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Abstract

Food matrices are naturally complex and many ingredients such as lipids, proteins, pigments, and others are co-extracted with
PCBs. So, reliable and effective analytical techniques are needed to determine PCBs in foodstuffs at low concentrations. This
review is exploring and summarizes the current available techniques for extraction, clean-up, and separation techniques to
quantify the PCBs in different foods. Several extraction approaches have been improved to overcome the issues associated
with regular techniques involves a large amount of solvent and time consuming. Accelerated solvent extraction is a promising
and effective extraction technique using a reasonable amount of solvents. Acidified silica gel alone or in combination with
alumina is succeeded to purify most extract matrices. Besides, gel permission chromatography is widely used to eliminate
large size molecules and other co-extracted impurities. As a reference technique, GC-HRMS is the most effective technique
for quantification of dioxins and dioxin-like PCBs. As alternative techniques, GC coupling with tandem MS is optimized to
analyze dioxin and PCBs in foodstuffs and represent a cost effectiveness technique compared to GC-HRMS. GCxGC-
HRTOF-MS is evaluated and validated to examine dI-PCBs and indicator PCBs and the obtained results were satisfactory
well equivalent to those results obtained by GC-HRMS.
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pounds annually till 1989 [4]. Although the PCBs
production was completely banned in North America

Introduction in 1977 and most European countries in the 1980s,
PCBs are present in closed system applications even
It is believed that the PCB-like chemical was now. It has been estimated that about one third of the
discovered as a by-product of coal tar in 1865 and PCB  amounts produced ewer are still
two German scientists first synthesized the PCB in environmentally available™ [5].
1881. In 1929, PCBs were first manufactured Thus far, it is estimated that about 30% of the
commercially by the Swan Corporation, which later total PCB amount produced has been released into
became part of Monsanto Chemical Company of St. Fhe environment a_nd remaining are either still present
Louis, Missouri [1]. In 1966, a Swedish scientist in electrical equipment or have been deposited in
recognized PCBs for the first time as an landfills and storages. Even though PCBs are no
environmental concern in various fish species over longer produced, additional release into the
different places in Sweden [2]. Production of PCBs environment continues. Commercially, PCBs have
has probably been limited to ten countries in the ~Deen sold not only as technical grade liquids, e.g.
world and it is estimated that total amounts are about Aroclor, Phenoclor, Clophen, Kanechlor, Sovol and
1.5 million metric tons since 1929 [1, 3]. After so on but also as liquid mixtures ready for a specific
forbidding the production of PCBs in the US in 1976, application. A well-known example of the latter is the
the global production of PCBs was continued at a rate mixture of trichlorobenzene and PCBs (35:65%),
of 36 million pounds annually between 1980 and called Askarel, which has used on a very large scale
1984 and then became decreased to reach 22 million in electrical equipment [1]. Theoretically, there are

209 PCB congeners with chlorine numbers ranging
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from 1 to 10. PCBs have unique physico-chemical
properties such as thermal stability, resistance to
acids, oxidation, hydrolysis, and low vapor pressure.
Due to their chemical stability, high lipophilicity, and
less biodegradation, PCBs are considered as
persistent organic pollutants (POPs) concentrating in
food webs and therefore found predominantly in
animal fat [6-9]. With the exception of occupational
exposure, food consumption accounts 90-98% of
human exposure to PCBs [10]. Especially, it is
known that fatty foods from animal origin such as
eggs, as well as fish and seafood, are the major
sources for PCBs [11, 12]. To identify and determine
PCB congeners indifferent foodstuffs, extraction and
clean-up processes and chromatographic separation
technique are required to isolate the analytes from the
food matrices and interfering compounds. Finally,
before instrumental analysis, the solutes should be
concentrated to be above the limit of detection (LOD)
and quantification (LOQ).

Determination of PCBs in foodstuffs

To determine the PCBs in foodstuffs, some
effectual sample preparation processes are required
because their concentrations are generally low and
the matrices are rather complex [13]. For these
reasons, reliable analytical methods should be applied
and analytical chemists have to contend with the
measurement of very low concentrations of PCBs
including not only the parent compounds but also
their metabolites. Most regulatory bodies established
very low lewels as permissible limits for POPs
including PCBs in foodstuffs, and due to the complex
nature of food matrices, dilution of the samples and
an efficient chain of sample treatment are important
aspects for food analysis [14-17]. For analysis of
PCBs in foodstuffs, sample preparation, extraction,
clean-up, and instrumentation are the main steps.

Quality control and quality assurance

Prior to extraction, 13C-labeled surrogates are
spiked into the samples to verify the recoweries of
target analytes. Alternative surrogates, which are not
detected in the environment, e.g., PCB 30, PCB 201
[18], PCB 103,198, 4,4-dibromooctafluoro biphenyl
(DBOFB) [19], PCB 112 [20] are infrequently used.
Using isotope dilution technique based on
commercially available *3C,,-labeled internal
standard resulting in accurate identification of the
peak by means of retention time comparisons
between native (*2C) and labeled (**C) compounds, as
well as by comparison of peak areas and heights [21].
No quantitative recovery of the analyte is needed
once the sample and spike have been equilibrated
during preparation, separation and purification steps.
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One of the most suitable types of isotope dilution
methods to examine inactive compounds is direct
isotope dilution technique through dilution with an
active compound [22]. This technique minimizes the
differences in chemical behavior in case isotope
dilution includes the measurement of isotopes of the
same element [22]. In this case, isolation of the same
compound in a pure form is needed, so appropriate
treatment of the sample mixture should be applied.

Extraction

Sample preparation may affect the recowveries of
PCBs, as reported in freeze-dried biota and sediment
samples [23-25]. This may be due to tighter binding
and occlusion of the residues in the dried matrices
[26]. Generally, it is recommended to keep the
sample freshto minimize the potential contamination
from laboratory air and to avoid loss of volatile low
chlorinated PCB congeners [27]. Mixing of
homogenized samples ground with drying materials
such as anhydrous sodium sulphate and hydromatrix
celite is the most common treatment to be dehydrated
from solid samples [18, 25]. The extraction technique
is considered the first step to isolate PCBs from the
matrices. Many different extraction techniques have
been established owver the years to extract the
organochlorine compounds (OCCs) including PCBs
from seweral types of food matrices. Typical
extraction techniques for OCCs are as follows:

Liquid-liquid extraction (LLE)

To extract PCBs from aqueous media,
liquid-liquid extraction (LLE) or what is called
solvent extractionis considered a suitable procedure.
Because the different distribution of the target
components between two phases is the key to the
separation technique, one of the most sensitive issues
in LLE is selection of appropriate solvent. The
extraction solvent must have a miscibility gap with
the other phase and at the same time should have
higher solubility for the solutes (PCBs) than the
agqueous media [28]. Although this technique requires
large-volumes of pure solvents and is time-
consuming, it considered as a standard method using
frequently due to efficiency, simplicity, and
robustness. Automation has overcome the time-
consuming problem, but multistage operation and
emulsion formation counteract this capability [29].

Soxhlet extraction (SE)

Soxhlet extraction (SE) is one of the most
frequently used liquid-solid extraction method
invented and deweloped by Franz von Soxhlet in
1879, which has been routinely using for extraction
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of PCBs from various foodstuffs and environmental
samples such as sediment, soil, fly ash [21, 30, 31]. It
required 10-200 mL of organic solvent for 1-30 g of
tissue or more (350 mL) for 5 g fly ash [32]. SE is a
solvent- and time-consuming (~ 18 -24 h) technique
as a result of slow analyte diffusion, that is,
desorption from the matrix to the extraction solvent,
and it cannot be automated [21, 25].

Ultrasonic extraction (UE)

As an alternative SE technique, ultrasonic
extraction (UE) was introduced by Beard et al. [32]
which was effective in terms of extraction time
(shortening from 24 h to 4.5 h for fly ash samples)
and used solvent volume (reduction from 350 mL to
60 mL). Assigning the extraction efficiency of SE as
100%, that of UE was 70% within 1.5 h for a fly ash
sample. Triplicate extraction (1.5 hx 3 = 4.5 h) of the
same sample reached the identical recovery as SE
technique [32]. The ultrasonication time,
homogeneity of the sample, polarity degrees of the
used solvent play important roles in the extraction
efficiency [25]. Due to the limited contact time
between the sample and the solvent, UE for
environmental samples such as soil, sediments,
sludge may be an unsuitable method compared with
SE.

A new extraction stage began with the use of
solid-phase extraction (SPE) techniques; the main
idea for SPE is to trap the analytes on activated
sorbent [33]. Many sorbents including alumina,
silica, magnesium silicate (florisil), and activated
carbon are available and applicable for the food
sector [34, 35].

Solid-phase extraction (SPE)

The SPE technique was introduced in the mid-
1970s and became a commercially available
technique in the early 1980s. Since then SPE is
widely accepted as an alternative extraction/cleanup
method to LLE for liquid samples [13, 34, 36]. It is
well known that SPE cannot be considered as a
universal method that can be applied for different
analytes. For many years, n-alkyl silica has been
established as a sorbent for SPE before introducing
other types of solid phase [36]. There are three main
groups of sorbents are used in SPE cartridges, which
classified into inorganic oxides, low-specificity
sorbents, and compound and class-specific sorbents
[34]. The highly important aspect of SPE is the
selection of the sorbent. C-18 bonded silica and
styrene/divinyl benzene co-polymers are most
frequently used. This technique is widely applied to
water samples [37]. For foodstuffs in liquid forms,
such as juices, wine, and milk, acceptable recoveries
can be achieved. Although the main advantage of
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using SPE is the clean-up potential, one or more
clean-up steps, e.g., using a florisil column, are
generally needed for the determination of PCBs in
liquid form samples [38]. Another technical problem
is clogging the cartridge, which is associated with the
use of unfiltered liquid samples [39]. SPE is a plastic
material, which may adsorb analytes and/or increase
interferences with the target [40]. Different SPE
sorbents i.e., florisil, alumina, aminopropyl (NH2),
C-18, Envi-carb, florisil-alumina, and NH2-alumina
were investigated for their clean-up efficiency for
determination of OCCs (OCPs and PCBs) in low fat
fish. The most efficient sorbentsin the removal of co-
extracted interference are florisil, alumina, and NH2
with average recoweries of 102.4%, 93.5%, and
86.5%, respectively for 6 indicator PCBs and CB-
118, CB-209 [41].

Solid-phase microextraction (SPME)

Solid-phase  microextraction (SPME) was
developed by Arthur and Pawlyszin [40] and has
been widely manufactured by Supelco since 1993.
Direct extraction is mainly suitable for clean samples
while headspace extraction is the better choice for
dirty liquid samples. In this technique, a small fiber
coated with the stationary phase is placed into the
agueous sample (3-5 mL). Then, lipophilic analytes
are adsorbed and partitioned into the stationary phase.
After that, the analytes are thermally desorbed in the
column GC injection port, normally taking 1-10 min
[39, 42].

The main advantage, compared to SPE, is that
SPME does not suffer from plugging or channeling.
Additionally, organic solvents are eliminated and the
extraction time is reduced to a few minutes. On the
other side, the fiber is coated by a maximal thickness
of 100 pm polydimethylsiloxane (about 0.6 pL) [43]
and so the efficiency of SPME in terms of low
recoveries for specific applications is mainly due to
limitation of sorptive agents and consequently
decreasing the mass of extracted analytes [44,45].
Unfortunately losses of volatile analytes may occur
when transferring the SPME unit from the sample to
the GC injector. Additionally there is a constant risk
that some analytes can be lost during the cryo-
focusing step. Another disadvantage is that the
relatively long equilibration times (up to 1h) are
needed when performing SPME [39].

Stir-bar sorptive extraction (SBSE)

In 1999, a new extraction technique was developed
by Baltussen and co-workers [46]. In this technique
known as stir-bar sorptive extraction (SBSE), a stir



3964 El-Kady and Kunisue

bar coated typically with 500-1000 um of
polydimethylsiloxane (about 125 pL) is used to stir
agqueous samples and extract the solutes (PCBs) into
the polydimethylsiloxane layer [43, 47]. After the
extraction, thermal or solvent desorption can be
employed [46]. The extraction mechanisms and
advantages are similar to those of SPME, but the
enrichment factor, which is determined by the
amount of extractive phase, is up to 100 times higher
[47, 48]. The major advantages of this technique are
ease of use, improved sensitivity, high accuracy of
analysis, and reduced risk of contamination [25].

Supercritical fluid extraction (SFE)

Supercritical Fluid Extraction (SFE) is suitable for
tissue samples and solid foods. One of the most
critical points for the usage of SFE is selectivity,
which enables extraction of a wide range of micro-
pollutants including PCBs, PAHs, and OCPs [49].
Carbon dioxide is the common supercritical fluid
used in this technique. Supercritical fluids above the
critical points of temperature and pressure can diffuse
through solids like a gas and dissolves analytes like a
liquid [35].

Other advantages are acquisition of clean extract,
short time for extraction, and less solvent
consumption [50]. In some cases, lipids in sea food
matrices are co-extracted with the PCBs [39] and so a
further clean-up step may be required. A comparison
study was conducted by Crespo and Yusty [51] to
examine the efficiency of SFE in the determination of
PCB congeners in seaweed samples in reference to
SE (Table 1).

The comparison was conducted at two concentration
levels (25 and 400 pg/kg) of some PCB congeners.
At the higher level of 400 pg/ kg, there were no
significant  differences in PCB  congener
concentrations between the two techniques, except
for CB-28, -52, -77, and -101. Howewer, the
recoveries for PCB congeners at the level of 25 uL/kg
ranged between 42-67% for SFE and between 82-
92% for SE, respectively.

Accelerated solvent extraction (ASE)

Accelerated solvent extraction (ASE) was
introduced and described in detail by Richter and Co-
workers [52] as a new technique for sample
extraction, which is performed by application of
elevated temperature and pressure. This technique is
also called pressurized fluid extraction (PFE) or
pressurized liquid extraction (PLE) and mainly used
for the extraction of solid and semisolid sample
matrices that can be retained in the extraction cell
[52]. Recoveries of PCB congeners (28,52, 101, 138,
153, and 180) from oyster tissue at concentration
levels of 50-150 ng/g were examined using ASE and
the values were from 86.9 to 90%. [52] When dried
biota samples were extracted using ASE, matrix-pike
recoveries ranged from 90 to 106% [19]. In another
study for fish conducted by El-Kady et al. [53], the
recoveries for **C labeled internal standards of PCBs
and dioxins ranged from 70 to 103%. One important
key in this technique is the high temperature (50-200
°C) as it accelerates the extraction process by
increasing the diffusion rate of solvent and the
solubility of analytes in the solvent and decreasing
the surface tension and viscosity of the solvent,
which increase the penetration of the solvent within
the matrix particles and improve mass transfer.
Elevated pressure (1500 — 2000 psi) keeps the used
solvent below its boiling point, thus enabling safe and
rapid extractions [54].

Matrix solid-phase dispersion (MSPD)

In 1989, matrix solid-phase dispersion (MSPD),
an extraction process for solid and semi-solid
samples was first reported by Barker and co-workers
[55]. A bonded-phase, such as silica (C18), which
acts as an abrasive solid support material, is blended
with the sample, producing shearing and grinding
forces that disrupt the sample. Then the sample is
dispersed owver the surface of the bonded-phase
support material [56].

Table 1. Comparison between SFE and SE techniques for etermination of PCB congeners in seaweed

Items

SFE SE

Wt. of sample

05¢ 1lg

Mixed with 3 g of deactivated alumina & 1 g alumina and 200 uL

Sample preparation

of methanol are added to the sample

Mixed with 15 g sea sand

250 mL (n-hexane:

Solvent CO,, 7.5 mL

Dichloromethane; 1:1)
Extraction time 50 min 7h
Clean-up technique Silica SPE Sep-Pak Silica cartridge

SFE, Supercritical fluid extraction; SE, Soxhlet extraction
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Briefly, a solid or semi-solid sample is mixed and
blended with a solid support material at a rate from
1:1to0 1:4 (sample: solid support material) to destroy
and disperse the sample onto the sorbent. Then the
mixture is placed onto an empty column or onto a
SPE columnand the analytes are directly eluted from
the column. After interfering compounds retained on
the column are washed down, the analytes need to be
eluted by different solvent. In some cases, a clean-up
step is needed or the MSPD column is conducted
with a SPE column to remowe the interfering
components [57].

Microwave assisted extraction (MAE)

A domestic microwave oven was used to extract
analytes for the first time in 1975 by Abu-Samra and
Co-workers [58]. The microwave-assisted extraction
(MAE) technique is similar to ASE as it works at
elevated temperature and pressure. Additional clean-
up procedures such as alumina/silica column are
generally required for PCBs determination in
environmental matrices [19, 53, 59]. Good adequate
recoveries have been achieved for PCBs in certified
harbour sediments and for PCBs and dioxins in
marine and sediment samples by applying MAE
(acetone: cyclohexane, 1:1 at 100 °C), compared to
SE technique [60].

Performance of three extraction methods (UE,
MAE, and ASE) for determination of PCB congeners
(CB-118,-138,-153,and -180) in eggs was evaluated
under each specific condition (given in Table 2). The
result indicated that there were no significant
differences in recoweries of PCBs among these
extraction techniques [17].

Table 2. Conditions of UE, MAE, and ASE for determination
of PCB congeners (CB CB-118, -138,-153, and -180)
in an egg samples at three lewels

UE MAE ASE
Sample Wt. 39 1lg 1lg
Extraction 30 °C 95 °C 100 °C 1500 Psi
Solvent used Petroleum n-hexane Petroleum ether

ether
Solvent 10 mL 20 mL 40 mL
Total 30 min 20 min 18 min
Filtration + +

'UE, Ultrasonic extraction; MAE, Microwave assisted extraction;
ASE, Accelerator Solvent Extractor

Clean-up procedures

During the extraction of foodstuffs, many types
of interfering compounds, eg., lipids, carbohydrates,
chlorophyll and so on, get co-extracted. So,
additional clean-up processes are needed. Single or
multi-sequential liquid chromatographic technique is
applied and reported by many analytical scientists to
separate PCBs from the extract. Alumina, silica gel,
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florisil, and carbon are the typical adsorbent agents
used frequently [19, 53, 61]. The main clean-up and
purification procedures are shown in Fig. 1.

Non-destructive Destructive lipid

lipid removal removal

L L | 1
Gel-permeation Adsorption Acetonitrile
chromatography columns partitioning

Fig. 1. Main clean-up procedures for PCB analysis

As a destructive method, acid digestion or
saponification is commonly applied for the removal
of lipids in the extract [62]. Silica gel treated with
sulfuric acid has been also used for the removal of
lipids from food matrices [53, 61, 63]. Adsorption
chromatography applying the SPE technique is the
most commonly used method of clean-up [64].
However, column chromatography using silica gel,
alumina, and florisil, or a combination of these
adsorbents, cannot necessarily guarantee lipid-free
extracts. This technique has been successfully applied
to the analysis of PCBs in different food matrices
[65]. Since the molecular sizes of potentially co-
extracted lipids, proteins, carbohydrates, pigments
and so on are much bigger than the analytes, gel
permeation chromatography (GPC) can be wery
useful tool to separate them. Because its separation
principle is based on size exclusion, GPC is strongly
recommended to use for separating large size
molecules from lipid-rich extracts [15, 66].

An activated carbon adsorbent with surface area of
1400 m*/g and grain size of 600 pm is used to
separate di- and mono-ortho PCBs from non-ortho
PCBs and PCDD/Fs in enriched fatty foods. In the
technique, the lipid fraction (10 g of fat) which
dissolved in dichloromethane (DCM) is passed
through 1.8 g of activated carbon, and then the
carbon column is refluxed for 120 min using 30 mL
of DCM, then the column is rinsed with 20 mL of
toluene and refluxed with 30 mL of toluene to elute
non-ortho PCBs for up to 120 min. This fraction of
non-ortho PCBs is dissolved in 5 mL n-hexane and
passes through silica gel treated with 44% H,SO,/
alumina column (1:10, w/w) as a second cleanup step
for non-ortho PCBs which is eluted with a mixture of
n-hexane: DCM (1:1). To isolate mono-ortho and 6
non-dI-PCBs, a half gram of lipid fraction is
dissolved in 5 mL n-hexane and passed through silica
get treated with H,SO, and eluted with n-hexane. As
described abowve, another silica/alumina column is
used and the mono-ortho and 6 non-dI-PCBs are
eluted with a mixture of n-hexane: DCM (1:1) [53,
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61, 67]. A similar technique was applied by
Bernsmann et al. [68] to determine dioxins, PCBs and
PBDEs in food matrices. In this method, the extracts
are passing through silica gel column coated with
H,SO, to eliminate lipid content, and then active
carbon column is used to separate dioxin-like PCBs
(dI-PCBs), non dioxin-like PCBs (ndl-PCBs) and
PBDEs by a mixture of n-hexane, cyclohexane and
DCM in the first fraction and PCDD/Fs by toluene in
the second fraction. Further florisil column is used to
clean-up PCDD/Fs fraction eluted by toluene. An
alumina column is used to separate mono-ortho and
ndl-PCBs eluted by a mixture of n-hexane: DCM,
98:2 from non-ortho PCBs and PBDEs eluted by a
mixture of n-hexane: DCM, 1:1.

A combination of extraction and clean-up
techniques has been conducted by many scientists
ower the past years to reduce time and cost and to
minimize the potential loss of the analytes during the
sample preparation [69-72]. In this combination
method, ASE is generally applied as an extraction
and clean-up tool: a tissue homogenate sample is
placed on the top of the multi-layer sorbent, which
consists of 10 galumina, mixture of 5 g celite and 0.5
g carbopack, 10 g florisil, and 5 g silica from top to
bottom, in the extraction cell. After adding surrogates
and standing for equilibrium (20 min), ndl-PCBs and
mono-ortho PCBs are eluted from the extraction cell
using DCM: Hex (1:1), as non-ortho PCBs and
PCDDI/Fs are retained in the mixture of celite and
carbopack. Toluene is used to elute non-ortho PCBs
and PCDD/Fs from the celite/carbopack layer [71].
For the amount of adsorbents used, the result
revealed no significant differences in the recoveries
of PCBs and PCDD/Fs by increasing the ratio
between fish composite and alumina or silica. So, the
optimal mass of the adsorbent mixture was adopted
as 30.5 g (10 g alumina, mixture of 5 g celite and 0.5
g carbopack, 10 g florisil, and 5 g silica) for 10 g fish
composite. To separate dl-PCBs from PCDD/Fs, the
mixture of DCM: n-hexane was used as a first
fraction: the recoweries for dlI-PCBs and PCDD/Fs
were 96.5% and 6.7%. Then toluene was used as a
second fraction and the recoveries were 5% and
90.7% for dI-PCBs and PCDD/Fs, respectiwely. In
case we used toluene as a first fraction, the recoveries
for both analytes were 94.2% and 96.2%,
respectively, and the dI-PCBs and PCDD/Fs could
not be separated if we employed toluene as a first
fraction. Regarding the co-extracted materials that
can be interfering with the analytes, florisil and celite
can be eliminated and remove the high molecular
materials. So there is no need to run the extract for
GPC as a clean-up tool [71].
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Table 3 lists some extraction and clean-up techniques
for different food matrices reported previously.
Among the extraction techniques available for
foodstuffs, ASE is widely used for different food
matrices and n-hexane and DCM are commonly
selected as the extraction solvent. For a common
clean-up method, silica gel treated with H,SO, alone
or in combination with alumina is adopted by many
scientists, particularly for animal tissue samples. GPC
is also used on a large scale to eliminate large size
molecules co-extracted with analytes.

In 2003, a very simple preparation technique,
called QUEChERS method, intended for pesticide
analysis in vegetables and fruit was introduced by
Anastassiades et al. [73]. Since the blending of the
test portion with organic solvent is replaced by
shaking in this method, the homogenization of the
sample is an important aspect to increase surface
area. Acetonitrile (ACN) that co-extracted interfering
compounds can be sharply reduced compared with
acetone or ethyl acetate is used as a polar extraction
solvent [74, 75]. Many scientists applied this
technique for the determination of PCBs in different
food matrices such as fish and shrimp [74-76].

Chromatographic analysis of PCBs

GC equipped with electron capture detector
(GC/ECD)

The determination method of PCBs utilized
extensively until around 2000 is gas chromatography
(GC) with electron capture detector (ECD) due to its
sensitivity for halogenated hydrocarbons and cost-
effectiveness. Howewer, it is not suitable or
recommended for non-ortho PCBs (PCB congeners
77,126 and 169) analysis due to the lower detection
limit of ECD (0.1 ng/g) and the levels of planar PCBs
within range of pg/g [18]. Temperature is also an
important factor that affects the response of ECD,
which is normally conducted at above 300 °C,
however lower temperature (180-200 °C) permit a
9ood ECD response for some PCBs. In addition,
3C,,-labeled standard cannot use for PCBs
quantifications [77, 78]. Other problems associated
with the usage of ECD: (1) non-linear response
across a relatively narrow range and (2) a wide
variation in response even within a particular PCB-
homologue group. In addition, a sophisticated clean-
up method is required to reduce and remowve
interferences [25].
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Table 3. Extraction and clean-up methods used for determination of PCBs and dioxins in different food matrices

Target

Extraction

Solvent and

Extraction

Matrices Analytes technique composition time Clean-up technique Ref.
Powder milk PCDD/Fs & SE Pentane : DCM (1:1) Overnight
Liquid milk non-ortho SPE n-hexane Few minutes  GPC & silica/alumina/carbon columns [93]
Meat PCBs ASE n-hexane 20 min
PCBs & n-hexane : DCM .
M | E h Florisil col 4
ussels OCPs S 1) 8 orisil column [94]
. PCBs & n-hexane : acetone . Silica treated with sulfuric acid & carbon
Fish PCDD/Es ASE (7525) 20 min cartridge [53]
Seal fat PCBs & SE DCM 8h GPC & Silica/alumina/carbon columns [95]
PCDD/Fs
Meat, fish, dalr_y PCBs us n-hexane : acetone Alumina/florisil column [96]
product,egg, oil
- PCDD/Fs & Toluene: . - :
Shrimp DL-PCBs SE cyclohexane (1:1) 24 h Multilayer silica, alumina and carbon [67]
Fresh & canned Indicator SE Acetone : n-hexane H,SO, to remove lipid contents & florisil [97]
fish PCBs (1:1) 60/100 mesh
Fish POCCFE’;SS & ASE DCM 20 min GPC & alumina/silica column [19]
13 kinds of PCDD/Fs & n-hexane : DCM ] - .
foodstuffs DL-PCBs ASE 1) 20 min Silica/alumina column [98]
Fish, beefand PCDD/Fs & n-hexane : DCM ; Silica gel treated with sulfuric acid &
feed DL-PCBS ASE (1:1) 20 min activated carbon [%9]
. . Combined systemof Extrelut-3/ Extrelut-1
. n-hexane: ACN:
Milk PCBs UE & LLE - cartridge with addition 0of0.36 g C18 & [100]
Ethanol (25:5:1) -
Florisil column
18 PCBs & MeOH : Toluene ] Acidified silica gel for fat oxidizing &
Poultry Eggs PCDD/Fs ASE (70:30) 20 min florisil. Active carbon columns [10]

DCM= Dichloromethane; MeOH= Methanol

On the other hand, GC equipped with high resolution
MS (GC-HRMS) is the most reliable tool for
quantitation of dioxins and dI-PCBs due to its high
sensitivity and selectivity for these analytes [79]. The
European Committee (EC) legislation recognizes
HRGC/HRMS as a reference and confirmatory
method for suspected and positive dioxin and dI-
PCBs findings in foodstuffs coupled with isotope
dilution method. Due to the operation and
maintenance cost, of HRGC/HRMS, and the
requirement of highly qualified and competent
persons, alternative techniques have been evaluated
to replace the reference method or at least to
minimize analysis costs by their use in preliminary
screening [80].

Time-of flight mass spectrometry (TOF-MS)

Another alternative method to GC-HRMS exists, and
one of the most promising is TOF-MS. As compared
to SIM with sector instruments, TOF-MS offers more
MS information because it monitors all masses at
once within a range. The coupling of GC/GC
separation and TOF-MS detection presents no
difficulties and there is no peak broadening.
Consequently, the GC/GC-TOF-MS coupling is a
powerful instrument combining improved
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chromatographic resolution of GC/GC and the
analytical resolving power of the TOF-MS [81, 82].

The GCxGC coupled with high speed low resolution
(LR) time of flight (TOF)-MS has been developed to
analyze dioxins at an acquisition rate of 50 Hz [83].
This technique separate PCDD/Fs from PCBs and
give detection limit for tetrachlorodibenzo-p-dioxin
(TCDD) of 0.25 pg, but is not successful with low
concentration levels (pg/L) in complex matrices with
low resolution. On the other hand, Xia et al. [84]
develop a GC x GC-HR TOF-MS method to
determine 12 dI-PCBs and 6 indicator PCBs in one
injection. In this optimization, GCxGC was coupling
to micro ECD to maximize chromatographic
separation which is confirmed by the two-
dimensional chromatogram for target PCBs. A
narrow mass (0.02 Da) was selected to obtain good
separation and to increase the accuracy and
selectivity. A comparative study was conducted to
evaluate GCxGC-HRTOF-MS with the reference
method (GC-HRMS) for dI-PCBs and 6 indicator
PCBs in fish samples. The results of GCxGC-HR
TOF-MS were comparable to those obtained by GC-
HRMS. For indicator PCBs (28, 52, 101, 138, 153,
and 180) the difference between two methods for
three types of fish ranged from 4.7 to 23.9%
suggesting that the GCxGC-HRTOF-MS results were
consistent with the results of GC-HRMS (Fig. 2).
Regarding 12 dI-PCBs, the congeners with
concentration above 0.9 pg/g have similar results
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Fig. 2. Different percent of GCxGC-HRTOF-MS and GC-HRMS results for 6 indicator PCBs and 12 dI-PCBs in three

species of fish

Different percent= (values of GC-HRMS subtract the values of GCxGC-HRTOF-MS)/ the value of GC-HRMS.

with those obtained by GC-HRMS with different
percent below than 39.3% for most dI-PCBs (Fig. 2).

Tandem MS/MS

Although GC/lon trap- mass spectrometry
(MS) and GC/low resolution-MS showed good and
promising results for the determination of PCBs, the
sensitivity became limited by every working day of
analysis as well as the intensive purification steps
required to overcome the problems associated with
the occurrence of co-extracted compounds [85]. Due
to enhancement of ion source optics, an alternative
low costly and sensitive technique like GC- triple
quadrupole mass spectrometry (MS/MS) for
quantitation of dioxins and PCBs is recently applied
at low lewels in food and feed [86-91]. So, with the
usage of GC/ion trap equipment having tandem mass
spectrometry capability (GC/MS/MS), the high
sensitivity and specificity are being applied to
determine the organic pollutants such as PCBs, dI-
PCBs, and dioxins [80]. The capabilities of the GC-
MS/MS technique were evaluated by the European
reference Lab with different food and feedstuffs
containing different concentration lewvels of dioxins
and PCBs. The optimization of the GC-MS/MS for
12 DL-PCB and 6 NDL-PCBs (indicator PCBs) is
conducted by Furst at al. [85]. For dI-PCBs, the
agreement between GC-HRMS and GC-MS/MS for
80 feed and foodstuffs is in almost within 10% and
15% differences at level above 1 pg/g or 0.1 po/ g,
respectively. For NDL-PCBs, the agreement between
GC-HRMS and GC-MS/MS at concentrations ranged
from 0.5 to 10 ng/ g is within £ 10%. Also, full
validation including instrumental and method limit of
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quantitation (iLOQ and mLOQ), accuracy, recovery
and uncertainty measurement for dioxin and dI-PCBs
analysis in foodstuffs was conducted by applying
GC-MS/MS [92]. While the iLOQ for non-ortho
PCBs and mono-ortho PCBs ranged between 0.030
and 2.109 pg/uL, the iLOQ for ndl-PCBs showed a
higher range (0.904 and 6.530 pg/uL) compared with
dI-PCB congeners. The mLOQ ranged between 0.018
and 601 pg/g for dI-PCBs and between 34.9 and 910
pg/g for ndl-PCBs. The variation coefficients for
matrix spike recowveries at three concentration levels
ranged from 3.4 to 8.5%. Based on these results,
usage of GC- MS/MS is becoming approved for
dioxin and dI-PCBs in animal tissues since the
performance is comparable to GC-HRMS.

Conclusions

It is believed that about one third of the total amount
of polychlorinated biphenyls (PCBs) has been
released into the environment. Due to their physico-
chemical properties, PCBs concentrated in food
webs. Food consumption constitutes about 90% of
human exposure to PCBs. Food matrices are
naturally complex and many ingredients are co-
extracted with PCBs. To determine PCBs in different
foodstuffs, extraction, purification, and
chromatographic ~ separation  techniques  are
mandatory steps to isolate PCBs from food matrices.
This article reviews the approached techniques for
the determination of PCBs in foodstuffs. Several
extraction techniques have been assessed and
established i.e. LLE, SE, UE, SPE, SPME, SBSE,
SFE, ASE, MSPD, and MAE. Among those
extraction methods, ASE is widely used for different
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food matrices using n-hexane and DCM as extraction
solvents. Because a variety of impurities e.g., lipids,
proteins, and pigments are co-extracted with PCBs,
an adequate clean-up process is necessary to isolate
PCB congeners at detectable levels. Silica gel treated
with sulfuric acid or in combination with alumina is
an effective technique for clean-up. GPC technique is
also used widely to eliminate large size molecules
from the extracts. An isotope dilution method using
GC-HRMS is the most and approved effective
technique to detect and quantify low concentrations
of dioxins and dI-PCBs in foodstuffs. An alternative
low costly and sensitive technique using GC coupled
with tandem MS (GC-MS/MS) is fully validated for
analysis of dioxin and dI-PCBs in food and feed
stuffs. This technique is becoming approved and
considered as an equivalent method as GC-HRMS by
the commission Regulation (EU) No0.589/2014 and
No0.709/2014 [85]. In the same regard, GCxGC-
HRTOF-MS is approved to be an alternative of GC-
HRMS since the results agreed well with those
obtained by GC-HRMS for 18 PCBs (12 dI-PCBs
and 6 indicator PCBs) as reported by Xiaet al. [84].
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