemical has a potential for long-range
environmental transport through air, water or migratory species, with
the potential for transfer to a receiving environment in locations
distant from the sources of its release. For a chemical that migrates
significantly through the air, its half-life in air should be greater than
two days; and

Adverse effects:

() Evidence of adverse effects to human health or to the environment
that justifies consideration of the chemical within the scope of this
Convention; or

(i) Toxicity or ecotoxicity data that indicate the potential for damage
to human health or to the environment.
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Countries and organisations that are bound to the Stockholm Convention
take measures to reduce the environmental presence of these POPs. The
reduction of emissions of these contaminants is achieved by two means: ()
reducing the emissions of infentionally produced compounds (aldrin, dieldrin,
endrin, chlordane, DDT, heptachlor, hexachlorobenzene (HCB), mirex, PCBs
and foxaphene), by terminating their production and use and (i) by reducing
the emissions of unintentionally produced contaminants (dioxins and furans)
.

POPs in the environment and human food chain

POPs entfer the environment through different routes. Figure 1.2 shows an
example of the contamination of the environment with contaminants from

point sources (e.g. production) and diffuse sources, and subsequent aerial,
terrestrial and aquatic distribution.

= Atmospheric
transport

Diffuse
sources

Riverine
transport

(—---.-_____________.

treatment

Figure 1.2 Contaminant emissions and typical aerial, terrestrial and aquatic distribution

routes. The arrows pointing towards the humans indicate their dietary
exposure through food from animal origin. Copyright A. Jahnke.

The emission routes that can be distinguished are:

Production or synthesis: during the production (i.e. synthesis), POPs were

emitted from the POP manufacturing plant through spillage or
evaporation.
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- Application or product formulation: POPs were never applied in the pure
form, but were applied as an active ingredient in a formulated product.
For example, PCBs were added to transformer oil to provide heat
resistance to the oil (2). DDTs Technical DDT has been formulated in very
diverse forms (e.g. emulsifiable concentrates, granules, smoke candles,
charges for vaporizers, and lotions) (6). During this product formulation
stage, POPs may have leached to the environment.

- In-service life: during the life-tfime of a product small amounts may have
leached from the material to which they were applied. For example, small
amounts of PCB contfaining fransformer oil may have leaked from
fransformers (2). Because of snowfall and rainfall, DDT leached from the
crops (and leafs) into surface water, soil and ground water (6).

- Disposal: after the in-service life has finished, products are disposed to
waste incinerations and landfills. In some cases, PCBs have emitted from
landfills through evaporation and leaching into soil and groundwater (2).

New POPs

Following the ratification of the Stockholm Convention, parties took action in
order to reduce the emissions of the 12 POPs. The production and use of POPs
have substantially decreased (DDTs) or even completely stopped (most other
POPs) in most countries. Also, the emission of dioxins was reduced in several
countries e.g. by removing them from the flue gasses emitted from waste
incinerators (13).

Unfortunately, several compounds have been produced in the last decades
that also meet (some of) the persistency, bioaccumulative, long range
tfransportation and toxicity criteria. In some cases, these have been produced
as an alternative for a phased-out POP. Examples of these potential new
POPs are brominated flame retardants (BFRs) such as polybrominated
diphenyl ethers (PBDEs) and hexabromocyclododecane (HBCD). They are
produced because there is a need (and legal obligation) to make materials
flame retardant. Another example is the surfactant perfluorooctane sulfonate
(PFOS), which was applied in e.g. aqueous fire fighting foams (AFFF).

Because the Stockholm Convention aims at the decrease of the
environmental and human exposure fo POPs, new substances that fulfil the
POP criteria can be proposed for inclusion in the POP list. Affer a process of
evidence gathering and recommendation, the parties decide by voting on
the inclusion of these “candidate POPs” in the official POP list. Other
international organisations such as the United States Environmental Protection
Agency (USEPA), Environment Canada and the European Chemicals Agency
(ECHA) are also actively evaluating chemical substances. Some examples of
compounds currently being evaluated are:

14
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Polybrominated diphenyl ethers (PBDEs) — This is an additive flame
retardant that was applied in e.g polyurethane foams for cars and
furniture, ftextiles, building materials and packaging (14,15). In the
framework of the Stockholm Convention, the commercial octabromo
diphenyl ether mixture was recently proposed for the risk management
evaluation process (RMEP). This will result in a positive or negative
recommendation for inclusion in the POP list (16). The commercial
pentabromo diphenyl ether mixture is recommended for inclusion in the
POP list aiming at elimination of ifs use (17).

Hexabromocyclododecane (HBCD) — HBCD is an additive flame retardant
applied (mostly) in polystyrene, but also in textile and upholstery (18,19).
The European Chemicals Agency (ECHA) is evaluating HBCD as a
substance of very high concern (SVHC). It was recently concluded that
HBCD is a PBT substance (20). HBCD was recently proposed by Norway for
inclusion in Annex A (elimination of production and use) under the
Stockholm Convention (21,22).

Perfluorooctane sulfonate (PFOS) — PFOS has excellent surfactant properties
and was applied in aqueous fire fighting foams (AFFFs), as mist suppressant
and as a water oil and stain repellent (23). In the early 2000°s, a major
PFOS producer voluntarily phased out the production of PFOS (24).
Recently, PFOS is recommended for inclusion in the POP list of the
Stockholm Convention, aiming at elimination (Annex A) or restriction of the
use (Annex B) (25). The application of PFOS is restricted by 2008 in major
applications, effectively resulting in a ban of its use in most applications
(although in some cases (e.g. AFFFs) the use of PFOS is still allowed until
2011) (26).

Structures of PFOS, HBCD and PBDEs are shown in Figure 1.3.

Polybrominated diphenylether

sy

Hexabromocyclododecane E //O
S
F // \O
F F F F F F F O

Perfluoroctanesulfonate

Figure 1.3 Chemical structures of HBCD, PBDE and PFOS.
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Dilemmas

The evaluation of POPs and candidate POPs and the restriction of their use
are difficult processes. All pro’s and con’s of a substance should be carefully
balanced. Clearly, on the one hand, emissions should be reduced as much
as possible and production may have to be terminated. On the other hand,
some of these chemicals help fo save lives or have other important
functionalities that cannot at once be replaced. For example, some BFRs that
enter the environment result in environmental and human exposure and
accumulation. This is an undesirable side-effect of the use of these
compounds and could on the long term lead to health effects on organisms
and humans (27). On the other hand, BFRs save over hundreds of lives world-
wide each year by preventing products from rapidly catching fire (28).
Another example is the dilemma of DDT. Every 30 seconds a child dies of
malaria (29). DDT very effectively kills the malaria carrying mosquitoes and
saves thousands of lives in Africa where malaria still isn’t under control (30). On
the other hand, DDT is found in every hidden corner of the world and has
caused e.g. egg shell thinning of birds of prey (371). Furthermore, DDT showed
to have in vivo and in vifro effects on the female reproductive tract of
mammals, and was associated with e.g. pancreatfic cancer and
neuropsychological dysfunction (32,33).

As a final example, PFOS was applied as a surfactant in e.g. AFFFs (23). Due o
the perfluorination of the molecule, PFOS has outstanding surface tension
lowering properties. This makes the AFFF spread very rapidly over a fuel,
thereby rapidly diminishing a fire by disclosing oxygen from the system.
Alternatives have been developed, but these less effectively extinct liquid
fires. PFOS enters the environment from fire events where the foam/water
mixture leaches to the surface waters or sewage systems. Furthermore
accidental and uncontrolled releases may result in environmental exposure.
At Schiphol airport, PFOS was recently (summer 2008) released into the
environment due to an accidental initiation of a fire sprinkler system (34). As a
result, consumption of certain fish species that were caught in the receiving
waters had to be restricted (35). Unfortunately, PFOS has several adverse
effects, such as developmental effects (36). changes in thyroid hormone
system (37) and high denisity lipoprotein levels (36). The liver is the major target
organ for most effects (36,38).

The cases of PFOS, HBCD and PBDEs show that although a simple ban of the
compounds would result in a rapid decrease of emissions to the environment,
the needs for effective flame retardants, fire fighting foams and malaria
insecticides remain. It is therefore very important that industries, policy makers,
academia and research institutes jointly search for alternatives that are less
harmful to the environment and humans, but offer an equal safety level as
the original use substances. This dilemma was recognised by the European
Commission. Recently, the ENFIRO project was launched in which industry,
academia and research institutes together look for non-halogenated
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alternatives for BFRs. These alternatives will be evaluated in terms of flame
retardency effectiveness and persistency, bioaccumulative and toxicological
properties. In addition, (economic) feasibility of production will be regarded.

Human risk assessment of (candidate) POPs

POPs and candidate POPs are found in humans around the world. They have
been detected in blood, organs, lipid depots, cord blood and mothers milk
(36,39-45). A major route of exposure for POPs discussed above is through
food (38,46-52). Other pathways are exposure from air, through dust ingestion
and drinking water (63-63). For the fraditional lipophilic POPs such as PCBs,
organochlorinated pesticides and dioxins, fish is a dominant contributor to
dietary exposure in most parts of Europe (64,65). In the Netherlands, because
of the high consumption, dairy products are the predominant source. Fish is
also in important source of dietary exposure (47,51,62). Because of the POP
emission restriction measures, the emission of most POPs has been reduced
substantially, which in turn led to a decrease of the levels in food, and
decreased exposures (51,52). However, more than 30 years after the ban on
PCB production in Europe, eel from the rivers Meuse and Rhine still contain
PCB concentrations (66,67) that exceed Dutch maximum levels (MLs) (68). This
shows the enormous impact of these POPs, once they have reached the
environment.,

The risks of exposure to POPs are evaluated in risk assessment processes. These
typically consist of a hazard identification followed by hazard
characterisation, exposure assessment and, finally, a risk characterisation (69).
The hazard identification typically involves the identification of the
contaminant and of the effects that are considered as adverse (69). The
identification traditionally follows from in vivo (animal) experiments. However,
with the aim of reducing animal experiments, other approaches gain more
importance such as computational toxicology and in-vitro toxicology
evaluation (70,71). The hazard characterisation describes the process of
quantification of the relevant adverse effects. This is oftfen referred to as the
dose-response relationship. This results in benchmarks such as the no-
observed-adverse-effect-level (NOAEL), which is the level of exposure of
which the effects in the treated animals do not differ significantly from those
in the untreated (control) animals. The exposure assessment aims at
characterisation of the nature and size of the human population exposed to
an emission source and the magnitude, frequency and duration of that
exposure (69). Finally, risk characterisation relates to the estimation of the
probability of the occurrence and the severity of adverse effects in a certain
human population, based on the previous three stages by comparing the
estimated exposure and the hazard characterisation (69).

17
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Analytical challenges for the analysis of (candidate) POPs

For a reliable risk assessment, accurate exposure data are needed. The
quality of an exposure assessment is determined by the quality of two groups
of experimental input data: () the food item consumption data and (i) the
contaminant concentrations in these food items. In both cases, care should
be taken that the data is representative. As regards food consumption,
several Dutch National Food Consumption Surveys (DNFCS) have been
carried out in which consumers were asked to record in detail their food and
beverages consumed at two consecutive days. The DNFCS-3 (1997/1998)
focussed on the population of 7-69 years, the DNFCS-Young adults (2003)
focussed on the age of 19 to 30 years and the DNFCS-Young children
(2005/2006) focussed on the age of 2-6 years (72).

For some POPs, accurate methods are available and various quality
assurance tools are in place. This is the case for e.g. dioxins and dI-PCBs.
Accurate methods are available as well as annually organised interlaboratory
studies (73-75). Some certified reference materials (CRMs) are available,
although there is a need for matrices with relevant concentration ranges (76).
Because of the need for monitoring dioxins and dI-PCBs in food, the EU has
established criteria for accurate analysis (77). The drawback of the analysis of
dioxins and dI-PCBs is the extensive sample extraction and clean-up and the
use of expensive equipment for analysis such as gas chromatography — high
resolution mass spectrometry (GC-HRMS) (78). The major challenge for the
analysis of these compounds is to reduce costs per analysis by improving the
speed of exiraction and clean-up and by introducing less expensive
alternatives to GC-HRMS, while maintaining the same level of performance.
The EU projects DIFFERENCE and DIAC (79) have shown that alternative
methods (e.g. GC-ion frap MS/MS; comprehensive multidimensional GCxGC
and CALUX bioassay) are available and can produce reliable results.

For PBDEs, many methods for analysis of fish have become available since the
early 2000°s (78). Methods for PBDEs in other food items are also available
(80.81). Although the analysis of PBDEs may seem as ‘straightforward’ as that
of PCBs, there are several issues may complicate the determination of some
of these compounds. This includes problems with blanks, contamination of
samples and degradation of higher brominated BDE congeners (80).

The analysis of HBCD is also challenging. HBCD consists of 3 (maijor)
diastereomers (a-, B- and y-HBCD). Initially, HBCD was analysed by GC, but
the accuracy of the results was limited by HBCD degradation in the injector
and column, different response factors of each diastereomer and the inability
to separate the diastereomers on any GC column (46,80).

The class of poly- or perfluorinated compounds (PFCs) only received attention
as a food contaminant during the last 3-4 years. PFCs are surfactants and
accumulation is not lipid driven. Because they are not stored in lipids, they
require different analytical techniques than the lipophilic compounds like
dioxins, PCBs, PBDEs and HBCD. Further complicating factors are the diversity
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of this group of compounds due to different chain lengths of the apolar tail,
different degrees of fluorination of the tail and different (polar) functional
heads of the molecules (82). These differences result in a broad range of
aqgueous solubilities, which should preferably all be covered by a single
method. Complicating factors are the absence of good quality (well-defined)
standards, the absence of suitable internal standards, the presence of
interferences, matrix effects and the lack of CRMs and interlaboratory studies
(83). Although these issues have been solved partly in recent years (84,85)
many analytical issues remain.

Scope and outline of this thesis

The work in this thesis focuses on human exposure assessment aspects, i.e. the

assessment of the levels of environmental contaminants in foods. The focus is

placed on fish, as in the past fish proved to an important contributor to the
exposure to lipophilic compounds (51,52,64,86-89). Assessment  of
contaminant levels in fish requires the following steps to be taken:

- Development of specific, robust, precise and accurate methods of analysis;

- In-house and between laboratory validation of the analytical method;

- Sampling relevant fish species for chemical analysis;

- Determination of the contaminant levels in the fish samples.

In addition to the development of sound methods and the assessment of the

contaminant levels in fish, the final part of this thesis deals with an estimation

of human exposure to a broad suite of contaminants from wild fish and
farmed fish in order to determine the relative importance of specific
contaminants and fish species.

In other words, we have tried to answer the following questions:

@ Can we develop methods for a suife of candidate POPs, which are
reliable and sufficiently accurate to produce data for human exposure
assessment?

(i) Which contaminant (group) conftributes predominantly to the exposure of
the general Dutch population?

(i) Which fish species contributes most to the exposure and which alternatives
are available in order to reduce exposure?

This may provide answers to risk managers on where to put their focus on.

When breaking down to chapters, the reader will find the following
information: In chapter 2, an overview is presented on fhe current state-of-
the-art of methods for chemical analysis of contaminants. This includes both
the tfraditional lipophilic contaminants (generally analysed by GC) as well as
candidate POPs such as several BFRs and the more recently discovered
surfactant type of contaminants (analysed by liquid chromatography). In
chapter 3, methods are described that were developed and validated for
the determination of PCDD/Fs, (dI-)PCBs, PBDEs, HBCD diastereomers and
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PFCs in fish. In chapter 4, confaminant levels in a wide range of wild fish,
farmed fish, crustacea and shellfish samples are presented. In addition, the
relevance of these contaminants for human exposure is discussed. In chapter
5, concluding remarks are presented.
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Chapter 2

2.1 Advances in the gas chromatographic analysis
of chlorinated and brominated contaminants?

Abstract

Environmental chemists have been challenged for over 30 years for analysis
of complex mixtures of halogenated organic contaminants like
polychlorinated  biphenyls (PCBs), polychlorinated alkanes (PCAs),
polybrominated diphenyl ethers (PBDEs) and polychlorinated dibenzo-p-
dioxins and polychlorinated furans (PCDD/Fs). Gas chromatography (GC)
often proved to be the method of choice because of its” high resolution. The
recent developments in the field of comprehensive two-dimensional GC
(GCxGC) show that this technique can provide much more information than
conventional (single-column) GC. Large volume injection (e.g. by
programmed temperature vaporiser, or on-column injection) can be
employed for injection of tens of microliters of sample exiract, in that way
substantially improving the detection limits. Electron-capture detection (ECD)
is a sensitive detection method but unambiguous identification is not possible
and misidentification easily occurs. Mass spectrometric detection (MS)
substantially improves the identification, and the better the resolution (as with
MS/MS, time-of-flight TOF) MS and high-resolution (HR)MS), the lower the
chances of misidentification are. Unfortunately, this comes only with
substantially higher investments and maintenance costs.

Co-extracted lipids, sulphur and other interferences can disturb the GC
separation and detection leading to unreliable results. Extraction, and more
so, sample clean-up and fractionation, are crucial steps prior to the GC
analysis of these contaminants. Recent developments in sample extraction
and clean-up show that selective pressurised liquid extraction (PLE) is an
effective and efficient extraction and clean-up ftechnique that enables
processing of multiple samples in less than 1 hour.

Quality assurance tools such as inferlaboratory studies and reference
materials are very well established for PCDD/Fs and PCBs but improvement of
that infrastructure is needed for brominated flame retardants, PCAs and
toxaphene.

Infroduction

Since the 1980s, persistent organic pollutants (POPs) have been produced in
large volumes. During production, use and disposal, these POPs have entered
the environment. The so-called ‘dirty dozen’ are POPs that are toxic,

2 Based on S.P.J. van Leeuwen and J. de Boer (2008) Advances in the gas chromatographic
determination of persistent organic pollutants in  the aquatic environment, Journal of
Chromatography A, 1184, 161-182
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bioaccumulate in fatty tissues of animals and humans and do not easily
degrade. These contfaminants are officially registered by the United Nations
Environmental Programme (UNEP) under the Stockholm Convention (7). They
can be sub-divided as (i) eight chlorinated pesticides (dieldrin, endrin, aldrin,
chlordane, heptachlor, DDT, mirex and toxaphene), (i) two industrial
chemicals (hexachlorobenzene (HCB) and polychlorinated biphenyls (PCBs))
and (i) two unintentionally produced compounds (polychlorinated dibenzo-
p-dioxins (PCDDs)), also abbreviated as dioxins, and polychlorinated
dibenzofurans (PCDFs), also abbreviated as furans) (2). Although production
of most POPs has ceased for over 20 years, we are still facing considerable
POP levels in the environment. Apart from the aforementioned POPs, other
contaminants have been proposed as candidates for addition to the POP list,
e.g. hexachlorobutadiene (HCBD), polybrominated diphenyl ethers (PBDE:
penta, octa and deca technical mixtures), pentachlorobenzene (QCB),
polychlorinated naphthalenes (PCNs), short-chain polychlorinated alkanes
(PCAs), dicofol and perfluoroctane sulfonate (PFOS). Furthermore,
hexabromocyclododecane (HBCD) was recently proposed by Norway for
elimination of production and use (Annex A) under the Stockholm Convention
(3.4), and therefore, and a future ban on the use of HBCD is not unlikely.

Dioxins and furans have never been produced intentionally for use in industrial
or consumer products or processes. However, they are generated in waste
combustion processes. Other recorded sources are paper production, fuel
burning and as by-products in pesticide/herbicide production (5-7). They
have also been produced as undesired by-products in the production of
technical mixtures of PCBs (7). PCDD/Fs are very persistent and accumulate in
the lipid phase of biota or bind to the organic matter fraction of abiotic
samples like sediment and soil (5). Table 2.1 shows the theoretical number of
congeners possible. The 2,3,7 8-substituted dioxins and furans are among the
most foxic contaminants known. Apart from the PCDD/Fs, 12 PCBs with a non-
ortho or mono-ortho chlorine substitution (so called dioxin-like PCBs or dI-PCBs)
have a similar toxic mode of action. Because of these toxic similarities,
seventeen PCDD/Fs and 12 dI-PCBs were appointed a TCDD (tetraCDD)
equivalency factor (TEF). All seventeen dioxins, furans and twelve PCBs have
been compared to 2,3,7,8-TCDD, the most toxic congener with a TEF of 1. The
other congeners are less toxic and therefore received a TEF lower than 1. The
TEFs for humans and mammals were recently updated by WHO (8).
Multiplying the concentration of a congener in a sample with their respective
TEF will result in a TCDD equivalent (TEQ). Accumulation of all TEQs in a
sample, the sum-TEQ is obtained. For more information on the individual TEFs
and the TEF concept, please refer to van den Berg et al. (8). The high toxicity
of PCDD/Fs and dI-PCBs and the low concentrations in aquatic samples (fg/g-
pPQg/g range) calls for very sensitive, accurate, precise and selective detection
techniques. Gas chromatography (GC) coupled with high resolution mass
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spectrometry (HRMS) has served as the ‘golden standard’” for this analysis
since the mid-1970s (9).

PCBs have been used for a number of decades e.g. as a dielectric in
tfransformers and capacitors, as plasticizers and as fire resistant liquid in closed
systems (10). PCBs are synthesized with different chlorination degrees.
Although theoretically 209 congeners are possible (Table 2.1), the actual
number of congeners found in the environment is much lower. PCBs are
ubiquitously distributed in the (aquatic) environment (10). The dI-PCBs are
discussed in detail together with the dioxins. The analysis of the other PCBs is
often limited to a selection of 6 or 7 CBs, the so-called "ICES-7" or ‘indicator
PCBs’. This selection consists of the CBs 28, 52, 101, 118, 138, 1563 and 180 and
covers a wide range of chlorination degrees (tri- fo hepta-chlorination) and
boiling points. Some specialized laboratories analyse 20-40 PCB congeners.
PCNs have been synthesised from melted naphthalene and chlorine in the
presence of a catalyst. The application of PCNs is similar to that of PCBs and
includes application as dielectrics for flameproofing and insulation in various
industries, additives to rubber products, flame retardant and in lubricants (11).
PCNs are also found as impurities in PCB technical mixtures and can be
formed in thermal processes (e.g. solid waste burning) (717). PCNs can be
potent inducers of ethoxyresorufin-O-deethylase (EROD) and the aryl
hydrocarbon (Ah) receptor, and relative potencies (REPs, relative to TCDD)
were derived for some tetra-hepta-PCN congeners (17-13). PCNs have been
found in the environment world-wide, mostly at concentrations lower than
those of other POPs (14-16).

PCAs have found their application as extreme pressure additives in lubricants
and cutting oils, as plasticizers and flame retardants. They were also used as
replacements for e.g. for PCBs (17). The terminology of chlorinated paraffins
(CPs) is commonly used and therefore, in this paper we will use CPs rather
than PCAs. Commercial CP products are classified according to their carbon
chain length in short chain CPs (SCCPs, C10-C13), medium chain CPs
(MCCPs, C14-C17) and long-chain CPs (LCCPs, >C17). CPs are produced by
chlorination of n-paraffin or paraffin wax. Their widespread use has resulted in
an ubiquitous distribution in the environment (18-20). Technical CP mixtures
are among the most complex halogenated mixtures encountered in the
environment. The carbon chain length may vary (C10-C22) and isomerisatfion
of the carbon chain occurs. Furthermore, the different chlorination degree
(80-70%) of the carbon chain leads to numerous possible contaminants (21).
Methods for analysis of CPs are developed for the determination of either the
SCCPs, MCCPs or the LCCPs, and the focus in recent years has been on
SCCPs mainly (probably reflecting the confinued production and use)
(18,20,22-26). The complex nature of the technical mixtures has challenged
several scientists tfrying to obtain accurate data.

Toxaphene is a very complex mixture of chlorinated bornanes, bornenes,
camphenes and dihydrocamphenes with an average elemental composition
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of CioHioCls (27). It consists of theoretically 32,768 possible congeners (Table
2.1). It was produced in volumes estimated to be larger than those of PCBs
(per year) and marketed under a wide variety of frade names (Table 2.1)
(28). It was used as pesticide on coftton, fruitfs and crops and for controlling
ticks and mites on livestock (29). Several nomenclature systems were
developed in the past (see (28) for an overview), but the system developed
by Parlar is mostly used (30). In environmental samples a limited number of
congeners, ca. 50-100, is found. Kimmel et al. determined that P26, 40, 41, 44,
50 and 62 were the predominant congeners in fish oil (37).

Organochlorine pesticides (OCPs) are a diverse group of chlorinated
contaminants that have been used as pesticides. Well-known examples are
(see Table 2.1) DDT, dieldrin, endrin, aldrin, lindane, HCB and chlordane. Most
OCPs were very effective, broad spectrum pesticides, resulting in extensive
use (Table 2.1). Examples of the insecticide use are on wood and structures
(dieldrin, aldrin), crops (chlordane), animals (chlordane, lindane), seed and
soil tfreatment (lindane) and protection of humans (mainly against malaria,
typhus, and certain other vector borne diseases) (32-36). Hexachlorobenzene
(HCB) was used as fungicide mainly (37). The production of OCPs was
diminished in North America, Europe and Japan since the (ate) 1970s, but
production may have continued in other regions. The use of DDT in Africa is
still supported by WHO as a cost effective way of reducing deaths caused by
the malaria carrying mosquito (38).

Brominated flame retardants (BFRs) constitute a diverse group of
contaminants that are added to a variety of materials in order to reduce,
delay or even prevent them from catching fire. A substantial part of flame
retardants consists of brominated compounds. The most frequently used BFRs
are tetrabromobisphenol-A (TBBP-A), hexabromocyclododecane (HBCD) and
polybrominated diphenylethers (PBDEs). BFRs are used at relatively high
concentrations in various materials and polymers, such as polyurethane and
polystyrene foams, in a wide range of products, such as printed circuit
boards, tfelevision sets and computers and other electronic household
equipment, cars and construction materials (47). Information on BFR usage
figures (from 2003) can be found elsewhere (48). BFRs can be released into
the environment through production, use, and especially from disposal of the
flame retarded products. Various BFRs are present in biota (49-57) due to their
lipophilicity and persistence. Although theoretically, 209 BDE congeners exist
(Table 2.1), only a subset is commonly found in the environment, and
therefore analysed. This subset consists of the BDEs 28, 47, 99, 100, 153, 154, 183
and 209, and maybe ca. 50 other BDEs present in much lower concentrations.
Deca-BDE is predominantly found in sediments but nearly not in aquatic biota
(48), although Eljarrat et al. found levels up to 707 ng/g lipid weight in fish
downstream a deca-BDE discharging industrial park (52).
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Table 2.1 Contaminant groups, abbreviations and theoretical number of possible
congeners (or isomers) and a selection of tfrade names. Table edited from
39).
Name Na Production Typical trade names of technical mixtures Ref
Volume
Polychlorinated 135 Na Na (02}
dibenzo-p-dioxins
(PCDDs)
Polychlorinated 75 Na Na )
dibenzofurans
(PCDFs)
Polychlorinated 209 1,000,000 tonnes Aroclor (1242, 1254 or 1260), Pyranol, Pyroclor, (10,40)
biphenyls (PCBs) (ww, cumulative Phenochlor, Pyralene, Clophen, Elaol, Kanechlor,
1930-1980) Santotherm, Fenchlor, Apirolio, Sovol
Polychlorinated 75 150,000 tonnes Halowax (1014, 1051), Nibren wax, Seekay Wax, n
naphthalenes (ww) Clonacire wax, N-oil, N-Wax, Cerifal Matarials
(PCNs)
Chlorinated Unkn. | 300,000 tonnes/yr | SCCP: Cereclor 50LV, PCA 60, PCA 70, Witachlor149 | (21)
paraffins (CPs) (ww, currently) and Witachlor 171P, Chlorawax, Chlorafin
Toxaphene 32,768 34,200 tonnes (USA Alltex, Alltox, Attac 4 2, Attac 4 4, Attac 6, Attac 6 3,  (40)
(chlorinated in 1974) Attac 8, Camphechlor, Camphochlor, Camphoclor,
bornanes, CHBs, Chemphene M5055, chlorinated camphene, Chloro
PCCsb) camphene, Clor chem T 590, Compound 3956,
Huilex, Kamfochlor, Melipax, Motox,
Octachlorocamphene, Penphene, Phenacide,
Phenatox, Phenphane, Polychlorocamphene,
Strobane T, Strobane T 90, Texadust, Toxakil, Toxon 63,
Toxyphen, Vertac 90%
Organochlorine na DDT: 60,000 tonnes ' DDT: Agritan, Anofex, Arkotine, Azotox, Bosan Supra,  (32-
pesticides (OCPs) (ww in 1974) Bovidermol, Chlorophenothan, Chloropenothane, 36,40)
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Endrin: 2,300-4,500
tonnes (sales USA
in 1962)

Aldrin + dieldrin

Clorophenotoxum, Citox, Clofenotane, Dedelo,
Deoval, Detox, Detoxan, Dibovan, Dicophane,
Didigam, Didimac, Dodat, Dykol, Estonate, Genitox,
Gesafid, Gesapon, Gesarex, Gesarol, Guesapon,
Gyron, Havero extra, Ilvotan, Ixodex, Kopsol, Mutoxin,
Neocid, Parachlorocidum, Pentachlorin, Pentech,
PPzeidan, Rudseam, Santobane, Zeidane, Zerdane.
Dieldrin: Dieldrite, Dieldrix, llloxol, Panoram D 31. ENT
16 225 (compound 497), HEOD, Alvit, Octalox, OMS
18, Quintox

Endrin: Endrex, Experimental Insecticide 269,
Hexadrin, Nendrin, NCI-COO157, ENT17251, OMS 197,
and Mendrin

Aldrin: Aldrec, Aldrex, Aldrex 30, Aldrite, Aldrosol,

13,000 tonnes (ww
in 1972)
Chlordane: 9,500
tonnes (USA in
1974)

HCB: 10,000
tonnes/yr (ww
1978-1981)

Altox, Drinox, Seedrin. ENT 15 949 (compound 118),
HHDN, Octalene, OMS 194

Chlordane: Aspon, Belt, CD 68, Chlorindan, Chlorkil,
Chlordane, Corodan, Cortilan-neu, Dowchlor, HCS
3260,Kypchlor, M140, Niran, Octachlor, Octaterr,
Ortho-Klor, Synklor, Tat Chlor 4, Topichlor, Toxichlor,
Velsicol-1068

HCB: Amaticin, Anticarie, Bunt cure, Bunt no more,
Co op hexa, Granox, No bunt, Sanocide, Smut go,
Sniecotox
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Table 2.1 Continued
Name Na Production Typical trade names of technical mixtures Ref
Volume
Polybrominated 209 Penta: 4,000 Penta-BDE: DE 60FTM, Planelon PB 501, Saytex 125, (41-43)
diphenyl ethers tonnes (ww in Bromkal 70 DE, Great Lakes DE-60 F (85% PeBDE),
(PBDEs) 1994) Saytex 115, Tardex 50 DE 71; Bromkal 70-5 DE; FR
1205/1215; Bromkal 70; Bromkal G1; Pentabromprop;
Hexa-BDE: BR 33N
Octa: 6,000 tonnes = Octa-BDE: Bromkal 79-8 DE; DE-79™; FR 143; Tardex
(ww in 1992) 80; FR 1208; Adine 404; Saytex 111
Deca: 55,100 Deca-BDE: FR-300 BA; DE-83-RTM; Saytex 102; Saytex
tonnes (sales in 102E; FR-1210; Adine 505; AFR 1021; Berkflam B10E;
2001)e BR55N; Bromkal 81; Bromkal 82-ODE; Bromkal 83-10
DE; Caliban F/R-P 39P; Caliban F/R-P 44; Chemflam
011; DE 83; DP 10F; EB 10FP; EBR 700; Flame CutBR
100; FR 300BA; FR P-39; FRP 53; FR-PE; FR-PE(H);
Planelon DB 100; Tardex 100; NC-1085; HFO-102;
Hexcel PF1; NCI-C55287
Hexabromocyclodo 10 16,700 tonnes HBCD (44,45)
decanes (HBCD) (sales in 2001)°
Tetrabromobis- 1 130,000 tonnes Derakane (46)

phenol-A (TBBP-A)

(sales in 2002) ©

a Theoretical no. of congeners. Possible enantiomers not included. Number of
congeners does not reflect the number of compounds generally encountered in
environmental samples

b None of the abbreviations chlorobornanes, polychlorinated camphenes cover the
complete mixture

c In USA, Europe and Asia

Analytical chemists have been working for over 40 years to develop a wide
range of analytical methodologies for the often complex mixtures of
halogenated contaminants, trying to meet the ongoing requests from policy
makers, risk assessors, and environmental scientists for accurate data on the
presence of these contaminants in the environment and humans. Most
halogenated contaminants are relatively volatile, non-polar and thermally
stable compounds that can perfectly be determined by GC. Capillary GC
offers a high number of theoretical plates, resulting in a high resolution. When
used in a mulfidimensional (MD) mode (heart-cut MDGC or GCxGC), the
resolution increases substantially. MS detection strongly contributes to the
overadll selectivity. Several excellent dedicated reviews have been produced
in recent years on PCDD/Fs and dI-PCBs (9,53), CPs (54,55), PCBs and OCPs
(56), toxaphene (28,57), BFRs (68-6T) and PCNs (57). The aim of this work is to
review recent developments in GC methods for halogenated contaminants
and to provide an overview of the applicability of methods for these
contaminants. In addition fo injection, gas chromatographic separation and
detection, aftention is being paid to sample pre-treatment (extraction and
clean-up), as this is recognised as a crifical step in the whole analyfical
procedure. Finally, quality assurance issues are discussed. This review focuses
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on biota (fish, shellfish and crustaceans) and sediment only, as these matrices
have been successfully used for several years to monitor the aquatic
environmental exposure to these contaminants. The analysis of these
contaminants in water is not considered here, because, due to the extremely
low levels of POPs in water significant errors are easily made.

Sample extraction

The determination of target contaminants typically starts with extracting them
from the sample matrix. Halogenated contaminants are lipophilic and stored
in the body lipids in biota. In lipid-rich biota, the majority of contaminants may
be stored in the depot lipids, whereas in lean biota (<1% lipids), the
contaminants are also stored in the phospholipids. By extraction, the
contaminants are liberated from the matrix and made available for further
analysis. Several parameters influence the extraction efficiency, e.g. choice
of extraction medium (solvents), duration, temperature of extraction medium,
pressure in extraction chamber and the possibility of the solvent to penetrate
the matrix. These parameters should be optimised to exhaustively exiract the
contaminants from the matrix.

Soxhlet

Soxhlet extraction is the classical method for extraction of POPs from a variety
of matrices. It has widely been used in the past and sfill is an important
technique disregarding the appearance of various instrumental extraction
techniques. There are several benefits connected with Soxhlet extraction. Due
to the simplicity of the method, no sophisticated (and expensive) equipment
is needed. The method is simple to operate under roufine conditions and
multiple samples can be extracted at the same time. The method requires
long extraction times (approx. 6-24 h), but performing the extractions
overnight can circumvent that drawback. Another benefit is that Soxhlet can
be employed on a wide variety of matrices and a wide range of
contaminants such as PCBs, OCPs, PCDD/Fs and BFRs. Extraction of lipid-rich
materials (mainly triglycerides) may be performed using a non-polar solvent
only (e.g. n-hexane, n-pentane), but lean biological tissues require the use of
medium polar (binary) solvent mixtures (e.g. pentane-dichloromethane
(DCM) or hexane-acetone) to extract the POPs with the phospholipids (62).
De Boer et al. evaluated several binary solvent mixtures for the extraction of
BDEs from fish tissue and sediment and concluded that mixtures of hexane-
acetone (1:1 or 3:1) were suitable for quantitative extraction of the target
analytes (69). Both sediments and biota need to be dried before they are
Soxhlet extracted, as the presence of water disturbs the extraction process.
Drying prior to extraction can be done by mixing them with sodium sulphate
and adllow some drying time (1-2 h) or by freeze-drying (or air drying for
sediment). When freeze-drying, attention should be paid to avoid cross-
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contamination and losses of volatile compounds. It should be noted that
when using a Dean Stark adaptor combined with Soxhlet extraction set-up,
drying of the sample prior to extraction is not required.

Pressurised liquid extraction

Pressurised Liquid Extraction (PLE; Dionex trade name ASE for accelerated
solvent extraction) has gained considerable interest over the last decade. It is
a powerful technique and reduces extraction times. Even more fime is saved
when extraction and clean-up are combined in one run within the extraction
cell. PLE is employed for the extraction of PCBs and OCPs from biota and
sediment samples (63). Exiraction of PCBs and OCPs from a fish sample
showed that exiraction efficiencies and precision of the PLE exiraction
(hexane-acetone 4:1, 3 cycles) were similar fo Soxhlet extraction (63).
Josefsson et al. (64) tested the exhaustiveness of a 2x5 min extraction of PCBs
from sediments using a hexane-acetone mixture (1:1). Extraction efficiencies
were 96-99% using this approach. They found correlations between extraction
efficiency, the water content and the carbon/nitrogen ratio, but, surprisingly,
no (significant) relation was found with total organic carbon, soot carbon or
amorphous carbon content. PLE is increasingly used for the analysis of BFRs
with e.g. DCM or a DCM-hexane (1:1) mixture (65-68). Using PLE, recoveries
were low (<60%) for the lower (mono to tri) brominated BDEs in fish and
sediment, but increase up to 103% for the higher brominated ones (66,68). PLE
was also used for PCDD/Fs (69-71). The combination of within-cell extraction
and clean-up will be discussed later. A drawback of PLE is that the cells
should be cleaned thoroughly to prevent cross contamination. Because the
cell contains more parts than a typical Soxhlet extraction thimble, this requires
special atftention. It is recommended to select a set of cells for highly
contaminated samples and another set for low contaminated samples.

Microwave-assisted extraction

Microwave-assisted extraction (MAE) is a very simple extraction technique.
The requirements are the microwave equipment with vessels. This technique
allows for simulfaneous extraction of several (e.g. 6) samples but requires
solvents that can absorb the microwave radiation (due to their dielectric
nature) such as dichlorobenzene, methanol, ethanol and, to a lesser extent,
acetone, ethyl acetate and chloroform. Alfernatively, microwave
fransformers (e.g. Weflon discs, (72)) can be used, which fransform the
radiation to heat, which is transferred to the solvents that poorly absorb
microwave radiation (e.g. n-hexane, dichloromethane or chloroform). The
extraction solvent, femperature and time are typical conditions that require
optimisation. Care should be tfaken to avoid degradation of labile
contaminants at the elevated extraction temperatures. MAE was used in
several studies to extract PCBs and OCPs (73-77), PCNs (78), PBDEs (78,79).
and SCCPs (25) from biota and sediments. Although MAE should in principle
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be applicable for PCDD/Fs, a comprehensive evaluation was not found.
Extraction efficiencies and precision (<6%) were good for PCBs in cod livers
(75). Good average recoveries and precision were also obtained (89 +/- 8%
to 95 +/- 14%) for extraction of BDEs 47, 99 and 100 from various fish samples
with 8 ml ethyl acetate-cyclohexane mixture at 115°C (79). These extraction
efficiencies were only slightly lower than those of Soxhlet. Yusa et al. (78)
optimised conditions (extraction time, temperature and solvent volume) for
the extraction of PCNs, PBDEs and PBBs from spiked marine sediments. Af
optimum conditions (24 min, 152°C, 48 mL 1:1 v/v hexane-acetone mixture),
recoveries were 74-93% with a precision of 4-13%, being comparable to the
results of the reference method (Soxhlet). Good exiraction efficiencies (>90%)
and run-to-run precision (<10%) were obtained by Perera et al., who
extracted PCBs and SCCPs from 5 g river sediment sample using 30 ml
hexane-acetone mixture (1:1, 15 min, 115°C) (25). OCPs were successfully
isolated from oyster samples by MAE combined with mild saponification. At
optimised conditions, results were comparable to Soxhlet and no degradation
of labile contaminants was observed (80). This shows that MAE is a viable
extraction method for most of the POPs and candidate POPs.

Other extraction techniques

Matrix solid-phase dispersion (MSPD) is an extraction technique in which the
sample is dispersed in a solid phase material of choice (e.g. silica or C18) until
a free flowing powder is obtained. Subsequently, the dispersed material is
loaded into a syringe tube. The contaminants are then eluted by e.g. hexane,
dichloromethane or acetonitrile. MSPD has successfully been employed for
the extraction of PCBs, OCPs and BFRs in fish samples (81-85). The benefit of
this method is the ease of operation, low solvent consumption and no
investments in (expensive) equipment are required. The application is limited
to fish samples and cannot be applied to sediments (as with e.g. Soxhlet and
PLE) due to the strong adsorption of the contaminants to the sediment, which
may be a drawback for laboratories aiming at both matrices. Recoveries of
PCBs in fish samples were 81-106% (86). Sample intakes were as low as 0.5 g
(86). Care should be taken to ensure the homogeneity at such low sample
intake levels.

Supercritical fluid exiraction (SFE) has been employed for extraction of
environmental samples (87-89), but has never found a broad application.
Zougagh et al. recently reviewed the application of SFE extraction (90).
Benefits of the technique are the short extraction times (<1 h) and low solvent
consumption (< 5 mL), but the major drawback is the labour-intensive method
development. Different sample matrices require specific method
development and therefore, contrary to Soxhlet, PLE and MAE, universal
methods cannot be applied.
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Clean-up of sample extracts

Clean-up is a very important and critical step in the analysis of halogenated
confaminants. The exiremely low concentrations of POPs in environmental
samples (e.g. sub-pg/g concentrations for PCDD/Fs) demand a thorough
clean-up of the extracts in order to remove co-extracted substances (e.g.
lipids, fafty acids, elemental sulphur) that are normally present at
concentrations that are several orders of magnitude higher than those of the
target contaminants.

Generally, the crude extract is concentrated by e.g. rotary evaporation or a
Kuderna Danish method (91,92), in order to remove the excess solvents. We
experienced that of these two the Kuderna Danish method is the least
sensitive for cross contamination and offers somewhat better recoveries than
rotary evaporation. It also allows more extracts to be handled at the same
fime with less aftention (92). The first step in the clean-up of biological exfracts
is the removal of bulk lipids (riglycerides), which can be performed by
destructive or non-destructive methods. Destructive methods (sulphuric acid
tfreatment or saponification) efficiently remove the bulk lipids. However, some
contaminants (e.g. dieldrin and endrin) degrade under the strong acidic
conditions. Saponification can cause dechlorination of higher PCBs and HCB
(93). Efficient non-destructive removal of lipids can be obtained by adsorption
on alumina (63). Dependent on the desired fat capacity, glass columns can
be used with different alumina amounts can be used (e.g. 15 g in a 24 mm
i.d. 23 cm glass column). Gel permeation chromatography (GPC) may serve
as an alternative fat separation method. The most commonly applied are
polystyrene-divinylboenzene copolymeric columns (e.g. Bio-beads SX-3)
(31,78,94), although nowadays rigid PLgel columns (from Polymer
Laboratories) appear to be more efficient (69). GPC is not capable of
removing all lipid-related substances (e.g. sterols) and therefore, additional
clean —up or repeated GPC (e.g. up to 4 GPC columns in series) is required.
Lipids may also be removed by freezing them out the extract and subsequent
filtration. This very simple method allowed for 90% lipid removal from a
mackerel extract (95). However, residue lipids and fatty acids that remain in
the extract require additional clean-up.

For clean-up of sediment extracts, alumina columns can be applied for
removal of non-volatile co-extractants (96). Elemental sulphur is a major co-
extractant from sediments. It should be removed as it will heavily disturb the
GC analysis by a broad peak somewhere half way a regular PCB
chromatogram. Sulphur is not removed by alumina or silica gel column
chromatography but can be removed by several other methods, i.e. GPC,
reaction with copper (curls, beads, rods, powder) (formation of CuS) or by
complexation with tetrabutyl ammonium sulfite (96).

After lipid or sulphur removal, pre-fractionation is carried out in order to
separate the target contaminants from other contaminants that may interfere
during GC separation. Silicagel or Florisil columns are frequently used for that

39



Chapter 2

purpose, sometimes in combination with an additional step for isolation of
planar contaminants such as PCDD/Fs, dI-PCBs and PCNs. Adsorption
characteristics of the silicagel can be adjusted by heating the silicagel and
subsequent addition of water. Batches prepared in the desired way need to
be stored in a desiccator as SiOz2 is sensitive for moisture present in the air.
PCDD/Fs and dl-PCBs require (additional) clean-up by application of porous
graphitic carbon (53,71,97,98) or 2-(1-pyrenylethyldimethyisilyl (PYE) column
chromatography (63,98-100) to separate them from the non-planar
compounds (e.g. bulk of PCBs). When using carbon columns, typically the
non-planar contaminants are eluted by a non-polar solvent (e.g. n-hexane),
whereas the target contaminants are back flush eluted from the column using
toluene. Immuno chromatographic LC columns may be used for separation
of OCPs and dioxin-like compounds (107).

PCBs and OCPs Clean-up of PCBs is often combined with that of OCPs. After
removal of lipids or sulphur, the PCBs are separated from the more polar OCPs
by silica fractionation. PCBs are eluted from the column by a non-polar
solvent (e.g. n-pentane or n-hexane), whereas elution of most OCPs requires
a more polar solvent or solvent mixture (e.g. 15% diethyl ether: 85% n-
pentane). Some OCPs (frans-nonachlor, cis- and trans-chlordane,
hexachlorobutadiene (HCBD), QCB, HCB, OCS, p.po’-DDE, o,0'-DDE,
pentachloroanisol and pentachlorothioanisol) may partially elute in the 1st
fraction, together with the PCBs, depending on the elution volume and
polarity of the solvents used (39). Several authors applied mulfilayer silica
columns, typically containing a combination of acid impregnated, base
impregnated and regular (deactivated) silica gel (102,103). These columns
effectively remove potentially disturbing matrix constituents. More details on
clean-up for PCBs and OCPs can be found elsewhere (56, 104).

PCNs The clean-up of biota and sediment extracts can be achieved by lipid
removal by e.g. GPC or alumina and subsequent silicagel fractionation.
Further removal of interferences is achieved using porous graphitic carbon or
PYE columns because the molecular planarity allows to selectively separate
PCNs from interferences (imilar to PCDD/Fs) (67). Because environmental
levels are higher compared to PCDD/Fs, a less complex clean-up is required.
CPs The complete removal of inferfering contfaminants (e.g. foxaphene) is
essential when using short GC columns combined with GC electron-capture
negative ionisation (ECNI)-MS (26). Florisil can be used to effectively separate
interferences (PCBs, toxaphene, o,p’-DDT and o-HCH) from the SCCPs as
demonstrated by Reth et al. (20). Apart from contaminant class separation,
silicagel and florisil also trap polar interferences that are not removed in earlier
clean-up steps. Sometimes, a final clean-up step may be required such as
tfreatment with sulphuric acid. Photolysis was effective for (partial) removal of
interfering contaminants like PCBs, chlordanes and DDTs (105).

Toxaphene For the analysis of foxaphene, removal of PCBs from the extract
can be achieved on silicagel but some losses of the lower chlorinated
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toxaphene congeners may occur (depending on the deactivation of the
silica) and care should be taken to avoid this, or correction for the losses
should be made (106). Krock et al. found that 8 g activated silica eluted with
48 mL of n-hexane efficiently separated toxaphene from most of the
interferences (PCBs, PCNs, HCB, p.,p’-DDE and octachlorostyrene) (107).

BFRs The clean-up of PBDEs is similar to that used for PCBs. GPC, alumina, silica
and concentrated sulphuric acid have all been successfully used for clean-up
of extracts, as showed in detail in a recent review by Covaci et al. (108).
Clean-up of HBCD and dimethyl-TBBP-A is partially similar to the clean-up for
PBDEs, but due to its polar character dissociation should be avoided. The
pKar and pKaz values of TBBP-A is estimated at 7.5 and 8.5, respectively (109),
which means that in neutral environments, a substantial part of the TBBP-A is
present in it's dissociated state. This causes losses in the clean-up steps when
a neutral environment combined with polar solvent is maintained (the polar
solvent could just be a little bit of co-extracted water from the sample). Care
should be taken to avoid these losses and a possible solution is to treat the
raw extract with acidified water. This results in associated TBBP-A only, which is
driven almost quantitatively towards the organic phase. Concerning HBCD,
care should be taken with the silica elution. HBCD consists of several
diastereomers (a-, B, and y-HBCD are the major ones) and B-HBCD requires a
larger volume of solvent for complete elution from silica columns as
compared to PBDEs, me-TBBP-A and a- and y-HBCD (710)). Because of these
specific requirements it is ambitious (but feasible) to combine the clean-up of
extracts for PBDEs, HBCD, dimethyl-TBBP-A and TBBP-A analysis.

The final step prior to GC injection is the concentration of the sample exiract.
This is achieved by solvent evaporation (N2 blow down, Kuderna-Danish or
Turbovap). Care should be taken to avoid losses (of volatile) compounds
during this process. Larger losses were reported for OCPs using the Turbovap
as compared to Kuderna-Danish (but nearly no losses for PCBs) (27). A conical
Kuderna-Danish receiving flask is preferred over a cylindrical flask for reducing
extract volumes to below 100 ul (92). Another way of preventing losses is the
addition of iso-octane or nonane prior to the concentration step as a so-
called keeper, and these solvents are suitable for injection in the GC.

Several of the aforementioned clean-up steps may be combined in one step.
The advantage of doing so is that between the various clean-up steps no
concenfration steps are required which reduces the risk of losses due to
evaporation and contamination due to the use of glassware in several steps.
Also, the volume of solvent and the amount of labour are reduced in that
way. One option is the combination of several clean-up steps in a single glass
column (multi-layer column) loaded with e.g. alumina oxide, anhydrous
sodium sulphate, acidified silica, basic silica, neutral silica and porous
graphitic carbon. The set-up of the method (humber and type of layers)
varies among the studies. The mulfi-layer clean-up was successfully applied
for BFRs, PCBs, OCPs, PCDD/Fs, dI-PCBs and brominated dioxins and furans

41



Chapter 2

(70,71,111-117). In recent years, complete clean-up systems (e.g. PowerPrep,
Fluid Management Systems, USA) were developed for environmental
analyses, which combine and automate several clean-up steps in a modular
system using disposable columns. After sample extraction, the exiract is
loaded in this systemn and automatically processed resulting in the final
extract, ready for injection. For PCDD/Fs and dI-PCBs, the used columns are a
multilayer silica column, followed by alumina and finally porous graphitic
carbon (118). In a parallel system, multiple samples can be processed in 1
hour. Although labour reduction is considerable, the initial investments for
such system are substantial. Moreover, the system requires large amounts of
high purity solvents and also the consumables (e.g. clean-up columns) are
more costly compared to home-made multilayer columns. Therefore, these
systems may fit perfectly in a commmercial routine laboratory for obtaining high
throughput at low labour costs, whereas flexibility may be too low for research
laboratories. So far, they have only been applied for PCDD/F analysis (119-
121) and PBDEs (122,123), but application to other contaminants should also
be feasible. Recently, the concept of coupling PLE in-line with the PowerPrep
system was presented (124). This method potentially further reduces the
sample handling time, but a thorough evaluation of the system is not yet
presented.

Combined extraction and clean-up by selective PLE

Recently, several studies have explored the possibilities of combined
automated extraction and clean-up of environmental samples by means of
PLE with within-cell clean-up. Such approach can substantially reduce the
labour spent on extraction and clean-up of environmental samples. This
method is sometimes referred to as selective PLE, or SPLE (87). In selective PLE
the extraction cell is filled with sample material and the sorbents that perform
the clean-up (whereas in conventional PLE the extraction cell is only filled with
sample material, sometimes mixed with anhydrous Na2SOs for binding
moisture from the matrix). Recently, the potential of selective PLE was
reviewed by Bjorklund et al. (125). Within the DIFFERENCE project (funded by
the European Community), considerable improvements were obtained on
selective PLE for extraction and clean-up of PCDD/Fs and dI-PCBs from feed
and food (e.g. fish) (69,125-128). Silica (or florisil in (81)) was employed for lipid
rich samples (such as herring) in order to retain the co-extracted lipids in the
extraction cell (extraction with n-hexane). The optimum fat-fat retainer ratio
was 1:40 (126). Porous graphitic carbon was applied in a specially designed
cell inlay to retain the planar compounds (Figure 2.1). In the forward flush
mode, the lipids and non-planar compounds are extracted and eluted by n-
heptane (fraction 1) and 1:1 DCM:n-heptane (fraction 2), whereas the
PCDD/Fs and non-ortho-PCBs are retained on the porous graphite. The latter
are than backflush eluted by toluene (fraction 3). A subsequent miniaturised
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multilayer clean-up of fraction 3 was sufficient for accurate determination by
GC-HRMS afterwards. Results obtained by above methods were very well
comparable (accuracy and precision) to traditional extraction and clean-up
techniques. Selective PLE was also developed for PBDEs in sediment (65,66).
For PBDE extraction in sediment, 1 gram of sediment was mixed with alumina
and cupper (1:2:2, w/w) and extracted with hexane-DCM (1:1, v/v, 100 °C).
Compared to Soxhlet, recoveries of a spiked sediment were slightly lower for
mono-BDEs to tri-BDEs, but comparable for tetra-hepta-BDEs (66).

Extraction cells for commercial PLE systems (Dionex) are available up to 100
mL. The largest cell volume is large enough to accommodate either a lipid
rich fish sample mixed in the proper ratios with silica, or the fish sample and
the carbon cell inlay (Figure 2.1). Considering that, especially for PCDD/F
analysis, 2-6 g of lipids are needed to obtain sufficient sensitivity, the cell
volume is too small for lean fish samples (1-5% of lipids). Therefore, larger
extraction cells are required. Splitting the sample over two or three extraction
cells can circumvent this. Method development of selective PLE is somewhat
more laborious than conventional PLE, but the benefit is the strongly reduced
sample handling time once the method is established. At the moment
selective PLE is one of the few tfechniques that offer a substantial reduction of
labour time of the pre-treatment of sediments and biota samples for POP
analysis. Within the DIFFERENCE project, selective PLE was evaluated for
PCDD/Fs and dI-PCBs. The costs breakdown (Figure 2.2) shows that the costs
of extraction and clean-up (indicated in horizontal black lines) were similar to
fraditional extraction. Only a miniaturised additional multi-layer clean-up for
removal of residual interferences (primarily lipids) was required prior to
injection (127). It may be expected that due to pressures of authorities to
reduce costs of analyses more labour-reducing methods may be developed
in the near future.
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Figure 2.1 Selective PLE set-up for within-cell extraction and fractionation of PCDD/Fs
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and dI-PCBs. Fraction 1: n-heptane (forward elution); fraction 2: DCM/n-
heptane (1:1 (v/v) forward elution); and, fraction 3: toluene (backward
elution). In backward elution mode, the cell had been turned upside down.
From ref. (125).
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Figure 2.2 Cost per analysis for GC-HRMS and altemnative techniques (GC-ITMS/MS,
GCXxGC-ECD) for the analysis of dioxins and dlI-PCBs (edited from (129)). Top:
cost expressed per stage of analysis; botfom: cost expressed per item. The
costs per technique are calculated on the basis of labour (in man hours x
€75/hr) in each step of analysis, consumable use and costs, the costs
involved with instrument investment and depreciation and instrument
maintenance costs (service costs). Costs for QA/QC (20-40%. including
purchase and analysis of reference materials, blanks, replicates efc.) and
analytical standards (ca 3%) were not taken info account. *PP: Powerprep™
(automated exfraction and clean-up, indicated in vertical grey lines (top
graph only)); **SPLE: selective PLE (extraction and clean-up partially
integrated, indicated in horizontal black lines (fop graph only)). Prices are of
2005.
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Injection

GC is the method of choice for analysis of complex mixtures of halogenated
contaminants for its unsurpassed resolution offered by capillary columns. The
three parts of the GC analysis, injection, separation and detection all need to
be optimized and validated to guarantee a high-quality analysis.

Injection of POP containing extracts can be performed by various automatic
injection systems. The most commonly applied system is splitless injection
(16,17,94,105,112,114,130-136), but dalternative techniques such as by
programmed temperature vaporizer (PTV) and on-column injection can be
applied as well (137,138). In splitless injection, 1-2 uL extract is injected in a
glass liner. The liner serves as the evaporation chamber where the liquid
extract is rapidly volatilised at elevated temperatures (150-250°C). The liner
may be open, or partially filled with a plug of glass wool or other surface area
increasing materials (139). Open liners are generally preferred as glass wool or
other materials can easily cause thermal degradation. This process is
enhanced by active sites at elevated temperatures in the injector. Active sites
also occur in the liner due to accumulation of dirt, typically after multiple
injections of dirty sample extracts. Several studies reported the degradation of
contaminants due to dirty liners and the high injection temperatures,
including DDT (740), toxaphene (standard mix of 22 congeners) (141,142),
HBCD (60), and higher brominated BDEs (octa- to deca-BDE) (60,143,144).
Thermal degradation in the injector can be minimised by frequently replacing
the liner by a clean one. Furthermore, the residence time of the contaminants
in the injector can be minimised by application of a pressure pulse. This pulse
rapidly transfers the volatilised contaminants to the column. Pressure pulse
injection was applied e.g. for PBDEs (60). Another undesired phenomenon is
discrimination of contaminants. This is the fractionation of the sample in the
injector whereby the least volatile contaminants are (partly) splitted rather
than being infroduced in the GC column, resulting in a non quantitative
infroduction of these heavy compounds in the column. This phenomenon
occurs when using non optimised splitless times and was reported for higher
chlorinated toxaphene homologous (nona- and decachloro congeners)
(147) and BDE 209 (743).

With (cold) on-column injection, the complete extract is infroduced directly in
the first part of the GC column at room temperature. In that way no losses
can occur. The vaporisation of the sample extract takes place in the column
at a temperature just above the solvent boiling point. The instrumental setup is
simple as well as the operation and maintenance. However, the sample
extracts should be very clean to prevent infroduction of dirt from the sample
matrix. The accumulation of dirt in the first part of the column leads to
deterioration of the GC column and can lead to active sites. These active
sites may catalytically degrade labile contaminants. These phenomena can
be reduced by application of an uncoated, deactivated retention gap. The
accumulation of dirt from the sample extract then occurs at the retention
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gap. However, after multiple injections system performance can decrease
(116) and therefore, the retention gap should be changed regularly. Extracts
should be as clean as possible, even when using this retention gap system.
On-column injection was successfully applied for PBDEs (60,116,143) and
toxaphene (147). On-column injection can also be used for injection of large
volumes (large volume injection, LVI) (145,146). Bjorklund et al. explored this
principle for the analysis of PBDEs and injected 50 uL into a 10 m retention
gap. They evaporated the solvent through the GC column and ECD prior to
GC analysis (147). Large quantities of solvent cannot be evaporated through
an MS. In that case, an early solvent vapour exit is required. The PTV injector is
a generic injector, some of which can be used in several modes (e.g. split-
splitless injector). The more interesting application of PTV is that of LVI for
increasing the sensitivity. Using this technique, volumes of 10 - 50 uL have
been injected. This injector was used for PCDD/Fs and dI-PCBs (7148,149),
PBDEs (78,150,151), and PCNs (78). Typically, the solvent is infroduced in the
‘cold’ PTV injector, which is set at a temperature just below the solvent boiling
point. Then, the solvent is removed by heating to above the boiling point and
evaporating the solvent by a split flow through the opened split valve. Finally,
the split valve is closed (splitless mode) and by rapidly raising the injector
temperature, the farget contaminants are transferred to the analytical
column. Eppe et al. injected 10 uL of the final extract (in toluene) in order to
compensate for the lower sensitivity of their detection method (on-
frapMS/MS). Doing so, they arrived at an instrumental LOD (LOD) of 200 fg/ uL
(S§/N=5:1) (148). Using LVI, sample handling can be reduced by leaving out
the final extract concentration step.

Gas chromatographic separation

Column selection

The heart of the GC is the capillary column. The selection of stationary phase,
column dimensions and carrier gas (velocity) determines the separation
characteristics. Given the complex composition of most POP mixtures, most
stfudies have tried tfo increase and optimise the resolution of the
chromatography in order to separate a maximum number of contaminants.
Hydrogen and helium are generally used carrier gasses and (especially
hydrogen) provide optimum resolution at highest carrier gas velocities. Table
2.2 shows stationary phases used in GC of halogenated contaminants. The
most widely used are non-polar to slightly polar stationary phases, such as DB-
1, DB-5, BPX-5, HT-8, CP-SII8BCB-MS or CP-Sil-19 (12,16,63,60,112,133,151-153).
The addition of MS to a column type name means that suppliers have have
slightly adjusted the chemistry of the stationary phase and/or minimised the
bleeding of the stationary phase, which is necessary when using MS
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detection. Column bleed may show up in the MS spectra and complicate
identification of the target contaminants. Film thickness is typically 0.25 um.
Column lengths are 30-60 meter, but shorter columns are beneficial in certain
cases. The column diameter is directly proportional to the resolution. Typical
column diameters are in the range of 0.25-0.32 mm, but narrow bore columns
(0.10-0.15 mm) provide substantially more theoretical plates at the same
column length. These small dimensions require high gas pressures. Nowadays,
GC pneumatics are equipped to accurately deliver carrier gas at these high
pressures (Up to 150 psi), which enables the use of narrow bore columns.
Co-elution of contaminants with other contaminants of interest or with
interferences is a common problem in GC separation. No single analytical
column is able to separate all PCBs (152), PBDEs (154), HBCDs (57) or even the
17 WHO PCDD/Fs (114,130,148). The identity of co-eluting contaminants can
be determined by elution over a secondary column with a different stationary
phase (either or not in a dual-column system). Polar phases like CP-Sil 88 have
been employed for that reason. Furthermore, liquid crystalline columns show
distinct separation characteristics based on molecular structure rather then
on boiling point (155). Unfortunately, these columns suffer from high column
bleed (9,114). PCDD/Fs and dI-PCBs Column manufacturers have developed
dedicated columns for a number of applications to resolve crifical
contaminants, e.g. for dioxin analysis (e.g. DB-dioxin, BPX-DXN, RTX-Dioxin2).
These columns have a more polar stationary phase (e.g. DB-Dioxin: 44%
methyl-28% phenyl-20% cyanopropyl polysiloxane) and enable the
separation and quantification of critical pairs (e.g. 2.3,7.8-TCDD being
separated from 2,34,7,8-PentaCDF, 23.4,6,7,8-HexaCDF). However,
incomplete separation of all 177 WHO PCDD/F congeners remains. Details on
co-elution of PCDD/Fs can be found elsewhere (156).

PCBs and OCPs PCBs and OCPs are typically separated on non polar (e.g.
BPX-5, HP-5MS, DB-5MS, VF-5MS) or slightly polar (e.g. CP-Sil 8CB) stationary
phases with dimensions of 30-60 m x 0.25 mm i.d. x 0.25 pm film thickness
(84,112,140,157-159). These columns are not able to separate the complete
set of 209 PCBs, but the indicator-PCBs can nearly all be separated from other
PCBs. Well known co-elutions on non-polar phases are PCB 28 and 31 and 138
and 163 (56,96). The OCP fraction may contain many interferences that
preferably are removed by clean-up of the extract as they may lead to
inaccurate results, especially when using non-selective ECD detection. In
these cases, a column length of 50-60 m is recommended for maximum
separation. Furthermore, confirmation may be required by analysis on a
second column with different (polar) stationary phase. De Boer et al.
investigated the separation of PCBs on several narrow bore columns (0.15 mm
i.d.) and although the resolution further improves using these smaller
dimensions (160), narrow bore columns have not found a wide application.
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Table 2.2 Selection of popular stationary phases used in GC analysis of halogenated

confaminants.
Polarity Stationary Phase Brand and type names
scale”
5 100% Dimethyl polysiloxane ZB-1(ms), CP-Sil5CB, DB-1, HP-1(ms),
PE-1, Rtx-1, BP(X)-1, Ultra-1
8 5 % Phenyl-(arylene-) 95 % methyl ZB-5(ms), CP-Sil8CB, DB-5(ms), HP-
polysiloxane 5(ms), PE-5, Rtx-5(ms), BPX-5, Ultra-2
17 50 % Phenyl-50 % methyl polysiloxane ' ZB-50, DB17(ms), HP-50+, HP-17, PE-
17. RTx-50, BPX-50, OV-17, Optima
17
24 75 % Phenyl-25 % methyl polysiloxane ZB-50, CP Sil 24 CB
43 50 % 3-Cyanopropyl-50 % 007-225, CP-Sil 43 CB, AT-225, BP-
phenylmethyl polysiloxane 225
52 Polyethylene glycol ZB-WAX, ZB-WAXplus, DB-WAX, CP-
Wax 52 CB
88 100% 3-Cyanopropylpolysiloxane BPX70, CP-Sil 88 CB, DB23, HP23,

PE-23, Rtx-2330, VF-23MS
Non polar**  50% n-octyl-50% dimethyl siloxane SB-Octyl 50
Moderately  65% Phenyl-35% methyl polysiloxane | 007-65HT

polar*
moderately Cross-linked methyl-phenyl- Optima delta-3
polar* polysiloxane block polymers
Polar** Polysilphenylene phase BPX-DXN, Rtx-Dioxin2, SP-2331, 007-
23, Rtx-2332, DB-dioxin
Polar** 44% Methyl-28% phenyl-20% DB-Dioxin
cyanopropyl polysiloxane
e Biphenylcarboxylate ester SB-Smectic
methylpolysiloxane
e Dimethyl (60% liquid crystal) LC-50
polysiloxane
Hewx a-Cyclodextrin a-DEX 120
oex B-Cyclodextrin CP-Chirasil-Dex CB, B-DEX 120,
Cyclodex-B, HP-Chiral- B, Rt- BDEX
e y-Cyclodextrin BGB-176SE, BGB-172, Rt- yDEX

*

Relative polarity as determined by McReynolds and Kovats indices

Qualitative classification. No quantitative figure on the polarity scale available.
*** Shape selective

**** On basis of chirality

*%

PCNs Jarmberg et al. determined the retention behaviour of a PCN standard
mixture on 6 capillary columns: Ultra 1, Ultra 2; HT-5 (&% phenyl-
dimethylpolysiloxane on carborane); CP-Sil-88, SB-octyl 50 and SB-smectic
(161). None of the columns was able to resolve all congeners, but Ultra 1 and
-2 were able to separate 44 out of 75 possible congeners. On these columns,
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the different homologue groups eluted as distinct clusters, whereas on CP-Sil
88 an overlap between clusters was found because of a higher resolutfion
within each homologue group (167). The SB-octyl 50 and SB-Smectic columns
were able fo resolve specific pairs, although resolution was very temperature
dependent. Specific hexa-CN pairs can be separated on alpha-cyclodextrin
and beta-cyclodextrin (a-DEX 120, B-DEX 120, Supelco) columns (135).

CPs The technical mixtures of SCCPs are so complex that current state-of-the-
art capillary GC does not provide a solution for the separation of all
congeners. CPs are generally separated on non-polar columns (DB-5MS, HP-1)
with lengths of approx. 15-30 meter (17,20). Complete separation has to date
not been feasible and is not likely to be achieved in the near future.
Complete separation may sometimes even not be a desirable goal, as such
separations would generate extensive amounts of data that are not easy to
handle, and not very informative for authorities. Instead, it is desirable to focus
on determination of a representative selection of compounds (as with
toxaphene) or on the toxicological relevant isomers (similar to PCDD/Fs and
dI-PCBs). It should be noted that such selection of ‘relevant’ isomers has not
yet been proposed.

Toxaphene In the case of toxaphene, not all congeners in technical mixtures
are present in environmental samples and only a small selection is typically
observed (.e. P26, 39, 40, 41, 44, 50, 62). These congeners can be separated
chromatographically. Baycan-Keller and Oehme have reviewed the GC
separation of toxaphene on capillary columns (142). Non-polar stationary
phases like DB 5, CP-Sil 8, HP 5, Ultra 2 are commonly used and allow for
separation of P26, 50 and 62 (28,94,142,162). The congeners P39-44 are
generally difficult to resolve, but medium polar columns like Optima delta-3
and HT-8 successfully resolved these congeners (in a standard mixture of 23
congeners) (142). Polar columns should be used with caution, as considerable
toxaphene degradation may take place (see (142) for details). Oehme and
Baycan-Keller conducted temperature programming experiments and found
the best resolution with 10°C/min temperature ramping as compared to
1°C/min (163).

BFRs Korytar et al. created an extensive PBDE retention-time database for 126
PBDEs, HBCD, TBBP-A and PBBs on 7 GC columns (17-30 m) i.e. DB-1, DB-5, HT-
5, HT-8, DB-17, DB-XLB and CP-Sil 19 (154). None of the columns was able to
separate all major PBDEs, but the most abundant BDEs (47, 99 and 100) were
baseline separated on the DB-1, DB-5, DB-XLB, HT-8 columns. BB 153 and me-
TBBP-A co-elute with BDE 154 on a DB-1 and DB-5 column (154). This could
result in inaccuracies because BB 153 and me-TBBP-A can be found in
environmental samples at significant concentrations (60). Technical HBCD
consists predominantly of 3 diastereomers (a, B and y) and each of those has
2 enantiomers (44,164,165). These cannot be separated by GC. Furthermore,
at temperatures >160°C, the diastereomer composition changes (60) and
considering the different response factors of the diastereomers (166), this may
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result in a response that does not represent the actual concentrations in the
extract. HBCD and TBBP-A can be determined by HPLC Electrospray lonisation
(ESH) MSUMS) as well (1710). The benefit of this technique is the
chromatographic separation of the individual diastereomers and thus,
diastereomer profile information can be obtained. Furthermore, LC-ESI-MS/MS
does not suffer from thermal degradation in the injection system and
isomerisation of the diastereomers in the column. Considerable differences,
up to a factor 5, are sometimes observed between GC- and HPLC-generated
results (166), whereas Goemans et al. found a smaller difference (<2)
between GC and LC results (167). This calls for further exploration of the
underlying reasons, but the application of LC-ESI-MS/MS using clean extracts
and '3Cq2 labelled standards (for all three diastereomers) appears to be the
best road to accurate results. An additional drawback of GC is that TBBP-A
needs to be derivatised to enable GC-analysis, whereas this is not needed for
analysis of TBBP-A by LC.

Chiral compounds can be separated using columns with beta-cyclodextrin
stationary phases specifically developed for that purpose. Chiral PCBs were
separated on Chirasil-Dex, BGB-176SE and BGB-172 (132,168) columns and
Bordajani et al. were able to separate nine out of the nineteen enantiomeric
PCBs (PCB 84, 91, 95, 132, 135, 136, 149, 174, and 176) on the Chirasil-Dex
phase. Cyclodextrin stationary phases have also been employed for
enantioselective separation of a-HCH, chlordanes, and DDTs (169-172). Vetter
and Luckas (173) studied the enanfioselective separation of toxaphene
congeners on a tert-butyldimethylsilylated beta-cyclodextrin column (3-BSCD;
30 m x 0.25 mm id x 0.25 um film) and on a permethylated B-cyclodextrin
column (R-PMCD; dimensions not reported). They separated several
enantiomeric pairs and doing so, they were able to determine that selective
enantiomeric enrichment took place at high throphic level biota.

The use of shorter columns (6-15 m) for analysis of halogenated contaminants
has not (yet) found a wide application. However, short columns enable rapid
analysis of compounds and without sacrificing resolution, provided small
infernal diameters are being used. Faster analysis also means shorter residue
time in the column at elevated oven temperatures, which is beneficial for
thermo-labile compounds such as BDE 209 for which minimised column
residence fimes are crucial (68,59). Binelli et al. determined the response of
BDE 209, BB 209 and BDE 183 and found a 50-fold response increase for BDE
209 when shortening the column from 16 to 6 meters (Rtx-5 MS, 0.25 mm id,
0.25 um film), and optimisation of the carrier gas flow (116). The authors
concluded that interactions with active sites in the column were the cause for
poor chromatography on the longer column lengths they tested. Bjorklund et
al. tested discrimination on analytical columns (15 m x 0.25 mm i.d.) and
found that severe discrimination occurred for the higher brominated BDEs
(BDE 203, 209) on DB-XLB, HP-1 and RTX-500 stationary phases (143). They also
found that a small film thickness of 0.1 um (instead of the commonly used 0.25
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um) was beneficial for the yield of the hepta to deca-BDEs. Finally, they
determined that for the temperature program a final oven temperature of
300°C was a good compromise between degradation and band-broadening
(143). Stejnarova et al. used a very short column without stationary phase (1.3
m, 0.15 mm i.d. quartz column) coupled to ECNI-MS for the determination of
SCCPs (26). Coelhan et al used even a shorter column of 0.65 m only (174).
Short columns provide condensed chromatograms and narrow peaks (few
seconds only), resulting in increased sensitivity (174), but care should be taken
in operating the detector at sufficiently high frequency to record 10-12
datapoints over the whole peak (for modern ECD and MS detectors, that
should not cause any problem). When using narrow bore columns, the
amount of sample that can be loaded on the column decreases, which
counteracts the sensitivity improvement discussed above.

Multi dimensional GC

Heart-cut multi dimensional GC was used in the 1990s for analysis of e.g.
toxaphene and (chiral) PCBs making use of the Deans switch for transfer of
the heart-cut to the 279 dimension column (132,168,175,176). With the
infroduction of modulators such as the sweeper (177,178), and later, the
cryogenic modulators, the field of GCxGC has made a breakthrough in the
analysis of halogenated contaminants in recent years. A GCxGC system
consists of two GC columns connected by a connector (e.g. press fit). The first
column is often a traditional 30 to 50 meter column with a non-polar phase,
which separates the contaminants of inferest based on their boiling points.
The second column is a very short (0.5 to 1.5 m) column with a different
stationary phase (e.g. polar or shape-selective). The contaminants eluting
from the 18t column are trapped (often cryogenically) for a short period of
time (modulator fime) and subsequently released by heating for separation
on the second column (a visualisation of this process can be found elsewhere
(179). The modulation causes a focussing of the peaks, which improves the
sensitivity of the system. Where traditionally a two-dimensional plot is obtained
(retention time and response), here a three dimensional plot is obtained. The
1st dimension (x-axis) is similar to a conventional chromatogram (with retention
times of typically 40 to 90 min) and the 2nd dimension with very short retention
times (typically 6-9 sec) is plotted on the y-axis. The peak response rises from
this tfwo-dimensional plane (along the z-axis). For a graphic explanation of the
resulting chromatogram, please refer to Adahchour et al. (180). More details
on the principles of this fechnique can be found elsewhere (175,179-181,1817).
The inferpretation of the chromatograms requires specific GCxGC imaging
software and several GCxGC suppliers provide software with their instfruments
(e.g. Thermo Finnigan and Leco). Generic GCxGC software is available from
Zoex Corporation (Texas, USA). A three dimensional peak is composed of
several individual 2nd dimension chromatograms in which the compound of
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inferest elutes. The quantification of peaks is thus based on summarising the
peak areas of the individual 2nd dimension peaks. The optimisation of the
GCxGC separation is more laborious than traditional GC separation and
involves a proper selection of the column combination, temperature
programming of one or two ovens, carrier gas velocity and modulating time.
GCxGC provides a very strong separation method, and has been used for the
separation of complex mixtures of PCDD/Fs and (dI-)PCBs (113,114,132,182-
185), BFRs (113,186), toxaphene (113,176,187), CPs (113,188), OCPs (113,189)
and PCNs (713). The DIFFERENCE and DIAC projects (129,190) have given the
development of GCxGC for analysis of PCDD/Fs and dI-PCBs a considerable
push forward by evaluating crucial parameters such as column selection,
modulator type and detection method (113,114,182,184,191,192). Korytar et
al. investigated a range of column combinations and obtained complete
separation of all 29 WHO dioxins and dI-PCBs on a DB-XLB column (1
dimension) combined with a 007-65HT, VF-23MS or LC-50 columns (2nd
dimension) (714). Liquid crystalline phases (e.g. LC-50) in combination with a
non-polar column also allowed for separation of the 29 contaminants from
matrix constituents. Unfortunately, the LC-50 column is not widely available
due to column bleed of this column type. However, as long as it is used as the
2nd dimension column the bleeding does not play a role because of the short
length and thin film thickness. Focant et al. achieved separation of all 12
PCDD/Fs and 4 dI-PCBs on a RTX-500 x BPX-500 combination (149). Modulators
using COz2 as cryogenic coolant are preferred over other types (e.g. thermall
modulation (sweeper) and liquid nitfrogen cooled jets) for producing narrow
peaks and a broad application range (193). In the framework of the
DIFFERENCE project, an extensive validation took place of the DR-CALUX
bioassay, GC-ITMS/MS and GCxGC-ECD vs. GC-HRMS for the detection of
PCDD/Fs and dI-PCBs in food and feed samples (192). Three datasets on
GCxGC-ECD were obtained and these showed that performance compared
to GC-HRMS was comparable for a cleaned fish extract, a fish oil, a spiked
vegetable oil and a herring sample (129). Some overestimation that was
found could easily be explained by the somewhat higher detection levels of
the GCxGC-ECD system that resulted in higher numbers when applying the
upper-bound approach (129).

Harju et al. and Focant et al. studied the separation of all 209 CBs in a
standard mixture on a DB-XLB, DB-1, HT-8 (1st dimension, 30-60 m) combined
with a HT-8, BPX-50, BPX-70, SP-2340 or LC-50 column (2" dimension, 0.9-2.3 m)
(183,185). The DB-XLB x BPX-70 combination provided the best resolution with
only 15 co-elutions but at the cost of a 240 min runtime, whereas in approx.
144 min, nearly similar results were obtained when using BPX-50 as the 2nd
dimension column (see (181) for an overview table). With the DB-XLB x SP-
2340, HT-8 x BPX-50 and HP-1 x HT-8 combinations, group separation
information was obtained (183-185). Application of GCxGC using column
combinations like Chirasil-Dex/SUPELCOWAX-10 and Chirasil-Dex/VF-23ms
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provided enantiomeric separation as well as separation from the non-
enantiomeric PCBs and matrix contaminants (132). Korytar et al. evaluated
column combinations for GCxGC of 125 PBDEs, some BBs, HBCD and (me-)
TBBP-A (186). On a DB-1 (It dimension) x 007-65HT (279 dimension)
combination, they resolved 90 out of 125 PBDEs, including the environmentally
relevant BDEs (i.e. BDE 28, 47, 99, 100, 153, 209). In addition, the 2nd dimension
column was able to separate meTBBP-A, TBBP-A, BB 169 and two metabolites
of BDE 47 which interfere in the 1st dimension (186). The potential of GCxGC
was also investigated for technical toxaphene (187). At optimised conditions
B0 m x 0.25 mm x 0.25 um HP-1 15t dimension and 1 m x 0.1 mm x 0.1 ym HT-8
2nd  dimension column, GCxGC-uECD) over 1000 individual toxaphene
congeners could separately be determined in the technical mixture. In the
same study, a standard containing 23 individual congeners was analysed
(GCxGC-TOF-MS, 1st dimension column 10 m x 0.25 mm x 0.25 um DB-1; 2nd
dimension column: T m x 0.1 mm x 0.1 um HT-8). Nearly all congeners were
baseline separated and group separation of the chlorinated bornanes and
camphenes was obtained based on the number of chlorine substitutions).
Using this method, they were able to confirm that the technical mixture
consists primarily (97%) of hexa- to nona-chlorinated compounds. Korytar et
al. evaluated GCxGC for CPs (188). They evaluated six column combinations
and found that DB-1 x 007-65HT provided most information on group
separation (homologue groups). No complete separation of congeners was
obtained, but the technique proved to be a strong additional tool for profiling
CPs in environmental samples. Finally, Korytar et al. challenged the GCxGC
separation by trying to achieve group separation of several contaminant
classes in a single column combination (113). The DB-1 (15 dimension) x LC-50
(2nd dimension) column set provides group separation based on planarity and
planar compounds such as PCDD/Fs, polychlorinated dibenzothiophenes
(PCDTs) and PCNs are more retained on the 2nd dimension LC-50 column than
non-planar analytes. The DB-1 (Is' dimension) x 007-65HT (2nd dimension)
column set effectively separates PCAs and PBDEs from all other compound
classes, and provides a good separation of brominated and chlorinated
analogue classes from each other (1713). This column set was the most
efficient one for within-class separation of OCPs and PCNs.

Comprehensive GCxGC has proven to be a strong fechnique for separating
complex mixtures and provides considerably more information on the
contaminant profile when compared to traditional GC. GCxGC is excellent
for identification of unknown compounds appearing (or interfering) in the
chromatogram. For example, unknown PCBs in a sample can be identified
based on the number of chlorines (184) or based on the number of ortho
substituted chlorines (183). Similar characterisations can be achieved for
toxaphene (113) and PCAs (188). The use of selective detectors such as TOF-
MS further increases the identification possibilities. A current drawback is the
interpretation of the complex chromatograms, in particular when quantitative

54



State of the art of analysis

analyses are needed of low concentrations. This is currently a very labour
intensive task as software is not yet capable of automatic accurate
identification and integration of peaks close to the limit of quantification
(LOQ). Instrument suppliers put much effort in software development and it is
therefore expected that this is only a temporary problem. Furthermore, at very
low concentrations, as with PCDD/Fs in selected food, fish and sediment
samples, more effort should be put in clean-up. It should be noted that this is
less of a problem when contaminant concentrations in the samples are
higher. Finally, the GCxGC optfimisation and maintenance is less
straightforward than the fraditional GC set-up. Presumably these issues have
prevented up-to-date a wide acceptance of GCxGC as a routine instrument.

Table 2.3 Quadlitative scoring of the various methods for the analysis of frace levels of
halogenated contaminants in aquatic sediment and biota (Valuing: -: not
recommended, +/- infermediate, +: good and ++: excellent choice)

Sample extraction and  Injection method GC Detection

clean-up method

Soxhlet MAE PLE Power- Split-  On- PTV GC GCx ECD LRMS MS/MS HRMS

prep  splitless column GC

Ease of ++ ++  + + + + +/- ++ | +/- ++ 4+ + +/-
method
development
Robustness ++ ++ 4+ + ++ + + ++ /- o+t + +
Sensitivity + + + (+H) + ++ ++ ECNL+, El- + ++
Selectivity [COMEES + ++ +/- o+ + ++
Labour*** + + + ()" ++ ++ ++ ++ ++ 4+ + 4+ + ++
Speed/ +/- + + (+H)* ++ + + ++FHD) H+ +H/- ++ ++
throughput
Costs: ++ + +/- +/- ++ ++ + ++ o+ ++ o+ +/- +/-
investment
Costs, ++ + + + ++ + + ++ o+ ++ o+ + +/-

other****

*  Between brackets: combined extraction and clean-up

**  Between brackets: when used in LVI mode

*** s very laborious, +/- is intermediate, + is not very laborious, ++ is not laborious at all
**** Other costs: Consumables and maintenance

When comparing costs per analysis (Figure 2.2), the costs for a GCxGC-ECD
determination of PCDD/Fs and dI-PCBs (ca 900 Euro) are much higher than for
GC-HRMS (275-500 Euro). This is mainly caused by the low contaminant
concentrations combined with the considerable data freatment as discussed
above. Furthermore, more emphasis was put on clean-up for removal of
interferences from extracts. Investment costs per sample are, as expected,
much lower (see also Table 2.3). It is believed that the price difference will
become less in the future when software developments allow for rapid data
freatment. It should be noted that in total, the cost data of five GC-HRMS
laboratories were obtained, whereas the cost estimation for the other

55



Chapter 2

techniques is based on a lower number of laboratories that participated in
the DIFFERENCE project (129). Therefore, for GC-HRMS the range of cosfs
among laboratories can be determined whereas this is not feasible for
GCxGC-ECD for which only the data of one laboratory was obtained.

Detection

The third step in the GC analysis of halogenated contaminants is the
detection. The predominantly used detectors are ECD, LRMS, ITMS/MS, TOF-MS
and HRMS. Triple quadrupole MS/MS has not found a wide application (194).
MS technigques can be used either with electron impact (El) or ECNI ionisation.
Table 2.3 shows a qualitative evaluation of the pro’s and cons of the various
detectors. ECD has found its application mainly in the analysis of PCBs and
OCPs (107,195-201), toxaphene (31,107,202) PBDEs (203) and as a detector for
GCxGC applications on PCDD/Fs and dI-PCBs and PBDEs (182,186,193). The
use of ECD detection is straightforward; it is sensitive and provides fairly simple
chromatograms. However, ECD detection is sensitive fo electronegative
interferences. 13C12 labelled standards cannot be used and coelutions (often
present in aquatic samples) can cause biased results. When not successfully
resolved  chromatographically, such compounds complicate the
interpretation of the chromatograms and may result in inaccurate
quantification. Therefore, much effort should be put in the GC separation and
in the removal of interferences by clean-up of the extract, as discussed
earlier. Compared to normal ECD, YECD is equipped with a small volume
detection cell (e.g. 150 ul), which is essential for maintaining narrow peaks
after GC separation, especially with applications that produce narrow peaks
(e.g. GCxGC and narrow bore short column separations). The benefit of MS
techniques is the improved idenftification compared to ECD. In the MS,
compounds are being ionised and subsequently separated based on their
mass-to-charge ratio (m/z). There are two ionisation fechniques: El and ECNI.
The separation of ions takes place in an electromagnetic field induced by a
quadrupole, a magnetic field or based on the fime it takes the ions to arrive
at the detector in an electromagnetic field (fime-of-fight, TOF). With low-
resolution instruments, the mass resolution is unit mass generally, whereas with
high-resolution instruments mass resolution of over 10,000 are achieved. LRMS
detection (El or ECNI combined with single quadrupole separation of the
resulting ions) has been used in a variety of studies for its sensitivity, selectivity
and the fact that this type of instrument is widely available and fairly easy to
operate and optimise. Applications of LRMS include analysis of BFRs
(59,60,108), CPs, toxaphene (204) and PCNs (12,14,15,135). lon trap MS/MS
(TMS/MS) has been used in several studies on toxaphene (94, 162,205,206) and
on PCDD/Fs (121,133,207) and CPs (208,209). The benefit of ITMS/MS is its
higher selectivity and sensifivity when used in the MS/MS mode and the
confirmation possibilities by recording full scan spectra of product ions (194).
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TOF-MS is a very strong MS technique that is increasingly used in
environmental analysis. It provides excellent resolution and mass accuracy
(194). Full scans are being generated continuously (.e. throughout the
chromatogram),  which allows  for unambiguous identification.
Chromatographically unresolved and interferences may be separated using
the deconvolution software, a feature that is only available for TOF analysers.
Prices of TOF-MS instruments are considerably higher than those of LRMS. This
limits the broad application of the technique (Table 2.3). Finally, HRMS has
widely been applied for the analysis of PCDD/Fs and dI-PCBs (121,210),
toxaphene (31,2117) and PBDEs (123). The fechnique provides excellent
sensitivity (down to 100 fg for 2,3.7,8-TCDD) and mass resolution (7194).
Unfortunately, the investment and maintenance costs are high (Table 2.3)
and Figure 2.2), which also has limited its broad application. It should be
noted that prices of GC-HRMS equipment continue fo drop resulting in
increased access to this equipment in the future. Please refer to the review by
Santos and Galceran for MS techniques applied in environmental analysis
(194).

Because of the narrow peaks provided by GCxGC (100-600 ms at the
baseline), high data-acquisition rates are required in order to obtain sufficient
data points accurately describing the eluting peak (181,212). Its high
operating speed (up to 500 spectra/sec) makes TOF-MS the ideal detector for
the narrow peaks from GCxGC (7118,149). In spite of its relatively low
frequency, LRMS (ECNI mode) has been successfully applied as detector for
GCxGC (191). Other detectors used in GCxGC studies, including WECD
(114,182) and ITMS/MS (149).

PCDD/Fs and dI-PCBs. In the detection of PCDD/Fs and dI-PCBs, EI-HRMS is
currently the golden standard. Alternative techniques are ECD (for mono-
ortho CBs, but with co-elution risks (156)), ECNI-LRMS (for non-ortho CBs)
(63,97), ITMS/MS (see below) and GCxGC-TOF-MS (149). Grabic et al.
intfroduced GC-ITMS/MS ass s sensitive and selective method for the detection
of 17 WHO PCDD/Fs in human and fish tissue (213). Kemmochi et al. optimised
collision characteristics in ITMS/MS and thereby improved the mass resolution.
As a result, the iLOD for 2,3,7,8-TCDD decreased from 100 to 50 fg (274). Within
the framework of the DIFFERENCE project (129), GCxGC-uECD, GC-ITMS/MS
were further developed, optimised and subjected to an extensive validation
against the GC-HRMS ftechnique. For real samples, accuracy, precision and
LOQs were in the same range (fish oil, fish), or slightly less (milk, pork)
compared to GC-HRMS results (121,129,149,192), confirming the potential of
these alternative techniques. However, it should be noted that although the
GCxGC-uECD and GC-ITMS/MS techniques require lower investments, the
samples may require more labour due to additional clean-up, more frequent
maintenance of the instrument (GC-ITMS/MS) or more data treatment time to
evaluate the complex chromatograms (GCxGC-uECD) (149). The overall
costs for the ITMS/MS analysis of PCDD/Fs and dI-PCBs (Figure 2.2) are
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comparable to the lower range of GC-HRMS and much lower than for those
of GCxGC-UECD. For GCxGC analysis, ECNI-LRMS is a suitable detector for
most PCDD/Fs (LOD=10-110 fg injected), except for the important 2,3,7.8-
TCDD congener and OCDD, for which ECNI provided not enough sensitivity
(430-710 fg injected) to compete with HRMS (197).

PCBs and OCPs. ECD and MS may both be used for the detection of PCBs
and OCPs. ECD detectors are attractive because of their low costs and high
sensitivity, However, their selectivity is limited. 13Ci2 labelled standards cannot
be used and coelutions and other interferences can cause biased results, as is
experienced in PCB-OCP interlaboratory studies (215). uECDs are even more
sensitive (6 to 10-fold) due to the smaller cell volume. MS techniques are
preferred for accurate determination, because of the unambiguous
identification and the possibility to use 13Ci2 labelled standards (2175),
although it should be noted that for PCB homologues the spectra are
identical (which limits the selectivity gain compared to ECD). EI-LRMS is less
sensitive (low pg) than ECNI-LRMS (low fQ). The latter technique is especially
sensitive to higher chlorinated compounds (66). Gomara et al. evaluated El-
ITMS/MS. They isolated the (M+2)+ and (M+4)+ as precursor ions and the
resulting daughter ions were obtained through loss of 2 chlorine ions ((M-
235Ch*+ and (M-33CP7’Cl*) (112). Verenitch et al. selected slightly different
precursor and daughter ions (133). The iLOQ in both studies was approx. 0.1-
1.2 pg injected, being somewhat higher than that of EI-HRMS (but this may be
compensated by using LVI). Depending on the PCB of inferest, sensitivity was
only slightly better or worse compared to uECD. EI-ITMS/MS and EI-HRMS results
were comparable for marine biota extracts (133). EI-HRMS was also used in
some studies and provides excellent selectivity (112,133). The most abundant
isotope ions monitored are M+, (M+2)* and (M+4)* (133). In GCxGC analysis,
TOF-MS (216) and PECD (113) were used for detection of OCPs and uECD
(114,132,184), EI-LRMS (217) and TOF-MS (113,183) were used as detectors for
PCBs.

PCNs. ECD and MS may both be used for the detection of PCNs, although the
latter technique is more selective. Mostly applied are EI-LRMS and ECNI-LRMS
(12,15,1563,218). SIM is used for quantification of the individual congeners and
homologue groups. lon frap-MS was used by Wiedman et al. (279, using
molar responses for quantification. Wang et al. reported the use of ITMS/MS
detection (16), but without reporting the MS/MS fransitions used. ITMS/MS
provides good sensitivity and improved selectivity compared to single MS
techniques. EI-HRMS has also been used for detection by several labs
providing excellent sensitivity and selectivity (14,153,220). For GCxGC
detection of PCNs, JECD has been used (7113).

CPs. The problem of CP analysis is the extireme complexity of the technical
mixture and of the patterns in the environmental samples. When using ECD
the chromatogram shows one huge hump, which can of course be
quantified, but which at the same time lacks any accuracy because of
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differences between the technical standards and the samples (105). In ECNI-
MS, the main ions produced are (M-Cl)-, (M-HCI)- and (M+Cl)~. ECNI response
factors vary with chlorination degree: 3-4 chlorines are not detected whereas
congeners with 7 or more chlorine atoms are overestimated (20). ECNI-LRMS
suffers from some mass interferences from ions with 5 carbon atoms less and 2
chlorine atoms more (17). Many of such ‘pairs’ exist (e.g. CioH14Cls and
CisH26Cis, see (17) for an overview table) when both SCCPs and MCCPs are
present in environmental samples. The determination of isotope ratios can be
used for tracking possible interferences. Identification is often performed by
summarising the possible isomer ions per number of carbons (e.g. C11Chs to
C11Cho) (20,26). This results in a total response per chain length, which can be
compared with the total response per chain length obtained from a selected
technical mixture. Another means to determine the carbon chain length
profile is by carbon skeleton reaction GC, in which the CPs are dechlorinated
in the injector with a palladium catalyst (221), but this method has to our
knowledge not been applied to environmental samples. For GCxGC
detection of CPs, JECD has been used (113).

Toxaphene. ECD has yet been used for detection of toxaphene in several
studies (31,202). ECD response factors for the predominant congeners vary
from 0.6-2.0 (37). ECD is much less sensitive for toxaphene than for e.g. PCBs,
due to the aliphatic character of toxaphene. Again, ECD lacks specificity and
OCPs in particular can interfere. A selective clean-up can minimise but not
omit these interferences (for details see the sample clean-up section).
Therefore, ECD results in environmental samples tend to be higher than results
obtained by MS detection. With the infroduction of ECNI-MS, more reports on
toxaphene in the European environment became available. The higher
selectivity of MS provides, information on homologue groups (hexa- through
decachlorobornanes and —bornenes). El is less sensitive than ECNI, except for
the lower chlorinated congeners where El provides best sensitivity (28). With
ECNI, the (M)- and (M-CI)- ions can be monitored (28,106,134,141,202). ECNI-
HRMS used at a resolution of 10,000 is a very selective method of detection,
virtually free of inferferences (31,134). Gouteux et al. (94 evaluated El-
ITMS/MS for detection of individual congeners. The El mass spectra are rich of
ions that can be chosen as parent ion in MS/MS experiments. They tested
several transitions and concluded that for P26, 40, 41, 44 transition of m/z
125->89 was most sensitive, whereas for P50 it was 279>243 and 305>267 for
P62. Their detection limits were 0.08 and 0.37 ng/g ww. A similar EI-ITMS/MS
method was used by Bernardo et al. (162). For additional information, one
should consult the comprehensive reviews available (28,57,106). For GCxGC
detection of toxaphene, JECD and ECNI-TOF-MS have been used (113,187).
BFRs EI-HRMS and ECNI-LRMS are the detection techniques most commonly
applied (69,60). Other techniques used are EI-LRMS and EI-ITMS/MS (157). ECD
(1716) has been used as well. ECNI-MS provides a good sensitivity and
selectivity for the detection of BFRs. The most commonly monitored ions are
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m/z 79 and 81, representing the two bromine isotopes (59). These ions are not
very specific, but the molecular ions are only produced at low yields, resulting
in insufficient sensitivity. For BDE 209, the m/z 484.7 and 486.7 can be
monitored as well and for HBCD m/z 561 can be used as qualifier ion (out due
to the low yield, it's not suitable for quantitation when aiming for low level
samples). In EI-MS, the most commonly monitored ions are (M-Br2)* and (M)*.
They provide a good selectivity, but a lower sensitivity, especially for the
higher brominated PBDE congeners (hepta- to deca-BDE) (60). This can be
overcome by LVI of larger volumes (e.g. 20 ul (222)). EI-MS enables the use of
13C12-labelled standards, which is important for a reliable quantification. HRMS
provides good sensitivity and selectivity, but at higher instrumentation
investment and maintenance costs. In EILITMS/MS the molecular BDE ion
fragmented (using CID) in the (M-Br2)* or (M-COBn* ion. The instrumental LOD
was 0.1-1.3 pg/ul (@ ul injected) (157). TOF-MS may be used for detection of
PBDEs at a sensitivity comparable to other MS techniques (189,223). Due to
the limited linear range of the instrument, samples with large variation in
concentration of PBDEs often require re-analysis (223), which hampers a
broad application of the instrument. An overview of detection techniques,
benefits, drawbacks and ions monitored in MS detection can be found
elsewhere (60,108). For GCxGC detection of BFRs, TOF-MS (7186,216) and uECD
(113,186) have been used.

Quality assurance

The analysis of organic contaminants is laborious and complex and involves
many steps. Errors are easily made in extraction, clean-up, GC determination
and quantification, as discussed earlier. Accurate analysis of halogenated
contaminants is important for scientists and policy makers who rely on the
data produced in environmental laboratories. To minimise the chance of
errors, steps should be taken to improve the analysis and quality control
systems should be established and routinely applied (e.g. according to ISO-
17025). This includes the use of high quality standards and internal standards,
blank tests, replicate analysis, recovery experiments, plotting quality conftrol
charts, participation in interlaboratory studies and the analysis of certified or
standard reference materials (CRM, SRM) and laboratory reference materials
(LRMs) (224). When these measures are implemented appropriately,
performance of different laboratories can be comparable and contaminant
data produced by them can be used for successful policy making.

High quality standards are commercially available from various suppliers.
Internal standards should preferably be mass labelled and used in
combination with MS detection. Mass labelled standards are available e.g.
for PCDD/Fs, PCBs, OCPs and BFRs. Most compounds can be quantified
individually, but in case of total-toxaphene and SCCPs, quantification is
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based on available technical mixtures. Because of that, large inaccuracies
result as will be discussed below.

Table 2.4 Overview of frequently operated interlaboratory schemes for halogenated

confaminants.
Compound Interlaboratory study matrices  Organisation*
PCDD/Fs and dI-PCBs Fish, shellfish, sediment QUASIMEME, Folkehelsa
PCBs, OCPs Fish, shellfish, sediment QUASIMEME, Fapas
PCNs Na Na
Toxaphene Fish, shellfish QUASIMEME
CPs Na Na
BFRs Fish, shellfish, sediment QUASIMEME, Folkehelsa, Fapas

*

Further information can be found at www.quasimeme.org, www.folkehelsa.no;
www.fapas.com

Participation in interlaboratory studies and analysis of CRMs and SRMs on a
regular basis provides a performance test compared with external sources.
An overview of frequently organised interlaboratory studies can be found in
Table 2.4. Unfortunately, no frequent interlaboratory studies are available for
SCCPs and PCNs. Fish and sediment CRMs and SRMs are available for PCBs,
OCPs, PCDD/Fs, PBDEs and toxaphene (225-229). Wet, sterilised matrix-type
CRMs produced by the Community Bureau of Reference of the European
Commission (BCR) are favourite over non matrix-type CRMs for their very close
matrix resemblance (230). These CRMs are available through the Instfitute for
Reference Materials and Measurements, Geel, Belgium. Feaosibility studies
showed that a successful certification of low level CRMs is possible for BFRs,
PCDD/Fs, PCBs and OCPs, but unfortunately, these materials have not
become available (229). Again, no RMs are available for PCNs and SCCPs.
This is surprising as SCCPs are produced by far more than other compounds
(Table 2.1) and the especially SCCP analysis is vulnerable for large
inaccuracies.

PCDD/Fs and dl-PCBs Because of the low concentration levels, laboratories
should take care of cross contamination between high and low
contaminated samples. Specialised laboratories often use separate glassware
and clean rooms for low level samples. Laboratories are often accredited for
this method and although the analysis is very laborious and complicated, the
results within one laboratory can be very accurate (with repeatability as low
as 5% for individual congeners), mainly because of the application of mass
labelled internal standards. The agreement between data on individual
congeners, expressed as relative standard deviation, ranged from 21-200%,
with the ‘difficult’ congener, OCDD, showing the least accuracy (231).
Interlaboratory studies (ILS) and RMs are available.

PCBs and OCPs High quality standards (individual OCPs and PCB congeners)
are widely available and several CRMs for PCBs and OCPs in biota (fish oils,
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whale blubber, mussel tissues and fish tissues) and sediment are available. ILS
are available (Table 2.4) and they show that laboratories have generally
more difficulties in producing good quality data for OCPs than for PCBs. ECD
is a commonly used detector, but inaccuracies due to interferences often
occur. At recent dedicated QUASIMEME workshop it was concluded that MS
detection is preferred over ECD (2175). This also allows the use of mass labelled
standards, further improving the accuracy.

PCNs Several PCN congeners are commercially available as standards (232).
Wiedmann and Ballschmiter developed a GC-MS quantification method
using molar responses of electron-impact ionisation. They were able to
quantify all congeners on the basis of a small set of PCNs (233). Due to a lack
of standards, response factors for homologue groups have repeatedly been
used (753). In a PCN ILS, nine laboratories quantified homologue groups and
individual congeners in test solufions derived from Halowax 1014. The
variability in homologue quantification was slightly better (11-43% RSD) than
for the individual congeners (18-51%, excl. CN-29) (153). The results of the
announced 2nd phase ILS (including real environmental samples) are not
reported yet. To our knowledge no CRM is available.

CPs Quantification of CPs is mainly done by calibration with technical
mixtures. Recently, individual congeners have been produced and are
commercially available (188). Coelhan et al. (23) have quantified SCCPs in
fish samples using Cio, C11, Ci2 and Ciz CPs with different chlorination degrees
(47-68%) as well as quantification against Cerechlor SCCP technical mixture
(63% chlorination). Differences were as high as 1,100% when fish samples were
quantified against a low chlorinated or a highly chlorinated standard. The
authors recommended the use of single-chain length standards for
quantification in order to meet the specific profiles found in the fish samples
(23). The use of technical mixtures that do not match the pattern as observed
in the sample decrease the accuracy of data reported (23). The quality of
reported data is also decreased by interference of other chlorinated
contaminants in the extract (e.g. OCPs, toxaphene) when using Total lon
Current-MS. More specific information on individual formula and homologue
groups is obtained by detection with high-resolution (HR)-MS (234). Further
details on MS detection and quantification can be found elsewhere (85).
Tomy et al. (235) organised an interlaboratory study on the quantification of
SCCPs. The data from the 7 participating laboratories showed that the frue
value of standard solutions was overestimated up to 150%. The coefficient of
variation for the fish extracts was 27 and 47%, which is reasonably good taking
info account the lack of reliable standards. Given the lack of accuracy, it is
highly surprising that many studies report data with high level of suggested
accuracy (e.g. reporting in several decimals). The reporting should be
adjusted so as to really represent the level of accuracy from the methods
applied. Currently, no CRMs are available for PCAs and although PCAs were
detected in standard reference materials (SRMs) from the National Institute for
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Standards and Technology (NIST) (234), these SRMs are not certified for CPs.
There is a clear need for further method development and ILS for CPs also
because they are included in the target contaminants list of the European
Water Framework Programme.

Toxaphene For the quantification of foxaphene often technical mixtures are
used as standards and levels are reported as total-toxaphene resulting in a
mismatch between the congener profile present in the sample and the
technical mixture (106,217). A change in the composition of technical
toxaphene may for example occur in split/splitless injection (141), leading to
biased results when quantifying against fechnical toxaphene mixtures.
Although there is a lack of standards for individual congeners, a limited
number is commercially available (e.g. Parlar nos. 26, 32, 40, 41, 44, 50 and
62) (106). Currently, CRM is available (225). The NIST SRM 1588a and 1945 have
indicative values for foxaphene (106,236). ILS is available from QUASIMEME
(Table 2.4).

BFRs Methods for PBDE analysis have been developed by a vast number of
laboratories world-wide in the last 5 years. Recently, over 170 PBDE
congeners, individual HBCD diastereomers, (me-)TBBP-A and others became
commercially available. For many of those, isotope labelled and fluorinated
infernal standards are available. A number of ILS have been organised for
sediment and biota samples. Improvement was seen over the years for most
PBDEs, although BDE 183 and 209 remain problematic (68). De Boer and Wells
provided several analytical solutions for these problems (58). Recently, SRMs
for sediment and fish were analysed (and certified for fish only) for PBDEs
(237). Blank tests are important, because of the presence of organohalogen
contaminants in dust, electric equipment and building materials (238-241)
present in laboratories. De Boer et al. presented an overview of blank
problems in the BFR analysis (58). Special care should be taken to avoid
contamination of samples and exfracts by BDE 209 from dust and air.
Furthermore, it is essential to use separate sets of glassware and extraction
and clean-up equipment for high contaminated samples and low
contaminated samples.

Conclusions

Extraction, and more so, clean-up and fractionation, are crucial steps prior to
the GC analysis of halogenated contaminants because co-extracted
compounds such as lipids and sulphur have a major negative effect on their
detectability at the trace levels at which they normally occur in the
environment. Selective PLE provides an effective and efficient extraction and
clean-up ftechnique that enables processing of multiple samples in a short
fime (less than 1 h). Developments in injection have been somewhat limited
over the last years. Large volume injection (e.g. by PTV, or cold on-column) is
interesting for obtaining better LOQs. Septumless injection has been
infroduced to avoid septum particles to enter the column. A wide choice of
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autosamplers is now available, both for on-column and splitless injection.
GCxGC is a strong technique for unravelling complex mixtures. By selecting
the right column combinations, structural information can be obtained. The
narrow peaks offer a better sensitivity compared to single-column GC, which
even enables the determination of low (pg/g) dioxin concentrations. Mass
spectrometry in various set-ups is the preferred detection technique. QA tools
such as inferlaboratory studies, use of LRMs and CRMs are very well
established for PCDD/Fs, OCPs and PCBs but improvement of that
infrastructure is needed for BFRs, CPs, PCNs and toxaphene.
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2.2 Extraction and clean-up methods for
perfluorinated contaminants?

Abstract

The rapidly expanding field of per- and polyfluorinated compounds (PFCs)
research has resulfed in a wide range of analytical methodologies to
determine the human and environmental exposure to PFCs. This paper
reviews the currently applied techniques for sample pre-treatment, extraction
and clean-up for the analysis of ionic and non-ionic PFCs in human and
environmental matrices. Solid phase extraction (SPE) is the method of choice
for liquid samples (e.g. water, blood, serum, plasma), and may be automated
in an on-line set-up for (large volume) sample enrichment and sample clean-
up. Prior to SPE, sample pre-treatment (filtfration or centrifugation for water or
protein precipitation for blood) may be required. Liquid-liquid extraction can
also be used for liquid sample extraction (and does not require above
mentioned sample pretreatment). Solid-liquid extraction is the commonly
applied method for solid matrices (biota, sludge, soil, sediment), but
automation options are limited due to contamination from
polytetrafluorethylene tubings and parts applied in extraction equipment. Air
is generally preconcentrated on XAD-resins sandwiched between
polyurethane foam plugs. Clean-up of crude extracts is essential for
destruction and removal of lipids and other co-extractives that may interfere
in the instrumental determination. SPE, (fluorous) siica column
chromatography, dispersive graphitized carbon and destructive methods
such as sulphuric acid or KOH freatment can be applied for clean-up of
extracts. Care should be taken to avoid contamination (e.g. from sample
boftles, filters, equipment) and losses of PFCAs (e.g. adsorption, volatilization)
during sampling, exiraction and clean-up. Storage at -20°C is generally
appropriate for conservation of samples.

Infroduction

Poly- and perflourinated compounds (PFCs) have been and are sfill being
used widely for their surface tension lowering properties in a variety of
domestic and industrial applications such as polymerization aid for production
of fluorinated polymers, for metal plating, in photographic industry, in the
semi-conductor industry, in the aviation industry (hydraulic fluids), in fire
fighting foams and as fat, and water repellents for textiles, paper and leather

3 Based on S.P.J. van Leeuwen and J. de Boer (2007) Extraction and clean-up strategies for the
analysis of poly- and perfluoroalkyl substances in environmental and human matrices, Journal of
Chromatography A, 1153, 172-185.
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(1,2). These compounds have entered the environment from all stages: the
production of PFC, application to products and use and disposal of these
products. Historic emissions of perfluorocarboxylates (PFCAs) were estimated
at 3200-7300 tonnes (1951-2004) (2). The OECD estimated the historic
production volume of perfluoroctanesulfonate (PFOS) and related
compounds at 4500 tonnes/year (1).

A selection of PFCs reported in environmental and human matrices are shown
in Table 2.5. PFCs can entfer the environment in the chemical form as they
have been produced and applied or as a precursor. Precursors such as
fluorotelomer alcohols (FTOHs) or perfluorosulfonamide (PFOSA) can fransform
(a)bictically to their stable end products like perfluorocarboxylic acids
(PFCAs) (3-6) or PFOS (7).

After initial reports on the presence of PFCs in the environment (8-10) in the
past five years many researchers have started to investigate this class of
compounds. Initial studies focussed on PFOS and perfluorooctanoic acid
(PFOA) and those have received most attention. However, a range of other
PFCs receive increasing attention because they are produced as alternatives
for PFOS and PFOA, as infermediates in PFC production, as by-products or as
(bio)degradation products. This includes PFCAs and perfluorosulfonates
(PFSAs) with different chain lengths (typically between C4-C14), fluorotelomer
carboxylic acids (FTCAs) and non-ionic (volatile) compounds such as
fluorotelomer alcohols (FTOHs), FFOSA and N-substituted sulfonamides.

Initially, laboratories analysed biota samples employing an extraction method
according to Hansen ef al. (11), which is based on ion pairing of the ionic
PFCs with tetra-n-butylammonium hydrogensulfate (TBA), followed by a liquid-
solid extraction (LSE) with methyl-tert-butylether (MTBE), filtration of the extract
and instrumental determination by liquid chromatography-electrospray
ionization-mass spectrometry (LC-ESI-MS/MS). This method is often referred to
as the ion pair extraction method (IPE). The IPE method was applied to a wide
range of biological matrices such as animal (liver) tissue (8,12,13) and serum
(14,15). Some of the limitations of the IPE method are that the method is
laborious, fime consuming and difficult fo automate. With the rapid expansion
of the PFCs research area, there was a need for more dedicated methods
which enable efficient and accurate analysis. In recent years, new exiraction
and clean-up methods have been infroduced that enable the analysis of a
variety of PFCs in wide range of matrices (e.g. sewage treatment samples, air,
sediment, soil, blood and milk). These methods include solid phase extraction
(SPE) of fluid samples (716-18) and accelerated solvent extraction, here
referred to as pressurized liquid extraction (PLE) and liquid solid extraction
(LSE) of solid materials (16,19). Furthermore, (fully) automated methods have
been infroduced that allow for on-line extraction and clean-up of samples
with a minimum of labour involved (17,20-22).
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Table 2.5 Full names, abbreviations and chemical formulas of a selection of PFC.

Full name Abbreviation Chemical formula
Poly- and perfluorinated acids PFCAs

Perfluorobutanoic acid PFBA CF3(CF2):COOH
Perfluorohexanoic acid PFHXA CF3(CF2)4COOH
Perfluoroheptanoic acid PFHpPA CF3(CF2)sCOOH
Perfluorooctanoic acid PFOA CF3(CF2)sCOOH
Perfluorononanoic acid PFNA CF3(CF2);COOH
Perfluorodecanoic acid PFDA CF3(CF2)sCOOH
Perfluoroundecanoic acid PFUNA CF3(CF2)sCOOH
Perfluorododecanoic acid PFDoA CF3(CF2)10COOH
Perfluorotridecanoic acid PFTrA CF3(CF2)nCOOH
Perfluorotetradecanoic acid PFTA CF3(CF2)12COOH
Perfluoropentadecanoic acid PFPA CF3(CF2)13:COOH
6:2 Fluorotelomer carboxylic acid 6:2 FTICA CF3(CF2)sCH2COOH
8:2 Fluorotelomer carboxylic acid 8:2 FICA CF3(CF2)7CH2COOH
10:2 Fluorotelomer carboxylic acid 10:2 FTCA CF3(CF2)eCH2COOH

6:2 Fluorotelomer unsaturated

. : 6:2 FTUCA CF3(CF2)4CF=CHCOOH
carboxylic acid
8:2 Aluorotelomer unsaturated 8:2 FTUCA CFs(CF2)sCF=CHCOOH
carboxylic acid
10:2 Fluorofelqmer unsaturated 10:2 FTUCA CFa(CF2)sCF=CHCOOH
carboxylic acid
Poly and perfluorinated sulfonates PFSAs
Perfluorobutane sulfonate PFBS CF3(CF2)3SOs
Perfluorohexane sulfonate PFHxS CF3(CF2)sSOs
Perfluorooctane sulfonate PFOS CF3(CF2)7SOs
Perfluorodecane sulfonate PFDS CF3(CF2)eSOs
6:2 Fluorotelomersulfonate 6:2 FTS CF3(CF2)sCH2CH2SO3-
Non-ionic PFCs
4:2 Fluorotelomer alcohol 4:2 FTOH CF3(CF2)3sCH2CH20OH
6:2 Fluorotelomer alcohol 6:2 FTOH CF3(CF2)sCH2CH2OH
8:2 Fluorotelomer alcohol 8:2 FTOH CF3(CF2)7CH2CH20OH
10:2 Fluorotelomer alcohol 10:2 FTOH CF3(CF2)9CH2CH20H
Perfluorosulfonamide PFOSA CF3(CF2)7SO2NH;
N-ethyl perfluorooctane NE{FOSE CF3(CF2)7SO2N(CH2CH3)CH2
sulfonamidoethanol CH20H

N-methyl perfluorooctane
sulfonamidoethanol

N-ethyl perfluorooctane sulfonamide NEtFOSA CF3(CF2)7SO2NHCH2CH3
N-methyl perfluorooctane sulfonamide NMeFOSA CF3(CF2)7SO2NHCH3

NMeFOSE CF3(CF2)7SO2N(CH3)CH2CH.OH
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Recently, two comprehensive reviews were published that focused
predominantly on the instrumental determination and quantification of PFCs
(23,24). This paper aims at reviewing the sample pre-treatment, extraction
and clean-up strategies for PFCs environmental and human samples.
Furthermore, some attention has been paid to sample storage.

Storage of samples and conservation

Storage and conservation of samples for PFCs analysis is critical because
during these stages losses and confamination can easily occur. Substantial
attention in the literature has been paid to the contamination of samples with
PFCs during analysis, and suggestions have been made to eliminate,
circumvent or to control the contamination (25,26). Several authors pre-
cleaned the sampling bofttles prior to sampling by rinsing with (semi-)polar
solvents such as de-ionised water, acetone, methanol or MTBE (27,28). In one
study, it was shown that polypropylene sample bottles contained traces of
PFOA (718) and pre-cleaning is therefore important when scientists target low
concentrations in water samples (sub-ng/L to low ng/L). Less aftention has
been paid to the potential losses during storage of samples. Preferably,
samples should be analysed directly after sampling, but this may not be
feasible for several reasons. Alternatively, samples can be stored prior to
analysis under conditions that prevent changes in composition of the sample
matrix and the concentrations of PFCs (by contamination or losses).
Adsorption to sample containers. There has been some debate on whether
and which (onic) PFCs adsorb to glass surfaces (25,29). Although this may
happen at low concentrations in analytical standards (27), it is expected that
this will not happen in samples which contain large amounts of matrix
components (such as biota, serum and blood) that can shield the active sites
at the glass surface. Karrman ef al. stored whole blood in glass containers and
analysed the sample several times during 4 months multiple freezing and
thawing cycles. They did not find any indication for losses of perfluorohexane
sulfonate (PFHxS), PFOS, PFOA and perfluorononanoic acid (PFNA) (30). On
the other hand, for water samples, irreversible adsorption of PFCs to the
sample container surface (polypropylene-PP or high density poly ethylene-
HDPE) was reported for long chain PFCAs (>C10), PFOSA and NEtFOSA (28,37)
and PFOS and PFOA in acidified water (32). Shorter chain PFC are sufficiently
water soluble to remain in solution (at neutral pH), as was —apart from above
studies- also shown by the good recoveries obtained after analysis of a
tfransportation-recovery sample (stored in PP bofttles) as part of a QA/QC
program in a water study by Rostkowski et al. (33).

Voldtilisation. FTOHs are volatile compounds (34,35), therefore, losses through
volatilization are readily encountered during sampling, sample storage and
analysis (37). A likely way to minimize these losses during sample storage is not
to allow for headspaces in sample bofttles. Liu and Lee limited the headspace
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in their 8:2 FTOH solubility experiments to limit evaporative losses (36). In
another study, it was found that 8:2 FTOH remains in agqueous solution when
stored at -20°C in a glass vial, sealed with a septum lined with alumina foil (see
below) (37). To the best of our knowledge, no (other) information is available
on the evaluation of sample storage for potential losses of FTOHs and other
volatile PFCs.

Conservation of samples. Conservation of samples is offen done by storage in
freezers or refrigerators. As mentioned above, for whole blood this was shown
to be safe (30). Water samples are stored in various ways, including at room
temperature, freezing, storage in refrigerators and acidification with formic
acid in combination with storage in a refrigerator (38,39). The latter method
lowers the pH to approx. 2. At decreased pH, PFCAs become increasingly
associated with the available protons, changing the physicochemical
properties of the acids. Kaiser et al. determined ca. 20% PFOA loss in 300 hrs
from a pH 4 buffered aqueous solution, possibly increased by the constant air
flow that was applied over the test solution (40). In real samples, loss of ionic
character (due to the proton association) may also lead to adsorption to the
sample container (32). Therefore, acidification of water samples for storage
purpose should be avoided. Storage of water samples in a refrigerator or
freezer, similar to blood samples, is presumably the best alternative. Szostek et
al. investigated the stability of FTOHs in water and water samples mixed with
acetonitrile during storage. From the different storage conditions tested over
a 7-day period, they concluded that agueous samples can safely be stored
in the freezer in a glass vial, sealed with a septum lined with alumina foil (37).
Biotransformation of PFCs may occur in biologically active samples such as
sewage sludge. Dinglasan ef al. and Wang ef al. reported on microbial
transformation of FTOHs yielding unsaturated and saturated PFCAs (5,6,41).
This potentially changes the composition of the PFCs in the sample if not
stored in a way that prevents biodegradation. PFCAs were stable for at least 6
months in an acetonitrile sewage sludge extract in a freezer (6). Schuliz et al.
tried formalin for inhibition of biological activity in wastewater samples but it
was found to suppress the PFCs MS responses (42). They have frozen the
samples at -20°C instead. Scott et al. found no deterioration of the 8:2 and
10:2 FTCAs stored in aqueous (calibration) solutions after a 9-month period
(43) (the storage conditions were not reported).

Sample pre-treatment

The aims of extraction and clean-up are () to transfer the analytes to the
physical state that enables the analysis and final detection, (i) to enrich the
analytes of interest and (i) to purify the extract prior to instrumental
determination. Prior to the extraction of the PFCs from the matrix, offen a
certain degree of pre-treatment of the sample is required to facilitate
extraction or to remove matrix constituents that will disturb the extraction or
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the instrumental determination. Several modes of sample pre-treatment are
mentioned in Figure 2.3.
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Figure 2.3 Extraction and clean-up methods for the analysis of PFCs in human and
environmental matrices.

Water samples and sewage treatment plant influent and effluents may be
filtered (e.g. on glass fiber filters (GFF) (42,44)) to separate solids from the liquid
phase. However, filfration can result in losses by adsorption of PFCs on the
fiters. On the other hand, levels can increase by PFCs contamination
originating from the filters, as was found by Schultz et al. for four types of filters
(namely glass fiber, nylon, cellulose acetate, and polyethersulfone filters) (42).
They applied centrifugation as alternative for separation the liquid from the
solids.

For human matrices such as plasma, serum or whole blood, trichloroacetic
acid, formic acid or acetonitrile need to be added to the sample for
precipitation of the red blood cells in whole blood in order to prevent
clogging of the SPE column (45), or for precipitation of the proteins present in
serum and plasma (20,21). This step is typically followed by centrifugation to
separate the precipitates from the liquid phase (see Figure 2.3) (20,21,45).
Kukyenlik et al. designed an on-line SPE-LC-MS/MS method in which no
precipitation step was required, thereby greatly reducing sample handling
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time. Only the addition of formic acid to the sample in the vial prior fo analysis
was required (22,46). Flaherty et al. designed a automated high-throughput
acetonitrile method based on protein precipitation arrayed in a 96 wells setup
(20). Column eluates were analysed directly without further pre-tfreatment or
concentration of the sample. The various precipitation methods may have
specific (dis)yadvantages (21,45) and scientists should carefully evaluate the
selected method. Karrman et al. found that formic acid was more effective
for red blood cell precipitation than acetonitrile and trichloroacetic acid (45).
Acetonitrile increases the elufion strength of the sample and should be
removed as otherwise it and may cause breakthrough in a SPE sample
enrichment procedure. Trichloroacetic acid can co-precipitate hydrophobic
acids and can result in loss of sensitivity in the instrumental determination due
to abundant cluster formation in the mass spectra (27).

Extraction of PFCs

Due to their different polarities, the PFCs mentioned in Table 2.5 require
different extraction strategies. The ionic PFCAs and PFSAs require moderately
polar media (Oasis WAX SPE or methanol and acetonitrile) for efficiently
trapping of water soluble short-chain (C4-C6) compounds. For longer chains,
less polar or non-polar SPE phases (C18 and Oasis HLB) may be applied. When
an ion-pairing agent is used that decreases the polarity of the ion pair
complex, a non-polar solvent (MTBE) may be used. Non-ionic PFCs may be
extracted from the matrix by non-polar media (C18 SPE or hexane). Moderate
polar media (Oasis HLB and Oasis WAX SPE, a hexane-acetone mixture or
acetonitrile) have also been applied for extraction of non-ionic PFCs.

Water (including wastewater)

PFCs concentrations reported in water cover a range of several orders of
magnitude. Schuliz et al. found concentrations up to 32 ug/L in groundwater
contaminated with aqueous fire fighting foams using a direct injection
technique without sample enrichment (47). In most cases, lower
concentrations (ng-pg/L (26)) are found, requiring enrichment of the sample.
Both LLE and SPE are suitable for this purpose. A wide variety of SPE methods
have been reported for sample extraction and clean-up of water samples
(Table 2.6). Different column types have been used, including purely
hydrophobic (C18) (48-50), mixed hydrophobic/polar (e.g. Oasis HLB) (18,31)
and WAX-type phases (37). Taniyashu et al. evaluated Oasis HLB and Oasis-
WAX columns for the extraction of PFCs. In general, the performance of these
columns was comparable. Recoveries were good (70-100%) for most
compounds.
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Table 2.6 Typical extraction and clean-up techniques for water, wastewater, influent

and effluents.
PFCA PFSA Other Sample Pre- Extraction SPE elution Instrumental Sample Ref.
Type treatment solvent determina- intake (mL)
tion / LOQe
(ng/L)
8.9 4,68 PFOSA, Seawater Filtration  SPE: Oasis HLB Methanol  LC-ESI-MS/MS 1000 /0.4-5.2 (18)
6:2 FTS and C18 pg/L (LOD)
6-12 8,10 PFOSA, Waste- None LLE with MTBE Na LC-ESI-MS/MS 900 /0.94-16 (28)
NEtFOSA water, after addition of
river water 50 g/L NaCl and
sulphuric acid
(pH=4)
4-12, 8,64 10:1,7:1 Water Filtration  SPE: Oasis HLB 0.1% LC-ESI-MS/MS | 100-200 / 3n
14,1618 FTOH, and Oasis WAX  NH4OH/ 0.004-4 (LOD)
8:2 FTICA PFOSA, methanol
8:2 FTUCA NEtFOSA
Na Na 6:2,8:2 Water Na LLE (acetonitrile  Na LC-ESI- 3/2-3 37
and 10:2 or MTBE) MS(/MS)
FTOH
4,6,8,10 6-10 PFOSA, Municipal Centrifu-  On-line SPE: C18 Methanol/ LC-ESI-MS/MS 0.5/ 0.5 (42)
6:2FTS  \waste- gation water/NHsA
water c
3-10 Na Na Rainwater Meth. 1. Meth 1. Meth 2/3. Meth 1. GC- Meth 1. 43)
Concen-  Difluoroanilide Methanol ~ MS 5007/0,15-0,3
fration derivatisation, Meth 2/3. LC- Meth 2. 300 /
(rotary followed by LLE ESI-MS/MS 0.5 ng/I
evapora- (ethylacetate) (OASIS HLB)
tor) and Meth 2. Oasis Meth 3.34 L/
adjust- HLB 0.01
ment pH 2 Meth 3. XAD-7
resin
6-8 4-8  4:2,6:2, Military Centrifu-  Na Na Direct Na /0.5-0.6 7
8:2FIS base gation injection, ug/L
ground- LC-ESI-MS/MS
water
Na 8 Na River Cenftrifu-  On-line furbulent Na LC-APPI-MS  1/18 (48)
water gation flow
chromatography
on C18 column
6:2,8:2, 8 Na Rainwater None SPE: C18 Methanol  LC-ESI-MS/MS 4L /0.08-7.2 (50)
10:2 FTCA, (LOD)
6:2,8:2,
10:2
FTUCA
8-11, 13 Na Na Water Centrifuga SPE: C18 Methanol  LC-ESI-MS/MS 40 / 25 52
fion
4-8 3.4.6, Na Water Nr SPE styrene- Methanol  LC- 100 / ~50 ug/L (53)
8 divinyloenzene conductivity | (LOD)
copolymer)
7.8.10 Na  Na Aqueous Na SPME (PDMS), Na GC-NCI-MS  5/20 (7))
derivatisation
using TBA

Na, not applicable; Nr, not reported
a Sample intake in mL and LOQ in ng/mL unless otherwise specified
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Short chain PFCAs (C4-C6) were only efficiently trapped by an Oasis-WAX
column. The recoveries for the long chain PFCAs acids & C11), PFOSA,
NEtFOSA and the 7:1 and 10:1 FTOH were <70% (spiked water sample) on
both column types (31). Losses due to evaporation during analysis, and
adsorption to the PP sample container surface as discussed earlier were
suggested causes for the lower recoveries. Yamashita et al. developed a very
sensitive SPE method (pg/L level) for 7 PFCs based on Oasis HLB SPE for
seawater samples (18). In order to improve the sensitivity, they extensively
identified and eliminated blank contributions from filters, chemicals, sample
vials and septa, resulting in detection limits of 0.4-5.2 pg/L (1000 ml sample
intake). Yet very sensitive, the method was somewhat less accurate than the
above method by Taniyashu et al.. Recoveries (spiked HPLC-grade water)
were good for PFNA, PFBS, PFHxS and PFOS, but high for PFOA (147%) and 6:2
FTS (137%) and low for PFOSA (61%). Gonzalez-Barreiro et al. developed a
liquid-liquid extraction (LLE) method for extraction of 7 PFCAs (C6-C12), PFOS,
PFDS, PFOSA and NEtFOSA from tap water and waste water (28). They have
extracted 900 mL water samples within the PP sample bottle, allowing for
total-water extraction (water soluble and particle associated PFCs). This
method may furthermore be capable for extraction of PFCs that may have
adsorbed on the sample bottle interior during transportation and storage.
They evaluated the extraction solvents n-hexane, MTBE and trichloromethane.
Trichloromethane and n-hexane yielded very low recoveries except for PFDS
and PFOSA. MTBE was the solvent of choice and the extraction accuracies of
all compounds was improved by addition of sodium chloride (NaCl, 50 g/L)
and acidification of the sample to pH=4 (sulfuric acid). Recoveries (based on
spikes to waste water and tap water) were ca 40-70% for PFHXA and PFHpA,
whereas for the other compounds (C8-12 PFCAs; PFOS, PFDS, PFOSA and
NEtFOSA), recoveries were approx. 70-100%, all obtained with good precision.
Compared to the performance of Oasis-HLB or WAX columns (31), the
method was slightly less efficient in frapping short chain PFCAs but longer
chains (C11-12) were beftter trapped. LLE with acetonitrle or MTBE was
employed by Szostek et al. for the extraction of FTOHs (37). After extraction,
the water-acetonitrile extract or the MTBE extract was fransferred to the LC-
vial for analysis. The MTBE extract was mixed 1:1 (v/v) with MeOH-water (1:1
v/v) to obtain a single phase suitable for injection in the LC-system. Seawater
was best extracted with MTBE, as acetonitrile resulted in problems with
chromatography and detection due fto matrix effects. Using this simple
method, detection limits on a single-quad MS system were ca 1 ng/mL, being
approx. 10 times less sensitive compared to a ftriple-quad MS system.
Recoveries in spiked water samples were good (71-120%) and precision was
generally less than 6%, showing the suitability of this method for analysis of
FTOHs. Takino et al. (48) used an automated on-line exfraction technique
using turbulent flow chromatography (TFC) for the determination of PFOS in
river water. PFOS was frapped on the TFC column and subsequently
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backflushed in the LC-atmospheric pressure photo ionization (APPD-MS. With a
sample intake of only 1 ml river water, they achieved an LOQ of 18 ng/L
(recovery of spiked river waters 94-97%), making the method a rapid
tfechnique for analysis when no pg/L sensitivity is required. Schultz ef al.
recently reported on a large volume injection (LVI) method for the analysis of
11 PFCs in municipal wastewaters (57). Using a PEEK tubing loop, they loaded
500 pl sample on a C18 guard cartridge. By switching to the methanol -
aqueous NHsAc mobile phase, the compounds were eluted onto a C18
analytical column and separated. The LOQ of this simple and rapid method
was good (0.5 ng/L). Recoveries (based on spiked influent and effluent) were
good (82-100%) for PFBS to PFDS, PFHxA to PFDA, 6:2 FTS and PFOSA. Whether
or not this method would be suitable for short chain PFCAs was not reported.
Although many papers report on the SPE enrichment of the samples affer
tfransportation of the water sample to the laboratory, enrichment can already
take place in the field. Scott et al. employed a large volume sampler based
on an XAD-7 resin, being capable of enriching ca 35 liters of Lake Superior
water (43). After derivatisation of the PFCAs with 2,4-difluoroanilide derivate,
the derivates were analysed by GC-MS. Doing so, he obtained detection
limits for PFOA of as low as <0.01 ng/l (recoveries 105-140%). They also
reported on another method, which was capable of analyzing very short
chain PFCAs (frifluoroacetic acid, C2, to C9) by extracting 1 liter of water
sample, derivatisation and detection as mentioned above.

Whole blood, serum, plasma and milk

Typical PFCs concentrations found in human blood matrices are in the range
of 0.01-100 ng/mL, with PFOS in the highest concentrations observed
(22,30,55,56). A selection of methods applied can be found in Figure 2.3 and
Table 2.7. Kubwabo et al. (15) and Softani and Minoia (14) applied LLE in
combination with ion-pairing agent of Hansen ef al. (17) for the extraction
PFOA, PFOS and PFOSA from the serum of (non)-occupationally exposed
people. Although the sensitivity is not high 3.6-10 ng/ml at a 1 ml sample
intake), it was sufficient for detection of PFOS and PFOA in most samples. Yet
labor intensive, this method has a certain advantage of a very simple
extraction and clean-up not requiring any sample pre-tfreatment such as
protein precipitation. LLE can also be used for extraction of FTOHs from
plasma. Szostek and Pricket extracted 8:2 FTOH from rat plasma with MTBE
(57). The extract was analysed without further clean-up. Recoveries were 86-
113% and the LOD was estimated at 5 ng/ml.

When using SPE extraction, most of the until now reported methods require
sample pre-treatment to prevent clogging of columns or for removal of e.g.
proteins, which was discussed earlier in this paper. Karrman et al. developed
a SPE/LC-MS method for PFCs in whole blood (45). They tested ten SPE sorbent
materials ranging from non-polar (C18) to medium polar (Ehenyl.
Acceptable to good extraction efficiencies (69-112%) were obtained on C18
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SPE columns for PFCAs (C6-14), PFHxS, PFOS, PFDS and PFOSA, whereas
recoveries for PFBS were <30% (45). This method did not suffer from matrix
effects, which emphasises the potential of this simple method. Holm et al.
reported on a LVI-capillary column-LC-ESI-MS/MS for determination of PFOS
and PFOA in plasma (21). The sample is enriched on-line on a Kromasil C18
packed capillary column and back-flush eluted to the analytical column.
They obtained sub-ng/ml LOQs at a 250 pl sample intake level. The recovery
was estimated at ca 75%. Similar results were obtained by Inoue et al. using a
column switching method for PFOS, PFOA and PFOSA in human plasma
(recoveries 82-99%) (17). Kuklenyik et al. (46) developed an automated high
throughput SPE method for serum and milk, capable of pre-tfreatment of 100
samples per 4 hours. They used Oasis-HLB columns for retention of a wide
range of compounds and found that addifion of formic acid 3 ml, 0.1 M) to
the original sample was required for retention of the PFCs on the column. By
washing the concentrated sample on the column with 3 mL 0.1M formic
acid/methanol (1:1), they got rid of matrix components such as proteins.
Thorough washing of the SPE column after sample application resulted in
considerable losses of short chain PFCAs (C5: 20% and Cé: 60% recovery) as
well as long chains (C10: 70%, C11: 72% and C12: 30% recovery) due to
insufficient binding fo the SPE column. The precision of the complete method
was 10-29% (n=30). The same group later reported on an improved and
automated method for serum analysis, based on-line SPE-LC-negative ion
turbo ion spray-MS/MS (22). The improvements included a wider range of
compounds, better recoveries for short and longer chain PFCAs (improved
yields of 75-114%) and improved precision (75% of the CVs were <15%).
Although they used C18 SPE, they were able to efficiently trap the short chain
compounds, contrary to the earlier discussed methods (see also the water
section). Possibly, the addition of 0.1M formic acid to the matrix has improved
the retention of the compounds on the non-polar SPE column. Furthermore,
the improved recoveries for the short chain PFCAs and the N-substituted
sulfonamides was obtained by elimination of the solvent evaporation step.
This method stands out from before mentioned methods for it’s 10-fold better
LOD (0.05-0.8 ng/ml), while consuming only 100 ul serum. The required sample
pre-tfreatment was sonication with 0.1M formic acid.

The results of the first international interlaboratory study on PFCs in human
samples showed a good comparibility of the different methods applied by
the participants as 61-73% of the participants had satisfactory z-scores for
PFOS and PFOA in blood and plasma (38). This shows that the methods for
these matrices generally include accurate extraction and clean-up of
samples.
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Table 2.7 Typical extraction and clean-up techniques for whole blood, serum, plasma
and milk.

PFCA PFSA Other Sample Pre- Extraction  SPE Instru- Sample Ref.
Type treatment and clean- elution mental intake
up solvent determi- (mL)/LOQ
nation (ng/mL)e
8 8 PFOSA Serum  None IPE (MTBE), na LC-ESI - 1/3.6-48 (19
filtration MS/MS
8 na na Serum  None IPE (MTBE) na LC-APCI- 1/25 14
MS/MS
8 8 PFOSA Plasma | Acetonitrile On-line SPE water/met LC-ESI - 0.3/0.5-1 7
PPb, hanol MS/MS
centrifugation (90/10,
Vv/V)
8 na APFO Serum, Acetonitrile n.a. na direct 0.05/0.5 (20)
plasma PP on PP injection,
columnsina LC-ESI-
96 wells MS/MS
design
8 8 na Plasma  Acetonitrile On-line SPE ACN/H20 LC-ESl-ion 0.25/0.2-0.5 2N
PP, 1:1 dilution (10 mM trap MS (LOD)
NHsAC)
gradient
512 6.8 PFOSA, Serum  Sonication On-line 0.2% LC-TISe- 0.1/0.05-0.8 (22
NMeFOSA, - with 0.1TM (column NHsOH:in  MS/MS (LOD)
AcOHe, formic acid switching) SPE water
NEtPFOSA, (C18)
and — AcOHd,
NMeFOSE,
NEtPFOSE
8- 4,69, PFOSA Whole Formic acid, SPE (C18) Methanol LC-ESI-MS 0.5/04-3 (45)
12,14 10 blood  centrifugation
5-12 6.8  PFOSA, Serum, Sonication SPE (Oasis NHsOH:Ac LC-TIS- 1/0.1-1 (46)
NMeFOSA- milk with 0.TM HLB) N (1:99) MS/MS (LOD)
AcOH, formic acid
NEtFOSA-
AcOH
na na 8:2 FTOH Rat None LLE (MTBE), na GC-EI-MS 025/5 57)
plasma vortexing, (LOD)
centrifugation
6-12, na na Blood, Acetonitrile  LSE na LC-ESI- 0.1/2ppb (58
14 plasma, PP, (acetonitrile) MS/MS
serum  centrifugation and dispersive

Na, not applicable; Nr, not recorded
a Sample intake in mL and LOQ presented (in ng/mL) unless otherwise specified
b Protein precipitation
¢ N-methyl perfluorooctane sulfonamido acetic acid
d N-ethyl perfluorooctane sulfonamido acetic acid

e Turbo lon Spray

Envi-carb,
centrifugation
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Sewage sludge, sediment, soil and suspended matter

Typical PFCs concentrations in sediments range from approx. 10 pg/g to the
mid-ng/g range (39,59-61), whereas concentrations in sewage sludge may be
much higher ranging from low ng/g o low ug/g range (16,39).

Figure 2.3 and Table 2.8 show a selection of methods developed for abiotic
solid matrices. Powley et al. developed a virtually matrix-effect free LSE
extraction and clean-up method for C6 to C14 PFCAs in soil, sediment and
sludge matrices (62). The target compounds are extracted from the matrix by
soaking the sample with water under basic conditions (200 mM NaOH). After
addition of MeOH to the soaked sample, the exiraction was performed by
shaking for 30 minutes. The extract was afterwards neutralized by addition of
HCI.

Table 2.8 Typical extraction and clean-up techniques for sediment, soil and sewage

sludge.
PFCA PFSA Other Sample Pre- Extraction Clean-up Instrumental Sample Ref
type treat- determina- intake (g) /
ment tion LOQ (ng/g)°
8-12, 6.,8,10 PFOSAAP,  Sediment Drying 2 acid washes SPE C18, LC-ESI-MS/MS | Sediment 1/ (16)
14 Me-FOSAA¢S, and and extractions eluted with 0.01-0.25
Et-PFOSAA9 sludge MeOH-acetic Sludge 0.1/
acid (1%) 0.6-2.2
8 8 Various Sludge  Drying PLE, Soxhlet na LC-APCI-MS  2/10-20 ug/g (19
others and steam or dw

disfillation, Flow injection

various solvent analysis-MS

compositions
Na Na 8:2 FTOH Soil Na LSE (Acetone Dispersive LC-ESI-MS/MS | Nr (36)

or 20 mM Envi-carb

NaOH (90/10

V/V)

acetonitrile/

water)
69 4,68, PFOSA Sediment Drying PLE (methanol) Na LC-ESI-TOF-MS 5 / 7-200 (39)

10 , sludge

78,10, Na Na Sediment Drying, PLE (Acetone, SPME (PDMS) GC-NCI-MS 3/1.3-2.6 (60)
12 sieving MeOH 1:3),

derivatisation

(alkyl ester)
6-12, Na Na Soail, Soaking LSE (methanol), Dispersive LC-ESI-MS/MS 5/ 1 ppb 62
14 sediment, with HCI Envi-carb,

sludge NaOH in neutralisation  centrifugation
water

Na, not applicable

Nr, not recorded

a Sample infake in g and LO&Q presented (in ng/g) unless otherwise specified
b Perfluorooctane sulfonamido acetic acid

¢ N-methyl perfluorooctane sulfonamido acetic acid

d N-ethyl perfluorooctane sulfonamido acetic acid
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After clean-up using active carbon, the exfract was ready for analysis.
Although extraction and clean-up involves several steps, the method is
sensitive (1 ng/g) and method recoveries were good for all chain lengths (75-
120%) and various fests showed that the method did not suffer from matrix
effects. The method, initially developed for PFCAs, was later adapted for
inclusion of the PFSAs and PFOSA within the framework of the EU funded
PERFORCE project (www.science.uva.nl/perforce). A slightly different method
was applied by Higgins et al. (16) for exiraction of ionic and non-ionic PFCs
from sediment and sludge. The sample was washed with acetic acid and
subsequently extracted with a 90:10 (v/v) methanol-acetic acid (1%) mixture.
Clean-up was performed with C18 SPE. They showed that 2-3 repetitive
extractions were sufficient for obtaining all extractable PFCs (>95%) from the
matrix. The method recoveries ranged from 73-98% (dry sediment) and 56-93%
(reconstituted wet sediment) 41-91 (digested sludge) and 37-98% (primary
sludge). The lowest recoveries were obtained for PFHxS and >C10 PFCAs. The
authors indicated that analyte losses may have occurred due to inefficient
extraction from the environmental solids, insufficient retention and/or elutfion
during the SPE clean-up, and suppression of signal due to matrix effects
during LC/MS/MS analysis (matrix effects were most pronounced for the long
chain PFCAs). Although the method suffered from some uncontrolled
accuracies, it was very sensitive (0.01-0.25 ng/g for sediment). A LSE method
was also applied for extraction of 8:2 FTOH that was applied to soils in a
partitioning experiment (36). They found extraction efficiencies up to 95% (of
the applied 8:2 FTOH) when 10-24% acetone was added to the solvent
mixture.

PLE has widely been employed for extraction (and clean-up) of classical
POPs, metals, oils, natural toxins (63-65) and linear alkylbenzene sulfonates
(LAS) and alkylphenol type surfactants (65). The benefits of PLE are
automation, short extraction times, high throughput and possibilities for
efficiently combining extraction and clean-up within the extraction cell
(65,66). Despite it's potential, PLE was only used in limited number of PFCs
studies (19,60,67). A wider application of PLE is hindered by the considerable
amounts of PTFE tubing in the instrument, resulting in unacceptable blank
contributions for several PFCAs. PLE can therefore only be applied to highly
contaminated samples unless the PFCA contribution originating from the PTFE
tubing is dramatically reduced (e.g. by replacement of the tubing by stainless
steel). Schréder investigated the efficiency of Soxhlet extraction, PLE and
steam distillation in combination with a wide range of extraction solvents for
the extraction of PFOS and PFOA from sewage sludge (719). He found that
sequential application of solvent mixtures (PLE with ethylacetate/
dimethylformamide and methanol/phosphoric acid) was essential for the
exhaustive extraction of the sludge samples. With slight changes in the
extraction parameters, large variance was observed in the recoveries (17-
319%). indication that the method was not robust yet. Alzaga et al. (60)
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analysed PFCAs (C7, 8, 10 and 12) in harbour sediments by extraction of the
acids using PLE (acetone-methanol 1:3 mixture), subsequent derivatisation to
alkylesters, concentration of the volatile derivatives on an SPME fibre and
analysis by GC-NCI-MS. Extraction efficiencies increased with increasing chain
length (C7 to C10, ca 70 to 100%) and the optimum temperature was found
at 100°C. The exiraction solvent mixture may not be suitable for the very short
chain PFCAs. It is, however, not likely that these polar short chains sorb to
sediments to a large degree. Procedural blanks were reported to be below
the method LOQ (0.5-0.8 ng/Q). A drawback of this method is that many
analytical steps are required, especially affer the exiraction, making the
method rather laborious. Kallenborn ef al. (39) applied PLE to sewage sludge
and sediment samples using methanol (3 cycles, 17 min/cycle, 150°C, 2000
psi). The extracts were analysed without further purification. The LOQ was
highest for PFOA (200 ng/Q). based on 5 fimes the highest PFOA
concentration in a field blank. The possible source for that high background
was not recorded, but may be associated with contamination from PTFE parts
in the PLE instrument.

Higgins and Luthy investigated the sorption of anionic PFCs fo sediments (68).
They found that adsorption increases with decreasing solution pH and
increasing Ca?* cation concentration. Furthermore, sorption was positively
correlated with organic carbon content. Lui and Lee also found indications
that sorption of 8:2 FTOH was related to the organic carbon content in soil
(through hydrophobic interactions) (36). In a sediment-solvent system, spiked
8:2 FTOH sorbed to the sail (irreversibly), increasing with time. Less than 50% of
the FTOH could be recovered after a 72 hour period. These studies show that
hydrophobic interactions with organic carbon and electrostatic interactions
should not be neglected when developing exhaustive extraction procedures
for soils, sediments and sludges.

Biota

The IPE method of Hansen et al.(29) is widely applied in the past. The method
(see Table 2.9) is based on ion-pairing of the target compounds with TBA and
subsequent extraction with MTBE (3 times for exhaustive extraction). A simple
filtration step was included prior to LC-ESI-MS/MS injection to remove solids
from the extract. This method has been applied for the extraction of a wide
range of biota (8,9,69), such as seal blubber, fish liver and polar bear.
However, this method has shown to have some disadvantages, such as (i) co-
extraction of lipids and other (disturbing) matrix constituents and the absence
of a clean-up step to overcome the effects of matrix compounds and (i) the
wide variety of recoveries observed, typically ranging from <50% to >200%.
The latter is believed to be related to matrix effects mentioned above.

To avoid excessive sample handling, Berger and Haukas developed a
straightforward and time-efficient screening technique based on extraction
of the PFCs by the HPLC eluent (methanol/water 50:50; 2 mM ammonium
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acetate). Vortex mixing and sonication for 30 minutes (70). After filtration, the
extracts were analysed by LC-ESI-TOF-MS. The results were comparable to
those of the IPE method. Drawbacks of the method are the limited
applicability for less polar PFCs (such as PFDcS, PFUnA to PFTeA and PFOSA),
which were not efficiently extracted by the polar solvent mixture, resulting in
recoveries of <60%. Furthermore, considerable matrix-effects were observed
(by means of electrospray ionisation suppression or enhancement), but this
was circumvented by matrix matched calibration. Powley ef al. adapted
their before mentioned soil, sludge and sediment method (62) for the
extraction of biota (whole blood, plasma, serum, liver and plant tissue
samples). Basically, the method was simplified as the NaOH treatment and
HCI neutralizing step were left out. Recoveries were in the 80-110% range (58).
Tittlemier et al. reported upon an analytical method for the analysis of PFOSA,
N-EtPFOSA and N,N-Et2PFOSA in fish and mammal liver samples (71). These
lipid-soluble non-ionic PFCs can be extracted with similar methods as applied

Table 2.9 Typical extraction and clean-up techniques for biological tissues.

PFCA PFSA Other Sample Pre- Extraction Clean-up Instrumental Sample Ref
Type treat- and clean- determina- intake (g) /
ment up tion LOQ (ng/g)°
8 6,8 PFOSA Rabbit and | 1:5 mixing IPE (with TBA, Na LC-ESI-MS/MS 1/ 1-9 29)
rat liver with MTBE
Milli-Q extraction)
Na Na  8:2 FTOH Rat liver, Na LSE (hexane) Silica column GC-EI-MS 0.5/4-12 57)
kidney and (LOD)
adipose
fissue
6-12, Na Na Liver, plant  Na LSE Dispersive LC-ESI-MS/MS |1/ 2-5 ppb 58
14 fissue (methanol)  Envi-carb,
centrifugation
6-13 4,68, PFOSA, Fish and Na LSE (1:1 Filtfration LC-ESI-TOF-MS 1 /0.04-10 (70)
10 6:2 FTS bird liver methanol: (LOD)
water (2mM
NHsOAC)
Na Na  PFOSA, Fast food, Na Soxhlet H2SO4 GC-PCI-MS 10/0.33-0.83 (/1)
N-EtPFOSA, fish fillet and extraction washing, silica  (He)
N,N- marine (hexane- column
EfPFOSAP  mammal acetone 2:1) (elution with
liver tissue dichloro-
methane)
8-12 68 Na Fish, fish liver Na IPE (with TBA, Silica column LC-ESI-ion 10/ 1-6 72
MTBE (elution with  trapMS(/MS)

exfraction) acetone)

Na, not applicable
a Sample intake in g and LOQ presented (in ng/g) unless otherwise specified
b N,N-diethyl perfluorooctane sulfonamide
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for the classical POPs. The authors applied Soxhlet extraction with a hexane-
acetone solvent mixture (2:1 (v/v)). The crude extract was dried over sodium
sulfate (71), prior to further clean-up and detection with GC-PCI-MS. Average
recoveries for the 3 target compounds were 83-89%, which was better than
the results they obtained by the IPE method. Szostek ef al. developed a simple
determination of 8:2 FTOH for analysis of rat tissues and plasma. 8:2 FTOH was
extracted from biological tissues with hexane and perchloric acid, followed
by siica column clean-up. Recoveries obtained at different spiking
concentrations were 90-102% for plasma and 63-113% for tissues. LODs were 4-
12 ng/g for fissues and 5 ng/ml for plasma. Polytron extraction should be
avoided to prevent losses of analyte (57).

Air

The aerial transportation of volatile PFCs may play an important role in the
tfranslocation of these chemicals to e.g. the Arctic. Several studies have been
dedicated to the atmospheric chemistry of volatile PFCs (3,73-75) in order to
investigate this route of environmental exposure. Furthermore, knowledge on
the PFCs levels in (indoor) air is of importance for human exposure studies.

Two recent studies showed that FTOHs preferentially partitioning in the
gaseous phase, whereas FOSE/A compounds can be found in the particulate
phase to a much larger extent (up to 90%) (76.77). The analytical chemistry
discussion here will be limited to gaseous air phase. Sampling is mostly based
on flow through large volume samplers. Typical PFC concentrations in air are
in the low-mid pg/m?3 range. The sorbents in the flow through samplers
retaining the volatile PFCs are XAD resin sandwiched between polyurethane
(PUF) plugs (76,78,79) or just PUF plugs (80). Jahnke et al. extensively validated
the performance of their sampling and analytfical procedures (76).
Breakthrough experiments showed that the very volafile FTOHs were not
completely trapped in their PUF/XAD train, with largest losses encountered for
4:2 FTOH. A variety of recovery tests were performed, showing that recoveries
were around 100% for 6:2 perfluorooctyl acrylate, 6:2-10:2 FTOHs and FOSAs,
whereas losses were found for 4:2 FTOH and PFOSA. Considerable recoveries
(up to 300%) were found for the FOSEs. These elevated recoveries were
recently also found in another study (77). Jahnke et al. (81) evaluated
sampling by the use of SPE cartridges (Isolute Env+) in a flow-through set-up.
No break-through was found for all compounds, but recoveries were more
variable that in the PUF/XAD setup (76). Shoeib et al. evaluated the use of
passive air samplers (82). Although this set-up is simple to handle and operate
in the field, the parallel operation of flow-through samplers was required to
cdalibrate the passive air samplers.

Extraction of the XAD resins and/or PUF plugs is done by (a combination of)
medium polar organic solvents (see Table 2.10) like methanol, petroleumether
and ethylacetate. An Env+ SPE column was eluted with ethylacetate. After
(purification,) simple filtration and concentration steps, the final extracts were
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analysed by GC-MS with El, NCI and PCI ionisation. Prior to the sampling, the
XAD resins and PUF plugs require thorough precleaning. Several procedures
have been applied, including washes with ultrapure water and NaOH and
multiple day Soxhlet extractions with different organic solvents (78-80).
Particulate matter in flow through samplers is mostly collected by quartz or
glass fiber filters (GFF). Air particles can be analysed in the same way as solid
samples (e.g. extraction with methanol (83) or ethylacetate (76)). Barton et al.
sampled air next to a manufacturing facility using a high volume cascade
impactor which fractionates the particulate matter in different particle sizes.
Using this device, they determined that approx. 60% of the PFOA was
associated with the <0.28 um particulate size (84).

Table 2.10 Typical sampling, exfraction and clean-up techniques for air.

FTOHs Other Sampling Extraction from Instrumental Sample intake Ref.
(extraction of air) the sampler determination  (m3) / LOQ
and clean-up (pg/m?) @
4:2,6:2,8:2, NEtFOSA/E, PUF, XAD-2 and Ethylacetate GC-PCI-MS 1160 / 0.2-2.5 76
10:2 NMeFOSA/E,  glass fiber filters
PFOSA, 6:2
PFOACcP
4:2,6:2,8:2, NEtFOSE, PUF, XAD and glass  Petroleumether-  GC-PCI-MS 300, 0.3-3.5 77
10:2 NMeFOSE, fiber filters acetone 50/50%, (LOD)
NMeFOSEA® alumina column
clean-up
4:2,6:2,8:2, NEtFOSA/E, PUF, XAD and Methanol, GC-NCI/PCI-MS  600-850 / 0.15- 78
10:2 NMeFOSE, quartz fiber filters ethylacetate 6.2
PFOSFd Glass wool
filtfration
62,82, NEtFOSA/E, PUF, XAD and Nylon filfration GC-NCI/PCI-MS 500-1600 / 2-14 (42
10:2 NMeFOSE, quartz fiber filters
Na NEtFOSE, PUF plugs and glass | Soxhlet extraction  GC-EI/NCI-MS 100-600 / <0.3-20 ' (80)
NMeFOSE, fiber filters (petroleumether),
NMeFOSEA filtration
4:2,6:2,82, 10:2 FT-olefine, Isolute Env+ SPE Elution with GC-PCl/ 50/ 3-189 (LOD) (81)
10:2 NEtFOSA/E, ethylacetate NCI-MS/MS
NMeFOSA/E
Na NEtFOSA, Passive sampler Soxhlet extraction GC-EI/NCI-MS Na (82
NMeFOSA/E, | (PUF disk) (petroleumether),
NMe-FOSEA filtration

Na, not applicable

a Sample intake in m3 and LOQ presented (in pg/m?) unless otherwise specified

b 1H, 1H,2H,2H-perfluoro octyl acrylate

¢ N-methylperfluorooctane sulfonamido ethylacrylate
d perfluorosulfonylfiuoride

e 1H, 1H,2H,2H-perfluoro-1-dodecene
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Clean-up strategies

For various sample types (e.g. fish liver, lipid rich samples, sediments, sewage
sludge samples) extracts require further clean-up to remove co-exiracted
lipids and other matrix constituents. Without further clean-up, this may lead to
enhancement or suppression of the electrospray ionization, resulting in
inaccuracies (70). The first international interlaboratory study on PFCs in
environmental matrices showed that these matrix effects may cause large
inaccuracies (38).

Clean-up of water samples is generally performed by a washing step affter
sample enrichment on the SPE cartridge. Simcik et al. performed addifional
clean-up by fluorous silica column chromatography for purification of surface
water extracts, prior to LC-ESI-MS (85). Flourous silica can selectively isolate
PFCs from a matrix with potential interferences. After washing the column with
20% methanol in MTBE, they eluted the PFCs with tetrahydrofuran and
methanol. With recoveries on 98% (spiked after clean-up), they showed that
this method adequately removed interfering compounds.

Abiotic matrices (soil, sediment, sewage sludge) can be cleaned-up by
addition of Envi-carb (graphitized carbon) and 50 ul glacial acetic acid (58).
Higgins et al. cleaned their sediment extracts by C18-SPE. After loading the
crude sample extract, the cartridge was washed with Milli-Q water and the
target compounds were eluted with 4 mL MeCOH.

As a final clean-up step, extracts may be filtrated over e.g. nylon filters to
remove solids from the final extract (see Figure 2.3), but care should be taken
to avoid PFC losses or contfamination of the sample extract. Yamashita ef al.
tested several nylon filter types used for removal of solids from the final extract
and found that some filters contained trace amounts of PFOS and PFOA (86).
A simple methanol washing step reduced the filter-originating PFOS and PFOA
to <LOQ. A nylon syringe filter is commonly applied for water filtfration (18,31).
The co-extraction of lipids from biological matrices can be reduced by the
use of medium polar extraction solvents such as methanol and acetonitrile
(68,70). Powley et al. developed a clean-up strategy for biological matrices
(blood, plasma, serum, liver and plant tissue) by purification of the crude
extract with 25 mg Envi-carb and 50 ul glacial acetic acid (68). The IPE
extraction method co-extracts lipids from biological matrices. Strategies for
removal of these lipids include sulfuric acid washing and subsequent silica-
column chromatography (combination of acidic and neutral silica, and
elution with dichloromethane), as demonstrated by Tittlemier ef al. (71). Van
Leeuwen ef al. developed a direct silica column clean-up for lipid rich fish
samples such as herring and eel. They eluted the lipids with dichloromethane,
while the target compounds (PFCAs and PFSAs) were eluted with acetone.
PFOSA was not recovered using this method as it co-eluted with the lipids.
Silica column chromatography was also used for clean-up of other matrices
such as of rat liver and kidney tissues (67) and sample extracts (after
derivatisation of PFCAs to difluoroaniline derivates) (43,87). Finally, proteins
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and lipids can be destroyed by KOH digestion of the biota sample prior to SPE
sample enrichment (317,88).

For air samples, clean-up of extracts is not commonly applied, although a
recent study indicated that matrix effects may play a role in the instrumental
determination of FOSA/Es (81). Shoeib et al. performed an alumina column
clean-up for their air sample extracts for improvement of the chromatograms.
During sample manipulation care should be token to avoid losses of
sulfonamides (22) and TH-PFOS (46), FTOHs (57,76) and short chain PFCAs (46)
when extracts are concentrated by evaporation. Losses may be avoided by
using a keeper solvent and by not blowing the extract down to dryness.

Instrumental determination by LC-MS(/MS) or GC-MS(/MS)

Most studies focus on the analysis of PFCAs, PFSAs and PFOSA and employed
LC-MS/MS for final determination. LC-ESI-MS(/MS) combined with a selective
extraction and clean-up provides a sensitive and selective method for
detection of PFCAs and PFSAs. Furthermore, LC-ESI-MS(/MS) can also be
employed for detection of PFOSA, N-EtFOSA, N-MeFOSA, N-EtFOSE, N-MeFOSE
and the FTOHs. Therefore, broad multi-PFC detection methods can be
developed using LC-ESI-MS(/MS) detection. Some disadvantages of LC-ESI-
MS(/MS) are (i) electrospray ionization enhancement or suppression (matrix
effects) (25) and (i) poor ionization yields for non-ionic FOSA/FOSE type PFCs,
reducing the sensitivity when detected by ESI-MS (25). The matrix effects can
be overcome by using a selective clean-up step that removes the
intferferences. Furthermore, the use of mass labeled standards corrects for
matrix effects. A mass labeled internal standard should be used for every
compound of inferest (89). The chromatography is mostly performed on
reversed phase (C18) columns (23), although some studies used a fluorinated
reversed phase column for additional selectivity (19). Because of sample
interferences (e.g. in liver) (25), the MS detection should also be selective.
Therefore, most laboratories employ triple quadrupole MS/MS, time-of-flight
(TOF) MS or ion trap MS(/MS). Several transitions have been reported and
allow for selective MS/MS (24). But even then, interferences may occur as was
recently reported by (90). They reporte taurodeoxycholate isomers as
inferference on the 499->80 transition (for PFOS) and pregnancy hormones
interfere on the PFHxS transitions (5-pregnan-3,20-diol-3-sulfate inferferes on
the 399->80 tfransition and the natural isotope 34S-3-hydroxy-5-pregnan-20-
one sulfate on the 399->99 transition). For these reasons, care should be taken
fo minimize the influence of interferences. Single quadrupole MS should not
be used unless it has been ensured that no interferences occur, or their effect
is minimised. Generally, the sum of linear and branched PFOS isomers is
determined and reported. However, isomer separation is feasible and with
the recent availability of the individual PFOS isomers (www.well-labs.com), it is
now possible to quantitatively determine isomer profiles (20).
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GC-MS in combination with positive or negative chemical ionization (PCI, NCI)
has limited applicability for PFC analysis. It is mainly used for sensitive analysis
of the non-ionic (volatile) PFCs like PFOSA and N-ethyl-FOSA, N-methyl-FOSA,
N-ethyl-FOSE, N-methyl-FOSE and the 6:2, 8:2 and 10:2 FTOHs (57.71,78).
Detection of PFCAs is also feasible, but only aofter derivatisating to
methylesters, butylesters or 2.4-difluoroanilides (recently reviewed by De
Voogt and Saez (23)). Derivatisation techniques improve the selectivity of the
analytical method, thereby reducing disturbing matrix effects. Selectivity is
further improved with the application of CI-MS detection. With GC it is also
possible to separate branched PFCA isomers (87), but no standards are
available for quantitative determination. PFSAs cannot be analysed by GC-
MS as it is difficult fo create sufficiently stable PFSA derivates, suitable for GC
analysis.

Conclusions

In less than a decade of PFC research, a wide variety of methods have been
developed that enable the extraction and clean-up of all relevant
environmental matrices. Solid phase extraction (SPE) is the method of choice
for liquid samples (e.g. water, blood, serum, plasma), and may be automated
in an on-line set-up for (large volume) sample enrichment and sample clean-
up. Prior to SPE, sample pre-treatment (filtration or centrifugation for water or
protein precipitation for blood) may be required. Liquid-liquid extraction can
also be used for liquid sample extraction (and does not require above
mentioned sample pretreatment). Solid-liquid exiraction is the commonly
applied method for solid matrices (biota, sludge, soil, sediment), but
automation options are limited due to contamination from
polytetrafluorethylene tubings and parts applied in extraction equipment. Air
is generally preconcentrated on XAD-resins sandwiched between
polyurethane foam plugs. Clean-up of crude extracts is essential for
destruction and removal of lipids and other co-extractives that may interfere
in the instrumental determination. SPE, (fluorous) silica column chromao-
tography, dispersive graphitized carbon and destructive methods such as
sulphuric acid or KOH treatment can be applied for clean-up of exiracts.
Care should be taken to avoid contamination (e.g. from sample bofttles,
filters, equipment) and losses of PFCAs (e.g. adsorption, volatilization) during
sampling, extraction and clean-up. Storage at -20°C is generally appropriate
for conservation of samples.

Although many methods are currently already available, it is not yet
conclusive which method performs best in a specific matrix. In many cases,
methods can be developed further to improve accuracy (i.e. reduce matrix
interferences, reduce losses of target analytes) and to enlarge the scope (.e.
number of target analytes and sample types). Further automation of methods
will improve the applicability in routine laboratories.
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Chapter 3

3.1 Validation of bioanalytical and chemical
screening methods for dioxins and dioxin-like
PCBs4

Abstract

The European research project DIFFERENCE focused on the development,
optimisation and validation of screening methods for dioxin analysis, including
bio-analytical and chemical fechniques (Chemical Activated Luciferase
Gene Expression (CALUX), GC- Low Resolution Mass Spectrometry (GC-
LRMS/MS) and comprehensive multi-dimensional GC with Electron Capture
Detection (GCxGC-ECD) and on the optimisation and validation of new
extraction and clean-up procedures. The performance of these techniques
was assessed in an international validation study and the results were
compared with the reference technique GC- high resolution (HR)MS. This
sfudy was set up in three rounds and was in accordance with the
International Harmonized Protocol for Proficiency Studies and the ISO 5725
standard. The results are very promising, in particular for GC-LRMS/MS. The
results obtained with this technique were as accurate and precise as the
results reported by the labs using GC-HRMS. A major advantage of the MS
techniques (over GCxGC-ECD and CALUX) is the use of 13C-labeled
analogues as internal standards. The initial results reported for GCxGC-ECD
overestimate the dioxin concentrations in the samples (quality control spiked
vegetable oil (QC-ail), milk and fish cil), probably due to insufficiently low
quantification limits for dioxins combined with reporting upperbound values.
GCxGC-ECD z-scores of a herring tissue sample were well below <121. The
results reported by the labs using the CALUX technique underestimate the
total TEQ concentrations in a spiked vegetable oil sample, but CALUX
overestimated results in milk, fish oil and herring samples. Application of a
recovery correction improved the accuracy, but a considerable
overestimation remained. The repeatability of the CALUX is significantly worse
than that of the other screening techniques.

It was shown that Accelerated Solvent Extraction (ASE) is a valid alternative
extraction and clean-up procedure for fish oil and vegetable oil. The results
obtained with CALUX and GC-HRMS after ASE were equivalent to those
obtained with classical extraction and purification procedures. GC-HRMS
results of a herring fissue exiracted with ASE showed a considerable

4 Based on J. van Loco, S.P.J. van Leeuwen, P. Roos, S. Carbonnelle, J. de Boer, L. Goeyens & H.
Beernaert (2004) The international validation of bio- and chemical- analytical screening methods for
dioxins and dioxin-like PCBs: the DIFFERENCE project rounds 1 and 2. Talanta, 63, 1169-1182 and
additional data from the DIFFERENCE final project report (round 3).
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underestimation (z=-3.1). More research is needed 1o find the possible causes
of this underestimation.

Infroduction

The European research project DIFFERENCE (Dioxins in Food and Feed
Reference Methods and New Certified Reference Materials) aimed at the
development, optimisation and validation of screening methods for dioxin
analysis in food and feed, including bio-analytical and chemical techniques
(Chemical Activated Luciferase Gene Expression (CALUX); GC- Low
Resolution Mass Spectrometry (GC-LRMS/MS) and multi-dimensional GC with
Electron Capture Detection (GCxGC-ECD). In addition, it aimed at the
optimisation and validation of new extraction and clean-up procedures such
as Accelerated Solvent Extraction (ASE) (also referred to as Pressurised Liquid
Extraction (PLE)). Furthermore the project focussed on the feasibility testing of
the production and certification of five high quality certified reference
materials (CRMs) for dioxins, furans, indicator PCBs and dioxin-like PCBs (dI-
PCBs) in food and animal feed.

The purpose of the validation protocol in the DIFFERENCE project was to
ensure that the bio-analytical and chemical analytical screening methods for
dioxins and dI-PCBs respond to the EU criteria. Screening methods are used fo
distinguish between compliant and non-compliant samples. The requirements
for analytical methods for the official control of dioxins and dioxin-like PCBs in
food and feeding stuffs are laid down in the EU commission regulation
1883/2006 and 152/2009 (1,2). The analytical procedures must have a high
sensitivity, a low limit of detection and a high accuracy.

This international validation protocol, which is based on the International
Harmonized Protocol for Proficiency Testing (3), provides information about
the accuracy (frueness and precision), ruggedness, detection capability and
selectivity of the biological and chemical analytical screening methods. This
was carried out in three rounds. The first round focussed on the goodness-of-fit
of the calibration curve and on the accuracy of the methods. In round 2 the
detection capability and selectivity were assessed. The robustness and the
accuracy of the methods were evaluated in round 3.

Materials and methods

Validation protocol

The first round primarily focussed on the goodness-of-fit of the calibration
curve and provided the first data concerning repeatability and reproducibility
of the screening methods. The objective of the second round was to assess
the detection capability and selectivity of the method. Information about the
detection capability of the methods was obtained with the procedures
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described in the ISO 11843-2 (4). Furthermore the accuracy of the results
obtained with the methods applied could be investigated, because the
exact amount added to the samples is known. Round three provided more
data on the precision and robustness of the methods. The ISO 5725
*Accuracy (frueness and precision) of measurement methods and results” (5)
was used as guidance to evaluate the accuracy of the bio and chemical
analytical screening methods. In particular the repeatability, within-lab
reproducibility and the reproducibility of the methods were assessed. The
protocol is shown in detail in Table 3.1. The information obtained during the
three rounds was used to gauge the ruggedness of the methods. During the
whole validation process a quality control oil spiked with dioxins and dioxin-
like PCBS (QC-oil) is used to assure the validity of the data.

Table 3.1 Validation profocol of bioanalytical and chemical screening methods. In
brackets the number of runs and replicates per run are mentioned. The aims
of the fests are mentioned per sample seft.

Round 1

Aim 1: goodness- of-fit Aim 3: repeatability and robustness
Standard A (1x2) Clean fish extract (1x2)

Standard B (1x2) Fish oil (3x2)

Standard C (1x2) Milk (3x2)

Standard D (1x2)

Aim 2: between-round reproducibility
Quality control oil 3 pg dioxin + 3 pg PCB TEQ/g (1x1)

Round 2

Aim 4: detection capability Aim 5: selectivity

Blank vegetable oil (veg. oil) (4x1) Veg. oil + 3 pg dioxin TEQ/g +
Veg. oil + spike 0.2 pg dioxin TEQ/g and 0.2 pg PCB 3 pg PCB TEQ/g + PCB-spike (4x1)
TEQ/g (4x1) Veg. oil + 3 pg dioxin TEQ/g +
Veg. oil + spike 0.75 pg dioxin TEQ/g and 0.75 pg PCB | 3 pg PCB TEQ/g + PCN spike (4x1)
TEQ/g (4x1) Veg. oil + 3 pg dioxin TEQ/g +

Veg. oil + spike 1.5 pg dioxin TEQ/g and 1.5 pg PCB 3 pg PCB TEQ/g + PCDE spike (4x1)
TEQ/g (4x1)

Veg. oil + spike 3 pg dioxin TEQ/g and 3 pg PCB

TEQ/g (4x1)*

Veg. oil + spike 6 pg dioxin TEQ/g and 6 pg PCB

TEQ/g (4x1)

Round 3

Aim 6: between-round reproducibility Aim 7: selectivity, repeatability, robustness
Quality control oil 3 pg dioxin + 3 pg PCB TEQ/g Chicken tissue (1x2)

(Ix1) Egg yolk (1x2)

Sepiolithic Clay (1x2)

Fish Tissue (1x2)

Pork Tissue (3 x 2)

Chicken compound feed (3 x 2)

*Sample result is also used for between-round reproducibility aim (QC-oil)
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Preparation of test materials

The materials that have been prepared for each round are mentioned in
Table 3.2. The preparation is described in detail below for the materials 1-28.
Materials 29-33 are nut further discussed as they fall outside the scope of this
thesis. Detailed information can be found elsewhere (6).

Table 3.2 Materials used in round 1 (1 to 17), round 2 (18 to 26) and round 3 (27-33) for
the evaluation of the screening techniques.

No. Container Material Volume/ Solvent
weight

1 Ampoule Blank solvent il DMSO

2 Ampoule  Standard 2,3,7,8-TCDD: 0.04 ng-TEQ/m Tml DMSO

3 Ampoule Standard 2,3,7,8-TCDD: 0.1 ng-TEQ/m 1ml DMSO

4 Ampoule  Standard 2,3,7,8-TCDD: 0.4 ng-TEQ/m Tml DMSO

5 Ampoule  Standard 2,3,7,8-TCDD: 1.6 ng-TEQ/mI Tml DMSO

6 Ampoule  Standard 2,3,7,8-TCDD: 6.25 ng-TEQ/m i DMSO

7 Ampoule Blank solvent 1ml Nonane

8 Ampoule Standard 2,3,7,8-TCDD: 0.1 ng-TEQ/m 1ml Nonane

9 Ampoule Standard 2,3,7,8-TCDD: 0.5 ng-TEQ/m 1ml Nonane

10  Ampoule Standard 2,3,7,8-TCDD: 5 ng-TEQ/m 1ml Nonane

11 Ampoule Standard 2,3,7,8-TCDD: 50 ng-TEQ/m 1ml Nonane

12 Ampoule  Standard 2,3,7,8-TCDD: 100 ng-TEQ/mI Tml Nonane

13 Ampoule Standard 2,3,7,8-TCDD: 200 ng-TEQ/mI 1ml Nonane

14 Ampoule Quality Control Oil (QC-Qil), 3 pg dioxin and 59 Veg. oil
3 pg PCB-TEQ/g il

15 | Glass jar Milk sample 250 ml Na

16  Ampoule Fish oil (herring, close to 4 pg dioxin-TEQ/g oil) 7ml Na

17 | Ampoule Clean fish extract of fatty fish (fat removed), 5ml Pentane
equivalent of 5 g lipid intake

18 Ampoule Blank vegetable oil 59 Veg. ail

19 Ampoule Veg. oil + 0.2 pg dioxin- and 0.2 pg PCB-TEQ/g oil 59 Veg. oil

20 Ampoule  Veg. oil + 0.75 pg dioxin- and 0.75 pg PCB-TEQ/g oil 59 Veg. oil

21 | Ampoule Veg. oil + 1.5 pg dioxin- and 1.5 pg PCB-TEQ/g oil 59 Veg. oil

22  Ampoule  Veg. oil + 3.0 pg dioxin- and 3.0 pg PCB-TEQ/g oil (QC-Oil)  5g Veg. oil

23 | Ampoule Veg. oil + 6.0 pg dioxin- and 6.0 pg PCB-TEQ/g oil 59 Veg. oil

24  Ampoule Veg. ail (see mat. 22) + PCB-spike (200 ng/g oil) 59 Veg. oil

25  Ampoule Veg. oil (see mat. 22) + PCN-spike (10 ng/g oil) 59 Veg. oil

26 Ampoule Veg. oil (see mat. 22) + PCDE-spike (20 ng/g oil) 59 Veg. ail

27 | Ampoule Veg. oil + 3.0 pg dioxin- and 3.0 pg PCB-TEQ/g oil (QC-Oil)  5g Na

28 Tin Herring tissue 709 Na

29 | Tin Chicken from RIKILT feed experiment 709 Na

30 Glass jar Feed additive (Sepiolitic clay) 100 g Na

31 Glass jar Egg yolk and white homogenate from RIKILT feed 100g Na
experiment

32 Tin Pork tissue 709 Na

33 | Plasticjar | Compound feed from RIKILT feed experiment 100 g Na
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All solvent and oil-based materials were ampouled. The amber coloured
ampoules (Nederlandse Ampullen Fabriek, Nijmegen, The Netherlands) were
used without prior cleaning, which has been demonstrated to be a safe
approach for PCBs and other POPs for the QUASIMEME interlaboratory studies
0.

Material 1 is pure DMSO (Acros, Geel, Belgium). Materials 2 to 6 were
produced by gravimetrical dilution of a standard of 2,3,7,8-TCDD (Cambridge
Isotope Laboratories, Andover, MA, USA) with DMSO. Material 7 is pure
nonane (Merck, Darmstadt, Germany). Materials 8 to 13 were produced by
gravimetrical dilution of a standard of 2,3,7.8-TCDD (Wellington, Guelph,
Ontario, Canada) with nonane. Material 14 is a vegetable oil (corn oil), which
was purchased in a local super market in The Netherlands (Deka Markt,
[Jmuiden). Prior to spiking, the levels of dioxins and dI-PCBs have been
determined in the oil by RIKILT - Institute for Food Safety, Wageningen, The
Netherlands. The oil was spiked based with a profile of PCDD/Fs and dI-PCBs
that is normally seen in North Sea in herring. A commercial mixture containing
all WHO dioxins and furans was used and additionally 2,3.4,7.8-PeCDF,
1.2.3.4.6,7.8-HpoCDF, OCDF, 1.2,3.4,6,7 8-HoCDD and OCDD (all obtained from
Wellington Laboratories, Guelph, Ontario, Canada) were spiked to resemble
the herring profile. The non-ortho PCBs (PCB 77, 81, 126 and 169) were all
individually spiked and the mono-ortho PCBs were spiked using a standard
solution, obtained from RIKILT (containing PCB 105, 114, 118, 123, 156, 157, 169
and 189), with additional spiking of PCB 105, 118 and 156 (Ultra Scientific,
North Kingstown, RI, USA). The spiked milk sample (material 15) was produced
by spiking dioxin and dI-PCB congeners to 20 L of sterilized whole milk, which
had been purchased from a local supermarket in The Netherlands (Deka
Markt, IJmuiden). The spiking-profile of the dioxins and dI-PCBs was obtained
from Dutch raw milk monitoring data (RIKILT). All 17 WHO congeners were
spiked at the level of interest using a standard solution containing all
congeners (Wellington). Furthermore, the following individual congeners were
added to approach the mik congener profile: 2,3.4,7,8-PeCDF, OCDF,
1.2,.3.4,6,7.8-HoCDD, OCDD. The non-ortho PCBs were spiked from standard
solutions of the individual congeners (obtained from RIKILT). The mono-ortho
PCBs were spiked using a mixture of these PCBs (RIKILT standard solution).
Furthermore, the indicator PCBs (PCB 28, 101, 118, 138, 153 and 180 (all
obtained from Ulira Scientific, North Kingstown, RI, USA) were added to the
milk for the homogeneity study. To enable quantification, the indicator PCBs
were spiked at higher concentration. Due to this fact, PCB 118 had been
added twice: once as a mono-ortho in the RIKILT stfandard solution and again
as an indicator PCB at higher level. Therefore, the second addition resulted in
a somewhat unbalanced mono-ortho PCB TEQ and a total TEQ with PCB 118
as the predominant congener (with a concentration of 4.7 pg TEQ/g lipid for
PCB-118 on a tfotal of 5.1 pg PCB TEQ/g lipid). The crude fish oil sample
(material 16) was obtained as a remainder of a project on the upgrading
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herring by-products (e.g. heads) (8). The herring was caught in May 2000,
west of the Shetland Islands (60.50° N/03.00 W). The oil was filtered over 0.45
um paper filter (Schleicher & Schuell, Dassel-Relliehausen, Germany) to
remove solid particles and subsequently ampouled.

The clean fish extract (CFE) (material 17) was produced by exiracting a
pooled eel sample from various Dutch freshwater locations. After extraction,
portions of 5 g lipid were cleaned over acidic silica columns (48 g silica per
column). The solvent was evaporated and the residue was redissolved in n-
heptane (Promochem, Wesel, Germany, Picograde purity). Twenty-five
ampoules were produced containing 5 ml of clean fish extract (CFE) which is
equivalent to 4 g of lipid. The blank vegetable oil (material 18) is of the same
origin as material 14 but without dioxins and dI-PCBs spike. The spiked
vegetable oils (materials 19-23) were prepared as material 14. Their spiking
levels are given in Table 3.1. The materials 24-26 have also been prepared
from material 14. An in-house standard solution of 29 PCBs (including the
mono-ortho PCBs 105, 118 and 156) was used to spike to the required level of
200 ng/g oil (material 24). Material 25 was prepared by additional spiking of
polychlorinated naphthalenes (PCNs) 27, 28, 36, 52, 54, 67, 68, 71, 53, 66, 73
and 74 (Wellington Laboratories) to a total level of 10 ng/g oil. Material 26 was
prepared by spiking with a polychlorinated diphenyl ether (PCDE) standard
solution (Cambridge Isotope Laboratories). PCDEs were reported as
interferences in the GC-HRMS analysis (9) and show weak dioxin like response
in bioassays (10). The standard contained native and 3C-labeled mono-
decaCDEs at a level of 20 ng/g oil (sum of all PCDEs). The preparation of the
herring muscle material (material 32) was carried out by the Netherlands
Institute for Fisheries Research (RIVO). Herring originating from the North Sea
was filleted until ca. 5 kg of fillet remained. The fillets were frozen at -20 °C
until further treatment. After thawing, the material was minced using a mincer
(Finis Machinefabriek, Ulft, The Netherlands) in combination with a Fryma mill
equipped with toothed rotary knives (Fryma Maschinen AG, Rheinfelden,
Switzerland) to a final size of 3.5 mm2. Subsequently, ca. 25 kg minced
material was homogenised for three minutes, affer adding 0.02%
butylhydroxytoluene (BHT), in a Stephan cutter (Stephan Machines, Almelo,
The Netherlands), type UMM/SK25 (made in 1979). Subsequently, coated tins
(Eurocan Food, Mechelen, Belgium, volume ca. 75 ml) were filled to the brim
with fissue homogenate (ca. 65 g) using a manual dosing machine
(Machinenfabrik Engler, Vienna, Switzerland). The tins were sealed by a
Lanico TVM 335 sealing machine (Thomassen and Drijver, Deventer, The
Netherlands). The tins were sterilised in a Muvero-Mat sterilizer (type 90E) for 45
minutes at 122 °C (pressure 1.4 bar, heating-time: 90 minutes, cooling time: 20
minutes). The tins were stored at RIVO at room temperature.

A homogeneity test was carried out in the herring samples spiked milk sample
and the fish oil sample in order to determine whether the materials are
homogeneous (within a lot and between lot). The standard solutions, the
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quality control oil (QC-oil) and the clean fish extract of round 1 and also the
spiked vegetable oils of round 2 were assumed to be homogeneous in all the
ampoules. The homogeneity testing was carried out according to guidelines
of the Community Bureau of Reference (BCR) and Internatfional
Standardisation Organisation (SO) (117). For between-lot homogeneity testing,
the indicator PCBs (CB 28, 52, 101, 118, 138, 1563 and 180) were analysed in tfen
lots out of the complete batch. The within-lot homogeneity testing was
carried out by 5 replicate analyses of the indicator PCBs in one lot. The
reasoning behind using indicator PCBs for the homogeneity tests is based on
the fact that at very low levels of PCDD/Fs it is likely that one would rather
determine the within-laboratory method variance (typically 5-20% using
isotope dilution), reflecting the competence of the laboratory to analyse at
very low levels instead of the (in)homogeneity of the sample. A possible
intrinsic heterogeneity will therefore possibly not be detected (712). However,
at the concentration level of the PCBs, the within-laboratory method variance
can be very low (<3-5%), which improves the potential of the method to
detect heterogeneity in the material. Furthermore, it is expected that the
PCDD/Fs will behave physically similar to PCBs and are therefore similarly
distributed in the sample, also at lower levels, compared to PCBs. Moreover,
the homogeneity study was based on a lipid infake of 250 mg, whereas
typical lipid intakes for PCDD/F analysis are typically 20-fold higher (6-6 g),
thereby reducing possible effects of inhomogeneity, which might have been
detectable at very low sample intakes. The samples were analysed with GC-
ECD (13). The analysis of the indicator PCBs consisted of Soxhlet extraction (n-
hexane/ dichloromethane, 1:1) and subsequent removal of the lipids using
alumina column chromatography. The organochlorine pesticides were
removed from the extract by silica column fractionation prior to analysis by
GC-ECD. The instrumental variance, tested by replicate analysis of a standard
solution, was 0.6 - 2.7%.

According fo the ANOVA approach used previously in similar studies (14, the
coefficient of variation of the between-unit experiment (CVp) represents a
combined uncertainty; confributing factors are the variation of the
measurements itself and the uncertainty due to the between-unit
inhomogeneity of the material (Unom). In the present study, the coefficient of
variation of the within-unit experiment (CVw) was considered to be the best
available estimate of the variation of the measurements itself; it includes the
complete analysis (including sample pretreatment and extraction) whereas
the separate determination of the method variance could start only from the
cleanup stage. The uncertainty contribution for inhomogeneity was thus

quantified as:
Upom =y CVZ-CV2
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When CVw is equal or larger than CVb, unom cannot be assessed by the above
formula. In such case an estimate for a maximum between-unit variability that
could be masked by method variations is given, by establishing a kind of
“upper detection limit for inhomogeneity” as follows (14).

in which Vi is the degrees of freedom for the determination of this coefficient
of variation.

Furthermore, F tests were carried out in order to determine if variance of the
within lot homogeneity results deviate significantly from the variance
obtained from the between lot homogeneity test (at 95% level), which can
show inhomogeneity of the material.

For both the milk sample and the herring oil sample the variances were not
significantly different between the between-homogeneity samples and the
within-homogeneity samples. The RSDs were all below 6%, except for the PCBs
101 and 138 in herring oil which showed a RSD from 7.2 - 20.2%. The reason for
these elevated RSD values is not known. Table 3.3 shows a summary of the
herring homogeneity tests. The herring tissue shows a very good homogeneity
with a varionce due o inhomogeneity (Uinn) below 6%. The CVs are rather low
compared to the variance normally observed in interlaboratory studies for
dioxins and dioxin-like PCBs. The F-test, carried out for all PCBs showed no
significant difference between the within-unit and between-unit variance. It
was therefore concluded that the materials were sufficiently homogeneous
and suitable for the interlaboratory study. Finally, it should be noted that the
homogeneity has been demonstrated at a sample intake corresponding o
approx. 250 mg lipids. As the RSDs of the indicator PCBs were almost all below
6%, it is unlikely that possible inhomogeneity (at the higher sample intakes for
dioxins) will contribute to the variance resulting from the interlaboratory
studies.

Table 3.3 Summary of the herring homogeneity test results.

Material Tested PCB congeners GC-ECD variance: 0.6-2.7 %
Uinh (%) CVbetween (%) CVwithin (%)
Herring fissue 52, 101, 118, 138, 153, 180 1.6-5.6 2.3-6.7 2.6-7.0

Proficiency testing scoring techniques

The results were evaluated according to the international harmonized
protocol for proficiency testing of chemical analytical laboratories (3). It
determines that for the quantitative results of the laboratories the z-scores are
calculated according to the following equation:
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With:

x: lab result

X: assigned value

op: target value for the standard deviation

The target value for the standard deviation can be determined via the
(modified) Horwitz function (15), but preference is given to the use of the
acceptance criteria in the Commission Regulation 1883/2006 and 152/2009
(1,.2). The standard deviation is therefore derived from:

CcV
o, :ﬁxX

With CVmox =30%

The CVmax is based on the acceptance criteria for screening methods as laid
down in the Commission Regulation 1883/2006 (7). This approach is in close
agreement with the (modified) Horwitz function as presented by Thompson
(15). In this case op is defined as: op = 0.22X

The assigned value (X) is calculaoted using the added concentration
(standard solutions and QC-oil) or using the median of the results obtained
from the 3 laboratories using the GC-HRMS.

The sum of the squared z-scores (SS2) is calculated to give a composite score
of the individual results for each laboratory.

SZ =) 22

The SSZ is evaluated by comparing it with crifical x2 values with n degrees of
freedom (where n is the number of scores) and a probability of 0.95 and
0.997, which corresponds, with z-scores of 2 and 3. Z-scores: |zl < 2 is
satisfactory, 2 < 1z1 < 3 is questionable and 1z > 3 is unsatisfactory.

Method validation parameters

The repeatability (r), the within-lab reproducibility (W) and the reproducibility
(R) are calculated using a two factor nested ANOVA as explained in the ISO
5725-3 (5). The sources of variation are given in the Table 3.4.
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Table 3.4 ANOVA-table explaining the contribution of the variance of the laboratories,
the analytical runs and the replicate measurements to the total variance.

Source Sum of Degrees of freedom  Mean square Expected mean square
squares (SS) (df)* (MS) (EMS)

Lab SSL Niab-1 MSLab 02+2.012+6.0¢?

Run SSr Niab.NRun - Niab MSrun 02+2012

Replicate  SSe N = Niab.NRun MSepi o?

Total SSror N - T = Niab.Nrun.Nrepi — 1 MSror

*

Nwab: NUMber of participating laboratories; nrun: NUMber of analytical runs (=3); Nrepr:
number of replicates per run (=2)

The repeatability-, the within-lab reproducibility- and the reproducibility
variance are as follows for a balanced nested design:

S2= MSrepI
Su? = 52 + 2
S? = 52 + 512 + S¢?

with

SO2 = ]/6 (MSLob - MSRun)
Si2=12 (MSRun - MSrepI)

The repeatability and the within-lab reproducibility variaonce for each
laboratory are analogously derived using a single factor design. The apparent
recovery (16) is estimated by dividing the mean of the lab results through the
reference value and the coefficient of variation (CV) is obtained by dividing
the respectively Si, Sw and Sr through the mean of the lab results. The method
bias is calculated by comparing the result (Xi) with the median of the results of
the GC-HRMS labs (Xren: bias = (Xi-Xref)/Xret* 100,

Detection Capability

The methodology for the determination of the minimum detectable value
(MDV) in the case of a linear regression model (LRM), has been extensively
described in the ISO 11843-2 (4). Under the assumption of linearity, normality,
independence and homoscedasticity, the MDV (= xq) is given by:

V) 2 x?
MDV_XC,_?Sb K+/'J+J-Z(X,'—7)2

In case of weighted linear regression models (WLRM), the MDV is given by:

]
=2 52 4] s 15
MDV = x4 b Sy +\_ TJ' W, +J-ZWi(X;—>_(W)2J8y
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with b : estimate of the slope; & : non-centrality parameter; | : number of
reference states (= number of replicates per concentration for the spiked or
reference samples),i=1,2, ..., |; J : number of preparations for the reference
states (= number of concentrations for the spiked or reference samples); Sy :
standard error of the estimate; Sxq : residual standard deviation at x = xa; wi :
applied weights (wi = 1 in the case of unweighted regression); xi : spiked
concentration; X : mean of the concentrations and

2 WiX;
w =

Wi

X

The weights are calculated by taking the reciprocal of the variance function.
The variance function (VAR = (¢ + dx)?) is estimated by a linear regression of
the standard deviations versus the concentration.

Laboratories and their analytical methods
Table 3.5 gives an overview of the participating laboratories and the
techniques used. Accelerated Solvent Extraction (ASE) (17) is evaluated as a
combined extraction and clean-up technique. Details on the principles of the
methods can be found elsewhere (18,19).

Table 3.5 Overview of the participating laborafories and the used techniques.

LAB Method Remarks round 1 & 2 Remarks round 3

A CALUX

A*  CALUX Data corrected for recovery

B ASE+GC-HRMS

B°  ASE+GC-HRMS Samples reanalysed

C | GC-HRMS

D  CALUX

E CALUX TCCD calibration curve used for | TCCD calibration curve used
quantification for quantification

E* CALUX Results quantified by comparison Results quantified by
with the value of a reference comparison with the value of
sample a reference sample

F GC-HRMS

G  GC-LRMS/MS

H ASE+CALUX

| GCxGC-ECD

*

GCxGC-ECD Reprocessed data after the
initial presentation of the results
of the validation study in Brussels,
February 2003

J GC-HRMS
GCxGC-ECD Data not in duplicate

122



Method development

In round 3, partners 4, 7, 9 have reported corrected data for some samples.
These data are treated separately for the partners 4 and 9, because they
were submitted after the evaluation meeting where all data was undisclosed.
The corrected data of partner 7 were adlready included in the statistical
analysis prior fo that meeting and are therefore not separately reported.
Partners 2 and 7 have reported corrected CALUX data. An asterisk indicates
these corrected results.

Results and discussion

The aim of the first round was to test the goodness-of-fit of the calibration
curve by analysis of standards with undisclosed concentrations of TCDD in n-
nonane or DMSO. Furthermore, informatfion on repeatability and
reproducibility was obtained from the analysis of fish oil and a spiked milk
sample. A quality control sample was analysed each round to check the
performance of the methods.

Standard Solutions

The aim of the standard solutions with undisclosed concentrations of 2,3,7.8-
TCDD (further referred to as TCDD) was to test the goodness-of-fit of the
calibration curve. The relative deviations from the assigned value of the GC-
method results are presented in Figure 3.1. The standards were analysed in
duplicate by direct injection in the GC (some labs have diluted the standard
solutions). Five different concentrations of TCDD in DMSO and a blank DMSO
solution were prepared at RIVO. The standards were analysed in duplicate by
direct addition to the cell medium. The CALUX bio assay results are all, except
one, positively biased. A graphical representation of the relative deviation of
the results for the different standard solutions can be found in Figure 3.2.

It can be concluded that the GC-method results perform better than the
CALUX bioassays. However, it should be noted that the dataset was limited
as, only one GCxGC-ECD lab (I) and one GC-LRMS/MS lab (G) have provided
results. The other GC labs have used the GC-HRMS reference technique.
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Figure 3.1
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Figure 3.1 Continued
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Standard A (0,09 ng/ml)
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Figure 3.2 Relative deviation between measured (CALUX-methods) and the assigned
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Detection capability and selectivity

The aim of round 2 was to determine the detection capability and selectivity
of the methods. During this round vegetable oil samples spiked with a mixture
of dioxins and dI-PCBs at a concentration of 0-0.4-1.5-3 - 6 and 12 pg total
TEQ/g lipid are analysed under within-lab reproducibility conditions. This
means that they are analysed once during 4 independent analytical runs, by
different operators and using different equipment whenever feasible. The
procedures described in the ISO 11843-2 (4) were used to gauge the
detection capability of the analytical techniques. It was shown by Van Loco
et al. (20), that heteroscedasticity of the data has a major impact on the
detection capability. Therefore, heteroscedasticity of the variaonce was
evaluated and corrected for by assuming that the standard deviation is
linearly dependent on the concentration. The variance function VAR = (¢ +
dXi? is estimated by a linear regression of the standard deviations versus the
concentration.

The detection capability data, here expressed as MDV, are summarized in
Table 3.6. Results below the lowest spiked concentration are expressed as “<”,
because the variance function below this concentration is obtained by
extrapolation. This is the case for labs C and G. Their MDV is lower than the
0.367 pg total TEQ/g oil concentration in the lowest spike. One should not
conclude from Table 3.6 that the detection capability of the GC-LRMS/MS is
better than that of GC-HRMS since the experiments on the GC-LRMS/MS were
performed under optimal conditions, while the GC-HRMS was used under
routine conditions. In addition, only one laboratory used GC-LRMS/MS and
therefore, these data need to be confirmed by other laboratories.
Nevertheless, the low MDV of GC-LRMS/MS does show the potential of the
technique. The lowest MDV of the CALUX methods is 0.9 pg total TEQ/g oll,
which is close to the highest MDV of the GC-HRMS laboratories.

Table 3.6 Detection capabilities of the methods for dioxins and dI-PCB’s in vegetable oil.

Laboratory Method MDV (pg TEQ/g oil)
A CALUX 3.83

B ASE+GC-HRMS 0.57
C GC-HRMS <0.37
D CALUX 7.79*
E CALUX 0.90
Eg CALUX 1.04

F GC-HRMS 0.50
G GC-LRMS <0.37
H ASE+CALUX 4.86"

| GCxGC-ECD < 1.42
J GC-HRMS 0.88

The correlation coefficient of the dose-response curves is lower than 0.85
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It was not possible to provide a good estimate for the MDV for the labs D and
H. Both labs are using the CALUX technique. These data are marked with
asterisks. An explanation can be found in the low correlation coefficient for
their calibration lines: respectively 0.837 and 0.811. The correlation coefficients
of the other laboratories were all above the required 0.95 (1,2).

The apparent recovery of the CALUX methods was evaluated. The apparent
recovery is defined as the observed value derived from an analytical
procedure by means of a calibration graph divided by the reference value
(16). The apparent recovery for the CALUX labs D, E and H is very low (18 -
44%). The apparent recovery of the CALUX lab A is function of the
concentration, since the calibration graph does not pass through zero. At the
lower concentrations the recovery is larger than 100%. At concentrations
around 4.5 pg TEQ/g the recovery is 100% and at higher concentrations the
recovery is lower than 100%. Hence, the method bias is positive at lower
concentrations and negative at the higher concentrations. The same
tendency can be seen for some other CALUX labs. However, this has not
been statistically confirmed. The apparent recovery for the GCxGC-ECD lab |
is around 108%. The apparent recoveries for the GC-LRMS/MS and GC-HRMS
are approximately 100%. At very low concentrations the GC-methods are
positively biased. This is probably caused by the presence of traces of
PCDD/Fs and dI-PCBs in the blank vegetable oil, since the vegetable oil is off-
the-shelf purchased without further purification.
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Figure 3.3 Within-lab reproducibility of the CALUX labs as function of the concentration.
Results based on 4 analysis of the spiked vegetable oils (Table 3.1).
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Figure 3.4 Within-lab reproducibility for the GC labs as function of the concentration.
Results based on 4 analysis of the spiked vegetable oils (Table 3.1).

The precision of the method as function of the concentration is shown Figures
3 and 4. In all cases the relative standard deviation (RSD) decreases at higher
concentrations. The RSD of the CALUX technique is higher than that of the GC
screening methods (GCxGC and GC-LRMS/MS). The RSD of the CALUX labs is
around 20% at the higher concentration range. The RSD of the GC-labs is
below 10% at the higher concentration range.

The selectivity of the screening methods was evaluated by spiking PCB, PCN
and PCDE to the 6 pg/g total TEQ vegetable oil. The influence of possible
interferences was evaluated with ANOVA (27). No interferences were
detected. However due to an error during the preparation of the interference
samples, the PCB interference spike contained an additional 2.7 pg TEQ/g oil
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of mono-ortho PCBs (PCB 105, 118 and 156) in comparison with the reference
spike. The CALUX methods could not detect this additional amount of PCB
TEQ in the sample. This confirms that the CALUX technique has a weakness in
detecting and quantifying mono-ortho PCBs. This can be easily explained by
the very low REP (Relative Potency) values of the mono-ortho PCBs (22,23).
When the REP-values are taken into account instead of the TEF-values, the
additional amount of PCB TEQ is only 0.07 pg PCB TEQ/g. The GC-screening
methods all detected the additional amount of PCBs in the sample. However,
the results reported by the labs B and | were significantly higher than those of
the other GC labs. There was also a slight, but statistically significant, increase
found by lab C (using GC-HRMS) for the total TEQ concentration of the PCDE
inferference sample. No explanation was found for this PCDE interference.

Table 3.7 QC-oil validation data (the oil was spiked at a concentration of 5652 pg
total TEQ / g oil).

Lab Method N Mean concentration Bias CVw CVr
(pg total TEQ/g oil) (%) (%) (%)

A CALUX 6 5.05 -8.5 15.1

D CALUX 6 3.97 -28.2 22.8 54.9

E CALUX 6 1.6 -71.0 89.0

A* CALUX* 6 5.68 2.8 15.1 047

E* CALUX* 5 7.64 38.4 18.2

| GCxGC-ECD 6 6.56 18.8 21.8 290

K GCxGC-ECD 1 6.1 10.5 -

C GC-HRMS 6 8,73 3.7 15.8

F GC-HRMS 6 5.82 53 6.0 8.2

J GC-HRMS 7 5.24 -5.0 11.3

G GC-LRMS/MS | 6 5.68 2.8 2.2 -

H ASE+CALUX 5 3.06 -5.0 127 -

The QC-oil was analysed during all the 3 rounds of the project: vegetable ol
was spiked with a mixture of dioxins and dI-PCB at a concentration of 5.52 pg
fotal TEQ / g oil. The mean found concentration, the bias, the within-lab
reproducibility coefficient of variation (CVw) and the reproducibility
coefficient of variation (CVr) are summarized in Table 3.7.

The CVw for the biological and chemical screening methods are all, except
labs E and H (both CALUX), lower than 30%. The European directives (1,2)
require that the variation of screening methods is below 30%. A very small
variation (CVw < 3%) for the GC-LRMS/MS screening method is noticed.
Furthermore, the results of the CALUX laboratories underestimate the total TEQ
concentration in the sample. However, the CALUX results are not corrected
for recovery. Two CALUX laboratories (A and E) have also reported results with
applying recovery correction (see Table 3.5). These labs are marked with an
asterisk **“. The CVw of the CALUX*-labs is below 20% and the concentration
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of the samples is not underestimated anymore. On the contrary, lab E* do
overestimate the concentration with 38%.

The variation of the chemical screening methods GCxGC-ECD and GC-
LRMS/MS are below the required 30%. The CVw of the GC-LRMS/MS is even
below the 3% and is the lowest of all the participating labs. This may be
caused by the optimal conditions under which this instrument was run,
whereas the GC-HRMS labs ran their instruments under routfine conditions. The
GCxGC-ECD has slightly overestimated the concentration in the sample.

For each reported result (fotal TEQ) z-scores are calculated. The squared z-
scores are presented in Figure 3.5. Only the results of lab E and H are
unsatisfactory. However, it cannot be concluded that the ASE+CALUX
(extraction and clean-up followed by analysis with CALUX) is unsuitable, since
the CALUX part was performed by the same lab E and the results were not
corrected for recovery. The SSZ-scores for the recovery corrected CALUX
results are satisfactory. The results reported with GCxGC-ECD (1 outlier
removed), with GC-LRMS/MS and with ASE+GC-HRMS (extraction and clean-
up followed by GC-HRMS) are satisfactory.
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Figure 3.5 The sum-of-the squared Z-scores (5S2) for the QC-oil sample (fotal TEQ). The
results were obfained during the three rounds of the validation study. The
interpretation of the SSZ-scores is performed by the full and the dotted line,
which represents the acceptance criteria with the same probability of z = 3,
respectively z = 2.
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The selectivity and robustness of the screening methods is evaluated by
spiking potentially interfering compounds (PCBs, PCNs and PCDEs) to a 6 pg
total TEQ/g vegetable oil (Table 3.2, material 11-13). The influence of these
possible interferences is evaluated with ANOVA, followed by Tukey’s HSD
method. The compounds did not significantly interfere in the CALUX and GC
determinations (data not shown). However due to an error by the preparation
of the interference samples, the PCB interference spike was spiked with an
additional amount of 2.7 pg PCB TEQ/g mono-ortho PCBs (PCB 105, 118 and
156). The CALUX methods could not detect this additional amount of PCB TEQ
in the sample. This confirms that the CALUX technique has a weakness in
detecting and quantifying mono-ortho PCBs. This can be easily explained by
the very low REP values of the mono-ortho PCBs (23). When the REP-values are
taken into account instead of the TEF-values, the additional amount of PCB
TEQ is 0,07 pg PCB TEQ/g. The CALUX method will not be able to detect this
addition of mono-ortho PCBs

The GC-screening methods could all detect the additional amount of PCBs in
the sample. However, the results reported by the labs B and | are significantly
higher than the results of the other GC labs. It was the same partner that
performed the chromatography on the ASE extracts of lab B and GC*GC-
ECD results from lab |I. Hence, one might not conclude that ASE causes the
overestimating of the results. There was also a slight, but statistically significant,
increase found by lab C (using GC-HRMS) for the total TEQ concentration of
the PCDE interference sample. No explanation was found for this PCDE
interference.

Milk sample

The aim of the milk sample was to provide data on the within-laboratory
reproducibility and repeatability of a real matrix sample. The milk samples
were prepared by spiking with a mixture of dioxins and dI-PCBs at a
concentration of 10.23 pg total TEQ/g lipid. The milk samples were analysed
by the participants in duplicate in 3 different analytical runs with different
equipment and different operators whenever feasible. The data were
obtained with CALUX @ labs), GC-HRMS (@G labs), GC-LRMS/MS (1 lab),
GCxGC-ECD (2 labs). A large variation in the reported results was observed.
The mean results reported by the GC-HRMS labs vary from 8.7 to 14.1 pg total
TEQ/g lipid. The milk sample is a spiked sample and it appeared that the PCB-
118 congener was spiked in an unusually high concentration of 4.7 pg TEQ/g
lipid. This resulted in calibration problems for most of the GC methods.

The CALUX labs (A, D and E) have reported the lowest total TEQ
concenfrations for the mik sample. However, the CALUX results were not
corrected for recovery whereas the GC methods were. All GC methods used
internal standards or isotopic dilution to correct for the extraction yield. The
highest results were reported by the labs using GCxGC-ECD. The SSZ-scores
are visualized in Figure 3.6. (The SSZ-score is a combination score of the 6
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individual z-scores.) The SSZ-scores for the CALUX labs D and E and the
GCxGC-ECD labs | and K are unsatisfactory.
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Figure 3.6 Total TEQ SSZ-scores for the milk samples.

A summary of the statistical evaluation of the laboratory results is given in
Table 3.8. In this table the mean, repeatability and within-lab reproducibility
standard deviation (S and Sw) and coefficient of variation are given.
Normality of the results for each lab was evaluated with x2 goodness-of-fit and
Shapiro-Wilks W tests. Normality was not rejected and outliers were not
detected with Grubbs’ test at the 99% confidence level.

Table 3.8  Statistical summary of the fotal TEQ results (upperbound) for the milk sample.

Lab Method Number Average S CV:  Sw CVw
(pg TEQ/ (P9 TEQ/ (%)  (pg TEQ/ (%)
g lipid) g lipid) g lipid)
A CALUX 6 7.61 1.14 150 1.35 17.7
C  GC-HRMS 6 14.06 0.44 3.1 0.44 3.1
D CALUX 6 3.95 0.59 149 152 38.5
E CALUX 6 3.93 0.66 16.7 1.08 27.6
F GC-HRMS 6 9.61 0.61 6.4 1.03 10.7
G GC-LRMS/MS 6 10.83 0.54 5.0 0.54 5.0
| GCxGC-ECD 6 156.32 1.056 6.9 12 7.8
|* GCxGC-ECD 6 15.17 1.28 8.4 1.28 8.4
J GC-HRMS 6 8.71 0.62 7.1 0.64 7.3
K GCxGC-ECD 6 19.89 1.99 100 2.83 14.2
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The precision of the analytical methods was assessed by evaluating the
repeatability and within-lab reproducibility standard deviation and CV. Note
that the CVs for the CALUX methods (ab A, D and E) are significantly higher
than the CV’s for the GC screening methods (labs G, | and K). One might
expect that the repeatability CV (CV)) is between 1/2 and 2/3 of the Horwitz
CV (24). Using the modified Horwitz equation (15) the CV; should be between
11 and 14.7 %. All CALUX labs have reported higher CV:'s. The criterion of CV
< 30% for screening methods (1) is violated by the CALUX Lab D.

Fish Oil

To assess the within-lab repeatability and reproducibility the fish oil samples
were analysed in duplicate in three different analytical runs. The analyses
were performed using different equipment and different operators whenever
feasible (Lab H has only reported 5 results and Lab K only 3 results). The data
were obtained with CALUX @3 labs), GC-HRMS (@3 labs), GC-LRMS (1 lab),
GCxGC-ECD (2 labs). The samples were also analysed by accelerated solvent
extraction (ASE) followed by a detection and quantification of the results with
GC-HRMS (B) and CALUX (H).

Box and whisker plots of the fotal TEQ upperbound results for the samples are
presented in Figure 3.7. The values range between 1.94 and 156.5 pg total
TEQ/g lipid. It was observed that the results obtained with CALUX (labs A, D, E,
H) are significantly lower than the results reported by the GC screening labs
(G, 1, I" and K), except for lab A. Lab A has a much larger variance than the
other laboratories.

The labs D, E and H, all using CALUX, have z values <2 for some of the fotal
TEQ results. The z-scores for lab A, which was also applying the CALUX
methodology, are satisfactory for the total TEQ results, but not for the dioxin or
PCB TEQ results. Lab K (GCxGC-ECD) has reported too high values for the
total TEQ and the dioxin TEQ results. The other laboratories have all satisfactory
results, The ASE is a valid dioxin and PCB exiraction and purification
alternative, because the z-scores of lab B are all satisfactory. An overall score
of the labs for this sample is given by the SSZ (Figure 3.8). The overall score for
the labs D, E, H and K is unsafisfactory. The labs D, E and H are all using the
CALUX methodology. As explained earlier in the text, the results of the CALUX
labs were not corrected for recovery, while the GC methods were. Assuming
that these labs have a recovery of 70%, an SSZ of 21.2 for lab D and 13.4 for
lab E would be obtained. These results would still not be satisfactory. So,
apparently, recovery is not the only factor that influences the CALUX results. It
is also known (22) that CALUX underestimates the PCB TEQ in a sample. This
phenomenon is illustrated by the PCB TEQ results of lab A, another CALUX lab.
The PCB TEQ results are, compared to the GC-HRMS results, significantly lower.
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Figure 3.7 Visual representation of the fish oil (upperbound) data in Box-and-Whisker
plots. See Table 3.5 for laboratory codes.
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Figure 3.8 Total TEQ SSZ-scores for the fish oil.

Table 3.9  Statistical summary of the fotal TEQ results (upperbound) for the Fish Oil.

Lab Method No. Average S CV S CV: Sw CVw
(PYTEQ/ (PgTEQ/ (%) (PYTEQ/ (%) (PQTEQ/ (%)
glipid) g lipid) g lipid) g lipid

A CALUX 6 10.89 3.53 324 1.35 12.4 3.89 35.7

B ASE+HRMS 6 10.25 0.6 58 058 56 06 5.9

C GC-HRMS 6 11.04 0.31 28 03 27 032 2.9

D CALUX 6 3.1 0.97 31.3 095 30.7 098 31.5

E CALUX 6 3.93 1.01 25.8 0.66 16.7 1.08 27.6

F GC-HRMS 6 8.91 0.74 83 0383 9.3 083 9.3

G GC-LRMS/MS 6 9.08 0.57 63 056 6.1 057 6.3

H ASE+ CALUX 5 3.14 1.01 32.0 0.49 155 1.1 34.9

| GCxGC-ECD 6 14 1.02 7.3 034 24 113 8.1

I*  GCxGC-ECD 6 12.18 0.59 48 025 2.1 064 5.3

J  GC-HRMS 6 9.84 0.25 25 027 28 027 2.8

K GCxGC-ECD 3 19.03 2.82 14.8 - - 2.82 14.8
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A summary of the statistical evaluation of the lab results is given in Table 3.9.
Normality of the results for each lab was evaluated and was not rejected at
the 99% confidence level. Three labs (A, D and H) have a CVw > 30%. These
are all CALUX labs. The maximum CV: (= 14.7%) (24) was exceeded by the
labs D, E and H. A more extensive variance analysis of the CALUX screening
method (labs A, D and E) was performed according to the ISO 5725 standard.
The method ASE + CALUX (ab H) was not included in the evaluation. The
between-lab reproducibility and repeatability CV of the CALUX method were
79.0% and 17.2%, respectively.

The differences between the participating laboratories were statistically
evaluated by applying a one-way ANOVA on the total TEQ results followed
by the Bonferroni test (27). The ANOVA decomposes the variance of total TEQ
(pg TEQ/g lipid) info two components: a between-lab component and a
within-lab component. In  ANOVA the between-lab and the within-lab
component are compared via an F-test (F= 50.2). Since the P-value of the F-
test is <0.05, there is a statistically significant difference between the mean
total TEQ (pg TEQ/g lipid) from one lab to another at the 95.0% confidence
level. The ASE extraction/purification technique can also be evaluated with
this analysis. The results of lab H (ASE+CALUX) are not significantly different
from the results of lab E (CALUX) and the results of ASE+GC-HRMS (lab B) are
not significantly different from the results of the labs F, G, J and C (GC-HRMS
and GC-LRMS/MS). Since the results are situated within the same
homogeneous group (Bonferroni fest) it can be concluded that ASE is
equivalent to the classic extraction/purification techniques for fish oil,
although it should be stressed that fish oil is a very simple matrix for extraction.
In the classical extraction/purification procedures fish oil is normally analysed
without an extraction step.

Herring tissue

A summary of the statistical results of the herring sample is shown in Table 3.10
and the graphical representation is shown in Figure 3.9. The ASE + GC-HRMS
results show a severe underestimation of the dioxin-TEQ as well as of the PCB-
TEQ. Re-analysis of the sample (B’) resulted in a better agreement. More
research is needed to find out if the extraction from the herring matrix is
incomplete or if the within cell clean-up is not (yet) robust. The CALUX labs D
and E also underestimate the result, even when a recovery correction (lab E*)
is made. Lab A overestimates the result. The GC-LRMS/MS results and the
GCxGC-ECD results of lab K are very close to the GC-HRMS reference values,
whereas lab K (GCxGC) somewhat underestimates the result (z =-1.4). Thisis a
much better performance than in the round 1 and 2 samples (QC-oil, milk
and fish oil), most likely because method performance improvements were
made between rounds 1/ 2 and round 3.
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Table 3.10 Summary of statistical results of the herring sample. Concentrations (‘Conc.”)
in (pg TEQ/Q).

Total TEQ Dioxin TEQ PCB TEQ
Lab Method Conc. Bias Z- Conc. Bias Z- Conc. Bias Z-
(%) score (%) score (%) score

B ASE+GC-HRMS 0.15  -93 3.1 009 90 -3.0 005 -9 -3.2
B ASE+GC-HRMS 0.17  -92 -3.1 008 91 -3.0 007 -94 -3.1
B' ASE+GC-HRMS 0.89  -56 -1.9 045 -49 1.6 044 -61 -2.0
A CALUX 235 17 0.6 218 146 - 0.17 -85

A CALUX 157 22 07 149 68 - 0.08 93 -

D CALUX 047  -77 26 - - - - - -
D CALUX 042 -79 26 - - - - - -

E CALUX 049 -76 25 - - - - - -

E CALUX 045 -78 26 - - - - - -
A*  CALUX* 322 60 2.0 - - - - - -
A*  CALUX* 215 7 0.2 - - - - - -

E* CALUX* 145  -28 09 - - - - - -

E*  CALUX* 129  -36 12 - - - - - -

C GC-HRMS 204 2 0.1 092 4 0.1 112 0 0.0
C GC-HRMS 199 -1 0.0 0.88 -1 0.0 1.11 0 0.0
F GC-HRMS 207 3 0.1 089 1 0.0 1.18 5 0.2
F GC-HRMS 203 1 0.0 0.88 -1 0.0 115 '3 0.1
J GC-HRMS 1.56  -22 -07 088 -1 0.0 068 -39 -1.3
J GC-HRMS 157 -22 -07 090 1 0.0 0.67 -40 -1.3
G GC-LRMS/MS 209 4 0.1 1.00 13 0.4 1.09 -2 -0.1
G GC-LRMS/MS 213 6 0.2 098 11 04 115 '3 0.1

| GCxGC-ECD 203 1 0.0 1.05 19 0.6 098 -12 -04
| GCxGC-ECD 214 7 0.2 1.14 29 1.0 1.00 -10 -0.3
K GCxGC-ECD 1.17 42 -14 066 25 -0.8 0.51 -55 -1.8
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