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ARTICLE INFO ABSTRACT

Polychlorinated biphenyls (PCBs) are a class of synthetic organic compounds containing carbon, hydrogen and
chlorine atoms. They have been used in various industrial and commercial applications owing to their high
boiling points, non-flammability, chemical stability and insulating properties. Also, PCBs are exceptionally stable
and prevail in the environment for a very long time. Consequently, they may not just affect the individual
organisms, but ultimately the entire ecosystems. The present review describes the sources, fate and transport of
PCBs in the environment followed by their accumulation in humans, animals, plants and biota. We provide the
description of current knowledge on sampling, pretreatment and cleanup procedures for the best extraction of
PCBs from various contaminated sites. Further, the futuristic analytical strategies established for the determi-
nation of PCBs and adequate remedial methods are discussed in detail. Also, the analytical challenges and
recommendations for future research regarding the PCBs assessment in the environment are summarized.
Overall, this review presents comprehensive knowledge on cutting edge technologies available in the field of
PCBs analysis.
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1. Background and scope of the review

Polychlorinated biphenyls (PCBs) are the synthetic organic com-
pounds produced from biphenyls by the replacement of hydrogens with
chlorine atoms. Each PCB homologue contains exact number of isomers
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viz., monochloro (3), dichloro (12), trichloro (24), tetrachloro (42),
pentachloro (46), hexachloro (42), heptachloro (24), octachloro (12),
nonachloro (3) and decachlorobiphenyl (1). The number and position
of chlorine atoms on phenyl rings differentiate the PCB congeners, and
there are total 209 PCB congeners. Among all, 12 PCB congeners
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consisting four or above four chlorine atoms with one or no substitution
at the ortho position are thought to exhibit dioxin-like (DL) toxicity and
they are termed as “DL PCBs” [1,2]. Owing to their chemical stability,
insulating properties and non-flammability, PCBs have been utilized in
various commercial and chemical industries for the wide range of ap-
plications such as in heat transfer, rubber and plastic products, hy-
draulic machines, dyes, pigments and carbonless copy paper [3,4]. The
estimated overall global production of PCBs is 1.5 million metric tons,
and approximately 10% of which are remaining in the environment as
of today [5]. The authorities have raised the detrimental effects of PCBs
on the environment including their toxicity, persistency and bioaccu-
mulation. As a result, their production was aborted all over the world
from late 1970s to early 1980s.

In the past, a wide number of commercial PCB products have been
produced under the commercial names viz., aroclor (USA), chlophen
(Germany), kanechlor (Japan) and fenclor (Italy) [6]. Especially in the
past few decades, a great attention has been focused to examine the
toxicity of PCBs that have shown similar toxicity as polychlorinated
dibenzofurans (PCDFs) and polychlorinated dibenzo-p-dioxins
(PCDDs). Also, some PCBs including PCB-77, PCB-126 and PCB-169
exhibit remarkably high DL toxicity due to the absence of chlorine
substituents at the ortho position [7]. The toxicity of DL PCB congeners
is nearly comparable to the most toxic 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD). Therefore, the toxic equivalency factor (TEF) of 2,3,7,8-
TCDD is described as 1.0, and TEF values of other dioxins and PCB
congeners can be calculated with reference to the 2378-TCDD value.
These TEF values shall be updated regularly considering the most re-
cent data available from toxicological studies [8]. The TEF values of
several PCB analogues recently issued by World Health Organization
are presented in Table 1.

Due to their excessive chemical stability and wide range of appli-
cations, PCBs are persistent both in biotic and abiotic environments [9].
The distinct physico-chemical properties of PCBs have certified them as
indispensable compounds in broad area of industrial applications. But,
some specific properties of PCBs have demonstrated them as en-
vironmentally perilous compounds. The outstanding dielectric property
is one among the most significant properties of PCBs [10]. Also, their
poor electrical conductivity and high heat capacity have proved them to
be ideal as coolants in electrical equipment. A brief list of significant
commercial and industrial applications of PCBs is delineated in Fig. 1.
The ease of transportation of PCBs over the long distances in the at-
mosphere would result in their rampant distribution across continents
including the regions where they have never been used before. There-
fore, PCBs are observed nearly in all compartments of the global eco-
system at least in trace quantities.

Majority of PCBs in the environment are believed to be the result of
leaks from PCB containing electrical capacitors and transformers, but
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waste incineration is also a potential source for PCBs. From the avail-
able literature, it is evident that PCBs may enter practically into all
ecosystems and sustain for years without undergoing biodegradation,
oxidation or reduction to any considerable extent [11]. Further, PCBs
withstand to breakdown by acids, bases and heat to a large extent due
to their hydrophobic property. Also, the high solubility of PCBs in lipids
allows them to bind with lipid segments in animal tissues and con-
centrate in livestock through the food chain. Hence, the major route of
human exposure to PCBs is through diet, especially from meat, fish and
dairy products. Besides their toxic effects, several breakdown products
of PCBs exhibit even more toxicity. For instance, the breakdown pro-
ducts alter the cellular operations in lungs, exhibit negative influence
on thyroid hormones, hinder the activity of enzymes in adrenal glands,
interfere with estrogen receptors and influence the reproductive system
[12].

Considering their adverse effects on the entire ecosystem, PCBs have
been categorized into a group of persistent organic pollutants (POPs). In
view of their acute toxicity and environmental persistency, several
analytical strategies have been developed for sampling, pretreatment
and analysis of PCBs in air, water, soil, sediments and other biological
contaminated sources at trace concentrations. Even though several re-
view articles have briefly discussed the toxicology, pharmacokinetics
and analytical procedures for the characterization of PCBs from dif-
ferent sources in the environment, but no review has described sys-
tematically about the sampling, extraction and methods of analysis
[13-19]. Therefore, the present review focuses on the fate and transport
of PCBs in the environment, latest sampling techniques used or devel-
oped for air, water, soil, sediments, plants and biological tissues. Fur-
ther, this review emphasizes sample extraction methods and their
analysis by the state-of-the-art analytical techniques considering the
latest research articles as case studies. Finally, the possible remediation
approaches followed by the future recommendations are discussed.
Overall, this review could be a complete guide for the analysis of PCBs
collected from any kind of contaminated source(s).

2. Fate and transport of PCBs in the environment
2.1. Sources, distribution and transport of PCBs in the environment

The widespread use of PCBs in different commercial and industrial
applications along with their inappropriate disposal has created severe
environmental contamination. The electrical components including
capacitors and transformers, as well as other PCB waste from landfills
discharge them into air since landfills may not be designed specifically
to handle hazardous PCB waste. Approximately, one third of the total
PCBs produced in the United States (US) have already entered into the
environment [20] and their contamination is continue to rise by

A brief overview of TEF values for various PCB congeners issued by World Health Organization.

CAS Number Chemical name of PCBs Name of PCB congeners Log Kow TEF (Unitless)

1998 2005
32598-13-3 3,4,3’,4’-Tetrachlorobiphenyl PCB No.77 6.36 0.0001 0.0001
70362-50-4 3,4,5,4’-Tetrachlorobiphenyl PCB No. 81 6.36 0.0001 0.0003
32598-14-4 2,3,4,3’,4’-Pentachlorobiphenyl PCB No. 105 6.65 0.00003 0.00003
74472-37-0 2,3,4,4’,5-Pentachlorobiphenyl PCB No. 114 6.6 0.0005 0.00003
31508-00-6 2,4,3",4’,5-Pentachlorobiphenyl PCB No. 118 6.74 0.00003 0.00003
65510-44-3 2/,4’,2,3,5-Pentachlorobiphenyl PCB No. 123 6.74 0.0001 0.00003
57465-28-8 3,4,5,3,4’-Pentachlorobiphenyl PCB No. 126 6.89 0.1 0.1
38380-08-4 2,3,4,5,3’,4’-Hexachlorobiphenyl PCB No. 156 7.18 0.00003 0.00003
69782-90-7 2,3,4,3,4’,5’-Hexachlorobiphenyl PCB No. 157 7.18 0.0005 0.00003
52663-72-6 2,4,5,3",4",5-Hexachlorobiphenyl PCB No. 167 7.27 0.00001 0.00003
32774-16-6 3,4,5,3",4’,5-Hexachlorobiphenyl PCB No. 169 7.42 0.01 0.03
39635-31-9 2,3,4,5,3,4’,5"-Heptachlorobiphenyl PCB No. 189 7.71 0.0001 0.00003

*PCB 37 will take into consideration for TEF assignment after certain toxicological studies [8].
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Fig. 1. Illustration of various commercial and industrial applications of PCBs.

dumping the aged electrical appliances. The municipal waste in-
cineration could further increase their contamination by producing
harmful byproducts including PCDD/Fs and hydrogen chloride (HCI).
However, PCBs may also enter the environment by evaporation of
paints, coatings and plastics, downright leakages into sewers and
streams, dumping in non-secure landfills followed by other disposal
techniques like ocean dumping. Despite the regulations, a few PCBs are
being dumped illegally by means of ignorance or negligence. Apart
from the above, accidental spills and leakages are the secondary sources
that contribute lesser extent to the global PCBs contamination. At first,
PCBs were recognized in 1966 during the quantification of DDT and its
substances in the environmental samples [21]. Thereafter, PCBs have
been evolved as common pollutants in global ecosystem and often
identified in air, soil, sediments, water, milk, fish, wildlife, plants,
human adipose tissues and blood samples. Surprisingly, PCB residues
have been noticed in the regions of no industrial activity including
snow deposits in Antarctic [22].

PCBs have been noticed throughout the world at significant con-
centrations in all environmental matrices and their concentrations in
urban air greatly varied with the rural areas. For instance, the average
concentration of PCBs reported in North-American cities is 0.5ng/m?>,
which is almost 20-times greater than the reported concentration of
0.02 ng/m? in rural locations. Notably, PCBs were found at 0.2 ng/m>
concentration in Arctic and Antarctic regions, where they have never
been used [23]. In the early 80, the indoor air concentrations of PCBs
were found to be relatively 10-times greater than the outdoor air. Next,
the concentration of PCBs in rainwater has been dropped from 0.02 ng/
m? to 0.005 ng/m? in rural locations and from 0.05 ng/m> to 0.01 ng/
m? in urban stations in the early nineties, which are one-fourth lesser
than the reported values in the late seventies. In seawater of high in-
dustrial areas, the PCBs concentrations were found up to 100-times
higher than the respective offshore, wherein samples were collected
from upper few millimeters of the surface. Extremely, higher PCB
concentrations of 0.3-3.0 ng/L were found in North Sea and Galveston
Bay, the vastly industrialized areas in Texas, US [24].

The degree of chlorination also influences the adsorption of PCBs
proportionally on any particulate matter. In water, PCBs can be ad-
sorbed onto the surface of sediments and other organic matter. The two
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primary routes for PCBs to enter into soil environment are disposal sites
and atmospheric transportation. These PCBs are pervasive and remain
in the environment for longtime. In sediments of surface water, PCBs
accumulate in significant quantities. Indeed, the organic matter, clay
surface and micro particles dispersed in water promote the adsorption
of PCBs. They remain concealed in the sediments for longer time and
gradually released into water, which would then evaporate into the
atmosphere/air. Discharge of PCBs from water to air occurs particularly
in dry seasons when sediments contain higher PCB concentrations [25].
The PCBs present in air can concentrate on soil through wet deposition
during rains and snow falls, otherwise they adhere to particulate sub-
stances like dust/soot that readily settle down on the soil surface.
Perhaps, PCBs can also be transferred by insects when they come into
contact with them. A detailed representation for the transportation of
PCBs in the environment is displayed in Fig. 2.

2.2. Adverse effects of PCBs on human and biota

It is very familiar that PCBs induce a wide variety of toxic responses
in human, wildlife, plants and laboratory animals. They can penetrate
the human body through skin contact, by inhalation of PCBs con-
taminated vapors and by consuming food contaminated with PCB re-
sidues [26]. Consumption of foods contaminated by PCBs especially
fish, meat and other poultry products appear to be the main source of
exposure even though concentration of PCBs in foods has been de-
creased since the late seventies [27]. The National Toxicology Program
(NTP) and International Agency for Research on Cancer (IARC) have
concluded that PCBs are carcinogenic to human. Toxicological studies
of PCBs in human were found to increase the rate of melanoma, gall
bladder cancer, brain cancer, liver cancer, biliary tract cancer, gastro-
intestinal tract cancer and possibly connected to breast cancer. The
people exposed to high levels of PCBs through skin contact or by con-
sumption experience skin irritations like severe acne and rashes, nose
and lungs infections and eye issues [28]. Further, lesser chlorinated
PCBs can mimic with the bodys natural hormones especially with es-
trogen. The women exposed to PCBs during their pregnancy may result
in serious motor control and neurological issues, and in children they
cause short-term memory loss and lowered IQ. In addition, a study
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Fig. 2. Representation of possible routes of transportation of PCBs into environment.
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Fig. 3. A list of severe adverse effects of PCBs on human health.

found shortened menstrual cycles in women who consumed fish from
Lake Ontario that are highly contaminated with PCBs [29]. Apart from
the above, PCBs are thought to influence the sperm counts, alter the sex
organs, early puberty and change sex ratios of children. Highly
chlorinated PCBs exhibit DL toxicity and alter the metabolism of sex
steroids in the body, change the normal estrogen and testosterone le-
vels. A list of adverse health effects of PCBs in human body are pre-
sented in Fig. 3.

Investigations on laboratory animals provided the information that
PCBs can be absorbed quickly from digestive tract and to a minor extent
through skin. In animals, PCBs were observed to impair the stomach,
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lungs and pancreas. Based on a short-term exposure study for 7 days,
the lowest concentration that was found to harm the tested rats was
2.5 mg/kg body weight per day, which caused a significant decrease in
thyroid hormone level in the blood and relative increase of liver weight.
Similarly, in a longtime exposure of 2 years, the tumors were developed
in nine out of twelve studies and the liver size was significantly in-
creased on the ingestion of PCBs mixture. The lowest PCB concentra-
tions associated to develop these tumors ranged between 1.4 and
5.4mg/kg body weight/day based on specific PCB mixture tested.
Furthermore, PCBs containing more chlorine atoms support the for-
mation of lung tumors in mice, and liver tumors in both rats and mice
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[301.

The uptake of PCBs and their negative effects on plants has also
been examined. For instance, PCBs firmly bind to the soil organic
matter and provides low bioavailability for plants and microorganisms.
But accumulation of PCBs in soil is perilous to all kinds of organisms
including plants. The higher PCB concentrations affect the biosynthesis,
ultrastructure of plant cell, membrane stability and plant DNA. Also,
the plants that are highly exposed to PCBs result in reduction of pho-
tosynthesis, water/nutrients uptake and show visible symptoms of
growth inhibition, browning of root tips and even death [31]. In a re-
cent study [32], the inhibited growth rate was reported in tobacco
plants when they cultivated in PCB contaminated soil. Increased DNA
damage and reduced growth have significantly affected the tobacco
plants. The toxicity induced by PCBs had a strong inhibition on leaf
growth and could have restrained the induced mutated cells division, so
that mutated parts could not be detected.

2.3. Bioaccumulation and biotransformation of PCBs in human, plants and
living organisms

It has been revealed that atmospheric PCBs concentrations correlate
with the population size, meaning that urban locations contain sig-
nificantly higher PCB concentrations than the rural locations.
Bioaccumulation of PCBs in human is recognized to take place through
their deposition onto terrestrial plants from air and water and then to
aquatic autotrophs and invertebrates of the lowest trophic levels, fol-
lowed by their transfer through food webs. Recently, it was assessed
that inhalation makes significant contribution to the total PCBs con-
centrations present in human body, which likely in populations where
PCBs concentrations in air is high and fish consumption is low [33]. In
the United States, intake of PCBs in adults by diet has continuously
decreased since the late seventies, which attained the lowest by late
eighties. During 1991-97, considerably higher dietary exposure was
detected around 3.0-5.0ng/kg body weight/day in adults and
2.0-12ng/kg body weight/day in kids. Next, a study conducted in
Japan during the late nineties estimated the intake of PCBs over 120
food items, and the findings revealed that maximum concentrations
(8.39-25.7 ng/kg) of PCBs were found in fish and shellfish. The total
uptake of PCBs in adults (assuming an adult weight of 50 kg) was found
to be 0.00145 ng/kg body weight/day, which depicts a high degree of
PCBs contamination in Japan.

The concentration of PCBs reported in human milk fat in Japan was
highest in 1974, but it was decreased to 13% by 1998 (0.2 mg/kg milk
fat) [34]. In contrast to above studies, PCBs have been identified only in
1 out of 280 drinking water samples tested in Canada at a concentration
of 6.0 ng/L. The PCBs found in breast milk increased from 1970 to 1982
in Canada, then declined to its 1970 value by 1986 [35]. Another study
reported the concentration of PCBs in fat of breast milk in Swedish
women, in which they have noticed a constant reduction from
0.910 mg/kg to 0.324 mg/kg of milk fat during 1967-1997. Thereafter
in the late 80 s, the quantity of PCBs detected in fat of human milk was
ranged from 0.2 to 4.0 mg/kg [36]. During 2005-2007, a study con-
ducted in California and Ohio showed the highest level of PCB-153 i.e.,
7.4ng/g lipid in 6-9years old girls, 5.4ng/g lipid in 12 to 19 years
male and females and 24.2ng/g lipid in adults aged above 20 years
[37]. As of now, the critical concentrations described in international
literature for children below three years of age, breastfeeding women
and women of childbearing age varied between 700 and 1000 ng of
total PCB per gram of maternal plasma lipids.

The major routes of elimination of PCBs from the human system are
via feces, urine and breast milk. PCBs can also enter placenta and then
pass to umbilical cord blood, later they reach to breast milk in mothers.
In any living system, PCBs undergo a variety of transformations fol-
lowed by their excretion or accumulation in certain tissues. Also, PCBs
have high tendency to transform into persistent metabolites, which are
capable to accumulate in specific tissues and body fluids rather than
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excretion. Further, PCBs can enter into tissues through blood and then
rapidly transform into water soluble substances. They can associate
with glucuronic acid and glutathione that are the two natural sub-
stances available in the body to increase water solubility of xenobiotics
and promote their excretion through urine and feces [38]. The speed of
the overall process varies with the number of chlorine atoms and their
position in the PCBs. For example, the above process becomes slow if
the chlorine atoms are present on both the phenyl rings, and the process
becomes faster if the phenyl rings contain no chlorine atoms.

Plants uptake PCBs from both soil and air and root is the first tissue
to encounter PCBs via absorption process. The content of root ex-
tractable lipids strongly influences the uptake of PCBs. Despite many
studies on the uptake mechanisms and transformation of PCBs by
plants, majority of them have focused on plant root uptake of PCBs
[39,40]. Initially, PCBs enrich at the root surface and later transfer to
the roots together with water. They then percolate across the cuticle-
free unsuberized cell walls of young root hairs that are situated nearly
behind the root tip (5 + 50 mm). Afterwards, they travel towards the
xylem transport tissue in the roots along the free intercellular spaces.
The cell wall between the cells in root cortex is porous by which PCBs
can travel readily from solution to interior before they reach the en-
dodermis [41].

The higher solubility of PCBs in animal fats demonstrates their ac-
cumulation in animal fats across the food chain. Generally, PCBs have a
tendency to accumulate in living organisms when they are absorbed
from the environment by means of bioaccumulation and from food
chain via biomagnification. Further, PCBs influence the mixed function
oxidase (MFO) enzymes and obstruct the ATPases in marine biota [42].
However, PCB congeners could be transformed by various animal spe-
cies and vertebrates. The speed and physiological mechanism of PCBs
metabolism depends on specific PCB congener and animal species; the
rate of bioaccumulation in aquatic organisms relies on the species, its
habitat and PCB congener [43]. The concentration of PCBs in sediments
is much higher than water and therefore, the concentrations are often
high in bottom-feeding species. In aquatic environment, the con-
centration of PCBs is more in shellfish than the plankton on which they
feed; the concentrations are even higher in animals such as large pre-
datory fish or mammals (dolphins, seals and whales) that are placed at
the top of the food chain [44]. On the earth, biomagnification pro-
gresses by the accumulation of PCBs in worms and insects from soil/
plants to finally reach mammals and birds. Also, PCBs accumulate in
human through food chain. The concentration of PCBs in fatty tissues of
human are at least 100-times higher than in food they eat.

2.4. Persistence and degradation of PCBs in the environment

Persistence of PCBs in the environment depends on the number of
chlorine atoms and their positions on biphenyls rings. The two phenyl
rings of PCB may lie in the same plane (co-planar PCBs) or in different
perpendicular planes (non-planar PCBs). The breakdown of PCBs occurs
mainly from sunlight followed by microorganisms and sunlight plays an
essential role in the destruction of PCBs present in water, air and soil
surface. Generally, the persistence of PCBs in the environment increases
with increasing number of chlorine atoms [45]. Light induced de-
gradation is much slower in planar PCBs compared to perpendicular
PCBs. In the atmosphere, PCBs prefer to react with water and ozone in
the presence of sunlight. The half-life of PCBs containing 1-5 chlorine
atoms varies between 3.5 and 83 days. The PCBs present in water
breakdown necessarily under the effect of sunlight (photolysis). In
shallow water, the half-life time varies from 17 to 210 days for PCBs
containing 1 to 4 chlorine atoms during dry seasons [46]. However,
winter is not effective and degradation of PCBs by sunlight would be
relatively slow. High chlorinated PCB congeners absorb relatively
greater amounts of sunlight and cause rapid breakdown. In soil and
sediments, most of the degradation of PCBs takes place in micro-
organisms. But, the rate of degradation depends upon different factors
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Table 2
A list of several DL PCB congeners and their degradation half-life times.
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Name of PCB congeners Chemical names of PCBs

Half-life (years)

Air Water Soil Sediments
PCB No.28 2,4,4-Trichlorobiphenyl 0.008 0.165 2.966 2.976
PCB No.52 2,5,2’,5’-Tetrachlorobiphenyl 0.171 3.422 9.99 9.993
PCB No.77 3,4,3’,4’-Tetrachlorobiphenyl 0.171 3.422 9.993 9.993
PCB No.81 3,4,5,4"-Tetrachlorobiphenyl 0.171 3.422 9.993 9.993
PCB No.101 2,2,4,5,5’-Pentachlorobiphenyl 0.342 6.845 9.993 9.993
PCB No.105 2,3,4,3’,4’-Pentachlorobiphenyl 0.342 6.845 9.993 9.993
PCB No.114 2,3,3,4,5,4’-Pentachlorobiphenyl 0.342 6.845 9.993 9.993
PCB No.118 2,4,5,3,4’-Pentachlorobiphenyl 0.342 6.845 6.845 6.845
PCB No.123 2/,4,3,4,5-Pentachlorobiphenyl 0.342 6.845 9.993 9.993
PCB No.126 3,4,5,3,4’-Pentachlorobiphenyl 0.342 6.845 9.993 9.993
PCB No.153 2,4,5,2",4’,5"-Hexachlorobiphenyl 0.684 13.689 18.823 18.823
PCB No.169 3,4,5,3",4,5-Hexachlorobiphenyl 0.684 13.689 18.823 18.823
PCB No.180 2,3,4,5,3’,4,5"-Heptachlorobiphenyl 1.369 27.379 37.645 37.988

including position and total number of chlorine atoms, concentration of
PCBs, nature of microorganisms, available nutrients and temperature.
The breakdown process for PCBs using microorganisms might be very
slow or may not even happen if the soil and sediments contain oxygen.
A list of most common PCB congeners and their degradation half-life
data are presented in Table 2.

3. Sampling of PCBs from different sources

PCBs have been identified in discrete sample matrices such as in air,
water, soil, sediments, plants, aquatic mammals, fish, benthic organ-
isms, human adipose tissue and many more. Therefore, it is funda-
mental to acquire the most representative samples for any environ-
mental measurement procedure that should not be overlooked.
Contamination may occur at field collection, especially from PCBs
present in electrical equipments and building products. Therefore,
specific approaches are necessary to collect the samples from different
sources. The examination of PCBs in water is quite difficult owing to
their high tendency to travel to the fatty environment and their lower
water solubility [47]. Therefore, the concentrations of PCBs detected in
water samples are quite lower and the analysis could be obstructed by
background contamination, which needs extreme care during sample
extraction to enhance their concentration. Further, PCBs concentration
in air can be evaluated after collecting the samples using filters or
passive sampling systems. Next, sediments and biota are the most
preferably considered matrices for the analysis of PCBs in the en-
vironmental samples. In this section, we have described the specific
sampling techniques for the collection of PCBs and their scientific
merits over the conventional sampling methods.

3.1. Water sampling for PCBs

Water sampling is particularly sensitive to PCBs contamination on
older ships and buildings. The most trivial procedure to collect the
surface water samples for PCBs is to grab sampling or spot sampling.
This process involves the collection of a single sample or numerous
individual discrete samples representing the width and depth integrated
profile. The simplest procedure for the collection of samples for PCBs in
small and wadeable streams is by hand into the shipping sample con-
tainers [48]. In deep water sites including lakes and reservoirs, the
samples can be collected with the help of bailers or thief samplers. The
commonly available samplers for the collection of PCBs and other
chlorinated compounds are Kemmerer, Van Dorn and double check
valve bailer devices [49]. These samplers are beneficial to collect dis-
crete samples from the specific depth. Next, the groundwater samples
can be collected from the monitoring wells or existing supply wells. The
selection of sampling methods varies with the depth of water and size of
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the well. Portable peristaltic pumps are convenient to collect the
groundwater samples for PCBs from monitoring wells [50]. Similarly,
pore water can be collected in-situ with the aid of passive sampling
devices. The pore water samples of laboratory sediment samples can be
obtained from centrifugation, squeezing followed by vacuum filtration.

Recently, a modified water sampling method [51] was established
for the PCBs and PCDD/Fs using dual filters of pore sizes 3.0 pm and
0.5um and compared the efficiency with conventional sampling
method that contains a single filter of 0.5um pore size. In the con-
ventional approach, highly concentrated suspended solids were accu-
mulated and formed a dust layer on the filter surface that has created
the necessity to abort the sampling process and replacement of filters
more often during the sampling process. But, the modified method with
dual filters was effective compared to traditional method containing
single filter of 0.5um pore size. Further, the operation of modified
sampling process was impressive, which avoids filter replacement [51].

3.2. Soil and sediment sampling for PCBs

Marine sediments particularly with high organic carbon may accu-
mulate PCBs and other hydrophobic compounds significantly at higher
concentrations than the surrounded water. The sampling procedure
essentially varies with the intention of observation and natural state of
the area to be examined. Typical sampling approaches for the PCBs are
stratified fixed sampling, fixed station sampling and stratified random
sampling. Mud or swampy sediments that contain high percentage of
refined materials are superior to monitor organic contaminants. A
variety of grab samplers can be used to collect the surface sediments
[52]. Usually, PCBs concentration in sediments exhibit the uneven
distribution and thus the total number of grabs collected at a single
location could be mixed into poled sediment sample. Stainless-steel
buckets must be used in the grab samplers to avoid the possible con-
tamination from plastic materials that contain plasticizers such as
phthalates. The grab samplers normally collect the samples from upper
layers of the sediments, but may dissipate the unconcentrated flocs at
sediment-water interface when moving down. The multiple damped
array shallow coring devices are necessary to collect the flocs. Passive
sediment devices are useful to collect the samples from sediments
formed by the water columns or re-suspended from the seabed [53]. In
stagnant fields, the change in flux of PCBs to the seabed as a function of
time can be recreated by the examination of dated sediment cores.
Therefore, the cores with greater than one meter of length are necessary
for this purpose.

Recently, a novel nonequilibrium passive sampling method was
reported [54] by applying different polyethylene thicknesses to predict
the freely dissolved aqueous PCBs concentration in sediment pore
water. This method provides reasonable estimates for freely dissolved
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aqueous PCBs concentration proving its potential as another option for
nonequilibrium passive sampling for PCBs and other hydrophobic pol-
lutants in sediment pore water. Also, CERP has issued guidelines for the
soil and sediment sampling in 2009, in which, it has stated that sam-
plers used for soil sampling may vary from the samplers used for se-
diment sampling, and sampling a few times where sediments present
below the water bodies must be performed carefully, resulting
minimum or no harm to the site and preventing the sample loss [55].

3.3. Air sampling for PCBs

There are several advanced techniques available for ambient air
sampling of PCBs. Hence, the critical objective of any air sampling task
is to acquire an absolute and representative sample. There are gaseous
and particulate pollutants in air whose concentration can be reported in
milligram/cubic meter of air. Particulate sampling can be accomplished
using the high-volume air samplers and dust samplers. Using these
samplers, the size of the particles < 10 um can be captured employing
the filter paper [56]. The ratio between weights of filter papers to that
of quantity of air elapsed provides the volume of particulate matter
present in air. Next in grab sampling, air samples can be taken by filling
the clear flasks, but this is very old and conventional ambient air
sampling method [57]. Absorption of gaseous pollutants into the liquid
medium is another important method for the collection of air samples.
Impinger and midget type devices can be used to emphasize the high
degree (pollutant) gas-liquid contact. Most of the environmental con-
sultancy firms prefer to use this absorption technique for the ambient
air sampling, because the loss of degree of quality is insignificant [58].

Several publications reported the air sampling and analysis of PCBs
in recent years. Besides, several guidelines have been established to
demonstrate the air sampling procedures and strategies for the analysis
of PCBs. Air sampling for PCBs is typically carried out by using XAD
resin or polyurethane foam (PUF). Recently, PUF and PUF combined
with granular adsorbents were successfully utilized to carry out the air
sampling for PCBs [59,60]. Different granular adsorbents (Porapak®R,
Chromosorb®102, Amberlite XAD-2, Florisil®PR and Tenax®GC) were
combined with PUF to enhance the sampling capacity and the compe-
tence of granular adsorbents found to be higher than PUF, but granular
adsorbents are expensive and possess higher airflow resistance than
PUF [61]. In a further study, silicone was employed for PCBs sampling
in indoor air based on its partition properties. Higher sampling rates,
greater sensitivity and good precision along with several other practical
advantages viz., low cost material, effortless shipment, simple handling
proved silicone as efficient and potential material for passive sampling
applications [62].

3.4. Biota sampling for PCBs

The concentration of PCBs in biota can be varied significantly at the
upper levels of food chain. Therefore, it is important to acquire an il-
lustrative sample from certain populations. PCBs are expected to as-
sociate with benthic and suspended solids, phytoplanktons, zoo-
planktons and natural surface oil films due to their lipophilic property.
Absorption of PCBs into aquatic food chains commence with these se-
diments, planktons or films casually swallowed by fish and in-
vertebrates [63]. Different processes can be used to collect the biota
samples, like benthic organisms can be collected from seashore rocks by
the aid of grab dredge or trawl in deep waters [64]. Fish samples can be
grabbed by means of rod and line or using various trawls and nets based
on territory and nature of species under observation. Further, electric
fishery methods are exceptionally beneficial to collect the samples [65].

Oslo and Paris Commissions have established the guidelines re-
garding biota collection for the contaminant analysis. Animals can be
preserved in freezers at — 25 °C, and the tissues required for the analysis
shall be collected under suitable laboratory conditions maintaining a
hygienic atmosphere in the laboratory. However, it is crucial to manage
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the glass jars in a similar way that has been adopted for the sediment
samples. Usually, wet sample extraction is recommended after drying
the samples with sodium sulfate (Na;SO4) or calcium sulfate (CaSO,)
[66]. But, freeze-drying is not suggested considering the loss of lesser
chlorinated PCBs before the analysis and due to the risk of cross-con-
tamination.

In a recent study [67], silicone coated glass jars were used to collect
seven ‘indicator’ PCBs along the River Elbe intending to assess Cgee Of
PCBs and their Cjjp—sq in sediment samples. In all cases, the Cyioip
quantities were found to be less than Cjjp—geq. The results confirmed the
close relationship between bioaccumulation of PCBs and thermo-
dynamic potential of sediment-associated HOCs for partitioning into
lipids. This procedure gave clear and consistent results compared to
other conventional methods that depend on the total concentrations in
sediment and biota-sediment accumulation factors [67]. Some recent
studies have reported plankton sampling following COSTAS protocols
(pollutants in trophic system: phytoplanktons, zooplanktons, anchovy,
sardine) [68,69] to conclude that 60-200 pum size is characteristic for
phytoplanktons and 200-1000 pm for zooplanktons.

4. Sample extraction methods

Sample preparation for PCBs is remarkably a judgmental process on
which the accuracy of measurements depends. Most importantly,
freeze-drying of PCB samples reduce the recoveries owing to the firm
binding and residues obstruction in dried materials [70]. Although,
some authors have recommended the freeze-drying for sediments and
soils [71], lower recoveries were reported for the PCBs from freeze-
dried sediments [72]. Another study reported that loss of water during
the processing of fish products result in higher PCBs concentration [73].
Thus, conservation of environmental sediment samples and tissues in
their original wet state is regarded as the predominant approach while
preparing the samples for PCBs analysis. Moreover, the contamination
from lab air can be minimized by preventing drying step; it has a great
advantage particularly in old buildings where PCBs are rampant con-
taminants. Alternatively, homogenized samples shall be mixed with
desiccants (free from PCBs) such as sodium sulfate, celite or hydro-
matrix to bind water [74].

This section describes the several sample extraction methods in-
cluding solid phase extraction (SPE), supercritical fluid extraction
(SFE), soxhlet extraction, solvent extraction and other latest micro-
extraction methods. A summary of the advantages and disadvantages of
popular sample extraction methods are presented in Table S1. Fur-
thermore, a complete list of sample extraction techniques available for
the extraction of PCBs from different categories of sample matrices is
presented in Fig. 4.

4.1. Soxhlet extraction

Soxhlet extraction is a popular and conventional technique for PCBs
extraction from different environmental samples including soils, sedi-
ments, animals and plant tissues. It allows vast amount of sample i.e.,
10-30 g without the need for filtration after the extraction. The method
is independent of sample matrix and multiple numbers of soxhlet ex-
tractors can be fixed to perform the unabandoned operation. A large
variety of organic solvents including dichloromethane (DCM), mixture
of DCM-acetone, DCM-hexane, and acetone-hexane have been used for
extraction [75]. However, it is not advisable to use non-polar solvents
alone. The major disadvantages of the method are their prolonged ex-
traction times varying from 24 to 48 h, consumption of high organic
solvent up to 500 mL per sample and the necessity of evaporation after
sample extraction. To overcome these drawbacks, some improvements
have been made to the conventional soxhlet extraction including au-
tomated Soxhlet extraction, high pressure Soxhlet extraction and fo-
cused microwave assisted Soxhlet extraction [76].

A few Soxhlet extraction methods have been demonstrated for the
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Fig. 4. Various sample pretreatment options available for the extraction of PCBs.

analysis of PCBs in fish and sediment samples that achieved the best
recoveries [77,78]. The accelerated solvent extraction (ASE) was used
to extract PCBs from the sediment samples collected in Baltic Sea using
n-hexane/acetone (1:1, v/v) for ASE and toluene for Soxhlet extraction.
The results showed that sediments containing small quantity of organic
carbon were extracted in 5.0 min by ASE using n-hexane/acetone
(mentioned in EPA method 3545). Nonetheless, Soxhlet extraction in-
creased the extraction efficiency using toluene solvent for sediments
with higher amounts of carbon [79]. The three commonly used ex-
traction techniques viz., soxhlet extraction, ASE and microwave-as-
sisted extraction (MAE) are compared for the extraction of PBDEs and
PCBs in soil and fish samples. The extraction recoveries of ASE and MAE
were comparable with Soxhlet extraction for PCBs and PBDEs, and even
better for several PCB congeners containing large octanol-water parti-
tioning coefficients (K(o/w)). Therefore, consistent extraction re-
coveries of ASE and MAE procedures have described that elevated
pressure and temperature are appropriate to extract PCB congeners
from solid matrices efficiently [80].

4.2. Solid phase extraction

SPE is applicable for the pre-concentration of air and water samples
containing PCBs. SPE was developed as a possible replacement for the
labor-intensive LLE procedure that is difficult to automate and demands
high amount of high-purity solvents. In contrast to LLE, SPE offers
lesser solvent consumption, rapid processing and the choice of auto-
mation [81]. Further, the necessity of transportation and storage of
large volume samples in the laboratory can be avoided due to its direct
sampling option in the fields [82]. Field-portable SPE prevents the
analytes from degradation during sample holding times after sample
collection.

In the past, a method described for the pre-concentration of PCBs
from seawater using XAD-2 column in SPE. After passing the PCBs onto
XAD-2 sorbent (sometimes PUF was used alternatively), the samples
were constrained to solvent extraction. Although, this technique is very
useful, the cleaning procedure is very cumbersome to confirm a low
blank from the resin matrix [83]. Another column extraction technique
was reported for fish samples, in which 5.0 g of sample was grounded
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with anhydrous sodium sulphate (Na;SO,) enveloped with the chro-
matography column and eluted with DCM. Then gel permeation chro-
matography (GPC) was applied to eliminate bulk lipids in the next step
after concentration [84]. Subsequently, in the next method researchers
incorporated sea sand along with Na,SO, to enhance the grinding ca-
pacity of the material [85].

A simple SPE method was also reported for the extraction of OCPs
and PCBs from the human serum. The method involved the denatura-
tion of serum proteins with water + 1-propanol mixture, followed by
sample application over SPE column and subsequent elution with n-
hexane-DCM mixture. This method was also applied to real serum
samples with recoveries of 99 to 120% for PCBs and 88 to 115% for
OCPs from spiked porcine serum samples [86]. Another simple and
reliable pretreatment approach was established for the simultaneous
cleanup of seawater and the analysis of PCBs using headspace sampling
and solid phase microextraction (SPME). The researchers observed that
humic acids present in seawater has created unusual negative effects
and PCBs recoveries were improved only after the pre-treatment of
seawater with KMnO, at pH 6.0 [87].

4.3. Supercritical fluid extraction

SFE is an effective technique for the extraction of PCBs from soil,
sediments and other solid materials. In SFE, the best recoveries for PCBs
can be achieved by optimizing pressure, temperature and flow rate. The
application of SFE is due to unique property of supercritical fluid. The
supercritical fluids contain low viscosity, low toxicity, low flammability
and high diffusion coefficients that are more superior to organic sol-
vents practiced in SPE techniques. Carbon dioxide is the typical fluid
used in SFE, because it is non-toxic and easy to obtain its critical
parameters (T.=31°C and P.= 74bar) [88]. Next, ammonia
(T. = 132°C and P. = 115bar), nitrogen protoxide (T.= 36°C and
P, = 71 bar) and water (T. = 374 °C and P, = 217 bar) are other pop-
ular supercritical fluids that are widely used in SFE. The supercritical
fluids can be eliminated at low temperatures without leaving toxic re-
sidues, but the required high pressures are dangerous in industrial ap-
plications. The contemporary extraction procedures including SFE,
MAE and ASE are very impressive due to their speed, consumption of
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small volume of solvents and environmental friendly procedures [89].

In a method, PCBs have been extracted from the sediment samples
at 20 °C and 150-650 atm pressure. The selected PCBs were spiked onto
sand and then extracted in a similar way to that of sediment samples.
The recoveries for all individual PCBs in spiked samples were quanti-
tative (> 95%) [90]. In another approach, separation of PCBs from
PCDDs and other chlorinated aromatics was attempted due to their si-
milar solubility [91]. A study described the extraction of PCBs from fish
and fish-oil employing SFE [92], where samples combined with silica
and 10% silver nitrate at different weight ratios were placed in 7.0 mL
extraction cells. Samples spiked with different PCBs were supplemented
at the top of extraction cell to check the retention behavior of fat-ad-
sorbent compositions. The elution was carried out with 1.5-1.8 mL of
hexane to collect the analytes. In continuation, authors have used basic
alumina mixture as an alternative to silica/silver nitrate (1:10, w/w) for
extracting PCBs from fatty acid samples [93]. Despite its advantages,
SFE needs additional improvements to obtain better results. A common
limitation of SFE is its poor repeatability, meaning that any developed
method is valid for that specific sample matrix and needs further op-
timization if intended to use for other biota samples containing dif-
ferent fat or lipid content.

4.4. Other extraction methods

Other procedures that are commonly used for the extraction of PCBs
are microextraction techniques. The prime choice of techniques under
this category include equilibrium liquid-liquid-liquid microextraction
(LLLME) followed by exhaustive LLE for the extraction of PCBs from
small volumes (uL) of water. Unlike SPME, the extraction phase does
not contact the sample solution in LLLME. Alternatively, in LLLME a
replaceable polypropylene hollow fiber can be used to bring the ana-
lytes into organic phase and eventually into another phase prior to
analysis [94]. The possibility of cross contamination and carry over can
be greatly minimized by using the disposable sampling apparatus. The
subsequent technique is SPME, in which hollow fibers can be utilized to
extract the analytes from the aqueous phase by adsorption in solid
coatings and absorption in liquid coatings like LLLME. SPME is an al-
ternative and contemporary technique for sample preparation, and it
overcome most of the limitations existed in the preparation of aqueous
samples [95].

Several other extraction methods have been reported in the litera-
ture including blending, microwave, ultrasonic and solvent extraction.
A study [96] reported the extraction of PCBs from seals, in which 10 g
of sample homogeneously blended with DCM-methanol (2:1, v/v) in
Ultra-Turrax blender was employed. The extracts were agitated adding
acidified water in a separating funnel and then the organic phase was
filtered through anhydrous sodium sulfate followed by solvent eva-
poration. The residues were dissolved in hexane and treated with sul-
phuric acid absorbed onto silica gel. Finally, the extract was cleaned by
chromatography on basic aluminum oxide and deactivated with 1.0%
(w/w) of water [96]. In other study [97], researchers employed an
ultrasonic bath for the extraction of PCBs. About 15-20 g of tissue was
homogenised in 30 mL of acetone, to which was added 30 mL of n-
hexane. The mixture was held for 10 min in ultrasonic bath and washed
with 60 mL of 2.0% NaCl. The hexane phase containing fat and lipo-
philic pollutants was divided and evaporated to dryness. The ASE is also
widely applied for the extraction of PCBs in recent years [98].

In a study, ASE was performed by adding 10 mL of toluene to the
cell containing 4.0 g of sample, pre-heated the cell for 5.0 min to 150 °C
and washed with 5.0 mL of solvent. The extracts were dried under
evaporation and reconstituted with 4.0 mL of toluene [99]. Another
technique was developed [100] where MAE was used that was ap-
proved by the US EPA as Method 3545 [100]. It is a fast and accurate
“green” preparation method that necessitated very less amount of sol-
vent. Additionally, the utilization of molecularly imprinted polymers
(MIPs) for the extraction of specific analytes is an advanced extraction
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technique was beneficial for single analyte or a class of analytes [101].
5. Cleanup procedures for PCBs

During the analysis of PCBs in biological samples including milk,
fats and tissues, the recoveries might be hindered by the chromato-
graphic interference of co-extracted fatty materials. Therefore, it is
necessary to perform cleanup procedures to remove co-extracted lipids
from such samples prior to analysis. If not, the lipophilic substances
present in the extract devastate surface of stationary phase and dis-
sipates the resolving power of column [102]. Different techniques are
available and they can be used either individually or in combination
based on the selectivity and sensitivity of final quantification technique.

All PCBs are stable in acidic environments, and therefore, it is ef-
fective to carry out cleanup processes using sulphuric acid or acid im-
pregnated silica columns for the elimination of lipids. Also, it is ne-
cessary to remove sulphur from the sediment samples to minimize
interferences and to extend the detector lifetime. Hence, sulfur removal
can be accomplished by adding copper granules during the extraction.
Cleanup procedures can be performed using both non-destructive and
destructive methods. Therefore, the present section has summarized
both the cleanup technologies considering the reported studies. In ad-
dition, the major scientific advantages and disadvantages of each
cleanup procedure is presented in Table S2.

5.1. Non-destructive lipid removal

5.1.1. Gel permeation chromatography

GPC is a size exclusion technique that is mainly useful for the se-
diment and fatty samples. In GPC, smaller molecules such as PCBs re-
tain on the column and larger molecules such as fats will be eluted first.
Therefore, PCBs in the sample can be isolated and other interferences
can be avoided easily. In a recent study [103], GPC was employed to
cleanup the PCBs from milk samples. Initially, fat was separated from
the milk by centrifugation and the extractant was mixed with Na,SO,.
Then, the mixture was treated with petroleum ether and solvent was
evaporated. The fat residue was then filtered with GPC followed by
silica gel adsorption chromatography [103]. The most extensively used
gel in GPC is Bio-Beads S-X3, but Sephadex LH-20, PLRP-S, Bio-Beads S-
X2, Bio-Beads S-X4, PL-gels and other polystyrene-divinylbenzene co-
polymer columns are also other commonly used gels [104]. The
common eluents used in GPC cleanup procedure includes DCM-hexane,
DCM-cyclohexane, ethyl acetate-toluene, ethyl acetate-cyclohexane and
2-propanol-heptane mixtures. The major drawback with the GPC
technique is its complexity for the removal of total lipids. Therefore, a
second cleanup procedure such as subsidiary GPC step or additional
silica column is necessary to remove the left-over traces of lipids [105].
Another complication of GPC is its inadequate separation of PCBs from
other compounds of similar molecular range like OCPs. As a result,
supplementary fractionation methods are often necessary.

5.1.2. Column chromatography

The performance of column cleanup operations can successfully
contend two kinds of interferences viz., co-extracted components con-
sist of lipids and co-extracted organochlorine pesticides. Typically,
alumina and silica gels are the most frequently used stationary phases
in column chromatography. In the past, cellulose powder has been used
quite often for this purpose. Alumina columns provide superior cleanup
for the PCB congeners from bulk components such as lipids. The fun-
damental advantages of column chromatography are its reasonably
low-cost and disposability of stationary phase after its use. For the
elution process, either pure solvent or blend of solvents can be used as
mobile phase [106].

In a recent study [107], PCBs and PAHs have been separated from
the sediment samples using silica gel fractionation chromatography and
low-pressure silica gel chromatographic techniques. A single cleanup
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procedure was employed to provide two subsamples for the successive
analysis of PAHs by GC-FID/MSD and PCBs by GC-ECD. The utilization
of solvent and sorbent was reduced greatly by adopting this cleanup
procedure [107]. In another study [108], a sensitive and simple process
to separate planar PCBs was reported using carbon column chromato-
graphy. This method saved time and materials consumption by
avoiding the use of benzene, a highly carcinogenic solvent that needs
extreme care to handle.

5.2. Destructive lipid removal

5.2.1. Sulphuric acid treatment

Generally, PCBs and many OCPs have high resistance to sulphuric
acid (H,SO,4). Hence, sulphuric acid treatment is most useful to
breakdown other aliphatic and aromatic compounds present in en-
vironmental samples. In a study, 20 mL of concentrated H,SO, was
mixed with 10 mL of sample extract and the mixture was stirred vig-
orously for 30s. Then the solution was kept aside for phase separation
and the procedure was repeated twice with 10 mL of H,SO,4. The col-
lected samples were subsequently evaporated to 1.0 mL for further
cleanup [109]. Although, several researchers reported the H,SO4
treatment, the major limitation is its influence with the analytes (ha-
logenated pesticides) that are to be analysed together with the PCBs
[110]. Further, two sample cleanup procedures viz., multi-layer silica
gel column chromatography and sulfuric acid treatment methods were
compared for separating PCDFs, PCDDs and DL PCBs from food sam-
ples. The two cleanup procedures have provided similar isomeric con-
centrations with purification efficiencies ranging the recoveries from
40% to 120%. These results provide valuable information on the ana-
lysis of dioxins from a variety of food stuffs [111].

5.2.2. Saponification

Saponification is useful for the removal of lipids as well as it sup-
ports the elimination of sulphur from the sediment samples. In a sa-
ponification process, lipids can be eliminated by heating the extract for
about 30 min at 70 °C in the presence of 20% ethanolic potassium hy-
droxide [112]. But, high operating temperatures and long cleanup
times in saponification may decompose higher chlorinated PCBs, par-
ticularly in the presence of trace metals [113].

Several studies have utilized saponification methods to determine
PCBs in environmental samples. Due to poor recoveries for higher
chlorinated biphenyls in laboratory studies of sewage sludge, it was
found that during degradation of PCBs, chlorines were replaced by
ethoxy groups under hot saponification conditions if aromatic com-
pounds contain four or more number of chlorine atoms on one ring.
Therefore, extra care should be exercised while dealing with such PCB
congeners for the saponification or else other cleanup procedures must
be examined to avoid saponification [114]. Even though, % degrada-
tion is very low, this process has significant influence on the analysis of
non-ortho chlorinated PCBs. The small % degradation of highly
chlorinated PCBs produces high bias in the concentrations of non-ortho
chlorinated PCBs, which forms after the degradation of higher chlori-
nated mono-ortho substituted PCBs [115]. Therefore, a simple, sensi-
tive and rapid saponification-HSSPME procedure was adopted for the
extraction of PCBs from milk samples. The method provided lower
detection limits of < 1.0 ng/mL with improved extraction efficiency
and reduced background [116].

6. Advanced techniques for the characterization of PCBs

In recent years, a battery of analytical procedures was used to en-
hance sensitivity and selectivity as well as to minimize the analysis time
for PCBs, but each reported procedure has its own advantages and
limitations. The resources and equipments needed for analysis vary
with the methods [117]. To the best of our understanding, environ-
mental levels, fate and transportation of PCBs, it is necessary to develop
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analytical methods with possible lower detection limits. Therefore, a
detailed description on exposure, accumulation, fate and transport of
PCBs is presented in this review. Another key factor that must be
considered during the method development for PCBs is their identifi-
cation in human and environment samples. Hence, it is necessary for
the methods of analysis to produce data that could confront the scrutiny
in a court of law [118]. Moreover, the quick progress in the preparation
of reference materials and updated high-quality standards contributed
to the significant developments of more precise and accurate analytical
methods. An overview of the cutting edge analytical techniques and
their utilization in the risk assessment of PCBs is presented in Fig. 5.

The most common and generally considered techniques for the
identification of PCBs are gas chromatography with electron capture
detector (GC-ECD) and electron ionization mass spectrometry (GC-MS).
In recent years, industries have added the most sensitive instruments
for analyzing PCB congeners, among which high resolution gas chro-
matography coupled with high resolution mass spectrometry (HRGC/
HRMS) is the most important hyphenated technique [119]. A collection
of mass spectrometers such as magnetic sector, orbitrap, quadrupole (Q-
MS), ion traps (IT-MS), time-of-flight (TOF-MS) and triple quadrupole
(QqQ-MS) detectors are currently available and are connected to either
GCs or LCs. However, the choice of mass detector depends on the
adopted separation technique, required information, specificity gov-
erned by regulations and mass accuracy [120]. Currently, MS is the
most preferable detection technique that is best suitable for the analysis
of PCBs in a variety of environmental and biological matrices. There-
fore, this section described the contemporary state-of-the-art analytical
procedures for the analysis of different PCB congeners mentioning the
recently reported methods as case studies.

6.1. Liquid chromatography

HPLC coupled with UV detector is the most conventional and pop-
ular chromatographic technique for the analysis of PCBs, in which high
performance columns that are packed with 3-10 um range particles
have been used as stationary phases [121]. Reverse phase HPLC is
probably the most versatile and frequently used analytical technique for
the analysis of PCBs using C18 columns [122]. Next, the latest and most
popular detection in LC is MS, popularly known as LC-MS. It is the most
powerful analytical technique that is useful in the analysis of organic
compounds combining the resolving capacity of liquid chromatography
with detection specificity of mass spectrometer. The LC-MS data furnish
information regarding structure, molecular weight, identity and quan-
tity of specific sample components and is being upgraded effectively
over the past two decades [123]. These instruments have been re-
volutionized from complex, expensive, highly advanced research tools
to economical, robust, easy-to-use routine detectors.

LC-MS is most appropriate technique to characterize large, polar,
ionic, thermally unstable and nonvolatile compounds. Some of these
compounds can be made susceptible to GC-MS analysis after derivati-
zation, but LC-MS does not require such time-consuming chemical
transformations [124,125]. Also, LC-MS is capable of analyzing samples
that do not contain chromophores, but using both UV detector and MS
detectors makes the LC more effective than stand alone. For instance,
UV spectra of different metabolites or degradants are alike and may
have complexity in detecting an impurity alone using UV spectra. Also,
it is possible for the impurities to contain similar mass, particularly
lower molecular weight compounds. But it is uncommon, for any two
components to contain identical UV spectra and mass value [126]. LC-
MS is suitable to quantify at low detection limits up to 1000 times
higher than UV detection. There are several HPLC and LC-MS/MS
methods established for the quantification of PCB congeners from
various sample matrices and all of them are discussed here. Further, a
list of representative liquid chromatography methods reported for PCBs
are presented in Table 3 [127-136].

Recently, a method was developed for the qualitative and
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Fig. 5. A list of advanced analytical techniques available for the analysis of PCBs.

quantitative analysis of multiple EDCs including PCBs from two atmo-
spheric phases using LC-MS/MS and GC-MS/MS following the method
validation with spiked sorbents. The authors concluded that the de-
veloped method could be useful to monitor seasonal alterations in in-
door air pollution possibly at lower LOQ value i.e., < 0.5 ng/m3 [127].
Next, few methods have been established for the analysis of hydro-
xylated PCBs from human serum, urine and aqueous samples. A selec-
tive and sensitive online SPE procedure was applied for sample cleanup
and subsequent analysis of OH-PCBs by LC-MS/MS. The LOD value of
0.1 ng/mL with extraction recoveries between 79% and 125% were
observed for all the OH-PCBs. These methods consumed a minimum
amount of solvent and samples as well as reduced sample preparation
steps and trace concentrations of OH-PCBs in urine, plasma and water
without any derivatization [128-130]. Further, a validated multi-re-
sidue analytical method was also developed and tested for Holothuria
Tubulosa specimens and marine sediments to determine 36 organic
compounds including PCBs. A Box-Behnken design was utilized to se-
lect the significant variables that affected the extraction and cleanup
processes. The method was employed for the real sample analysis and
found higher bioaccumulation of certain pollutants in Holothuria col-
lected at Granada coast (Spain) [131].

In another study [132], biodegradation of PCBs collected from dif-
ferent regions of China was investigated, where seven Pseudomonas
strains were identified to compare the potential of bacteria from dif-
ferent regions to degrade biphenyls. The best degradation was obtained
using the collected strains, while the left-over concentrations were
measured by HPLC [132]. Additionally, several automated HPLC
methods were used for the isolation of PCBs, PCDDs and PCDFs from
various sample matrices including fish tissues employing a commercial
PGC column.

All the reported HPLC methods have provided better results for
samples processed from a variety of matrices. These data suggested that
sulphur content in sediments often create problems during the analysis
of PCBs and PACs by GC-MS. However, the removal of sulphur is no
longer difficult by HPLC analysis as it can be eluted along with ali-
phatic/monoaromatic fraction. The results showed that HPLC methods
are beneficial for the identification of PCBs following the number of
substituted ortho chlorine atoms attached to biphenyl structure

1196

[133-136].

6.2. Gas chromatography

GC is one of the most important analytical tools and two commonly
used injection techniques in GC for the separation of PCBs are split/
splitless and on-column injection [137,138]. The split/splitless injectors
usually vaporize the samples dissolved in suitable organic solvent under
increased temperature. Liners packed with light silylated glass wool
may promote the performance, but there is a chance for degradation of
some chlorinated compounds including PCBs [139]. Recently, tem-
perature-programmed or pressure-programmed injection techniques
are found to be more prominent. Although these techniques are ad-
vantageous in terms of increased injection volume without associated
negative effects, but the recently developed open tubular capillary
columns, called high-resolution gas chromatography (HRGC) is quite
useful [140].

ECD is the typical detector that is more convenient for the analysis
of PCBs, but in recent years, MS techniques have replaced the use of
ECD due to many advantages. GC-MS integrates two powerful techni-
ques that help to identify analytes with lower LODs and are effective for
quantitative analysis. Low-resolution mass spectrometry (LRMS) de-
livers sufficient sensitivity for the analysis of biota and sediment sam-
ples for PCBs. For the analysis of DL PCBs, HRMS is more beneficial
considering their small concentrations. However, LRMS is particularly
useful in sample screening [141].

Certain co-planar PCBs with known toxicity can be analysed with
HRMS techniques as reported for the analysis of furans and dioxins in
environmental samples. HRMS offers lower LODs for PCB analytes, but
it needs additional sample cleanup and special instrumentation [142].
The MS in electron-capture negative ionization (ECNI) mode is about
10-fold more sensitive than the ECD for pentachlorinated to deca-
chlorinated PCBs. After the conventional GC-MS, the utility of ion trap
with its MS? option (GC-ITMS) is also a preferred technique for PCBs
identification [143], since it is an economical and alternative technique
to HRMS. The recent efforts for the analysis of PCBs using GC methods
are listed in Table 4 [144-163].

Most recently, several GC-MS methods have described the analysis
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Table 3
Compilation of liquid chromatography methods recently reported for the analysis of PCBs.

Analytes Extraction method Analytical technique Sample type Analytical column LOD Reference

PCBs, PAHs ASE LC/MS/MS Indoor air Zorbax Eclipse XDB C18 0.5ng/m? [127]
1.8 ym, 4.6 mm X 50 mm

PCBs SPE LC/MS/MS Urine Kinetex (PFP) 0.01 ng/mL [128]
2.6 um, 4.6 mm X 150 mm

PCBs SPE LC/MS/MS Plasma Kinetex (PFP) 0.01 ng/mL [129]
2.6 um, 4.6 mm X 150 mm

PCBs MISPE LC/MS/MS Water SunFire C18 3.0-28 pg/L [130]
5.0 pm, 4.6 mm X 250 mm

EPPs, PCBs LLE LC/MS/MS Sediment HALO C18 0.01-0.4ng/g [131]
12.7 ym, 4.6 mm X 50 mm

PCBs LLE RP-HPLC Water Kromasil 100-5-C18 0.25 mg/mL [132]
5.0 ym, 4.6 mm x 150 mm

PCBs, DDE LLE RP-HPLC Mammals Florisil columns 2.5ug/g [133]
2.6 pm, 4.6 mm X 150 mm

PCBs, PCDFs LLE RP-HPLC Fish Hypercarb (PGC) 9-20ng/g [134]
5.0 ym, 4.7 mm x 100 mm

PCBs, PACs Soxhlet RP-HPLC Fish Millipore 2-100ng/g [135]

extraction 5.0 ym, 10 mm X 250 mm
PCBs LLE RP-HPLC Herring oil Amoco PX 21 9-50ng/g [136]

2-10um, 4.5mm X 250 mm

of PCB congeners in serum samples. The GC-MS results are comparable
to GC-HRMS [144]. In another method used for the identification of
PCBs and PBDEs in serum samples of livestock in the US, higher con-
centration of PCBs in sera of goats and sheep was found than in the
cattle. This confirmed the exposure of livestock to PCBs, but it is still
uncertain as to where this exposure is originated [145]. Next, two
methods have been reported for the evaluation of PCDD/Fs and DL
PCBs from air levels and transformer oils using GC-MS. The presence of
PCBs in the transformer oils has been confirmed and the authors found
the existence of PCBs in air samples [147,148].

Further, few methods have been reported for the analysis of PCBs
from different sediments. In all these methods, the sediment cleanup
processes were carried out by SPE and SBSE followed by analysis using
GC-MS. The authors concluded that different adsorbents used in SPE
were effectively useful to recover PCBs from sediments, and GC-MS
could successfully characterize the PCBs [149,150]. Different GC-MS
procedures have been reported for the analysis of PCBs in different fish
samples. The authors further examined PCBs concentration in fish
samples collected across the world and estimated non-targeted con-
taminants in fish samples such as OCPs and PAHs [151-155].

Recently, two analytical methods have been reported to examine
PCBs in different food samples including milk, coffee and meat products
[156,157]. In one of the methods, ionic liquid-based in-situ dispersive
liquid-liquid micro-extraction (DLLME) was used for the extraction and
subsequent analysis using HS-GC-ECD-MS. This method is rapid and
simple compared to conventional SPME-GC-MS methods. In addition to
the GC-MS methods, there are several GC-ECD methods reported for the
analysis of PCBs from sediments, serum, fish tissue and indoor air
samples [158-163]. All the developed methods were successfully vali-
dated for their applicability for routine analysis of PCBs. A study uti-
lized narrow-bore gas chromatography column for the separation of
PCBs and achieved the sensitivity and recoveries equivalent to con-
ventional GC-ECD. This method minimized the analysis time by 3-folds
and could be an effective alternate for rapid analysis of PCBs in sedi-
ment samples containing moderate to high concentrations of PCBs
[159].
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6.3. Capillary electrophoresis

CE enables the separation of charged molecules based on their
electrophoretic mobility when subjected to applied voltage. It provides
molecular detection after the separation by a light source and detector,
and the systems are capable to handle high voltages without over-
heating the samples [164,165]. CE offers certain advantages over other
analytical techniques like HPLC and GC in terms of speed, cost of
analysis and ease of method development. However, the separation of
neutral compounds was restricted until the evolution of micellar elec-
trokinetic chromatography (MEKC) in 1984. Now, the evolution of in-
creasingly higher number of micelles and other pseudo-stationary
phases proved CE as a versatile technique to separate almost all kinds of
molecules. MEKC is a typical capillary electrophoresis technique, but its
poor selectivity restricts its applicability for the separation of PCBS due
to their hydrophobicity [166]. Especially, the problem is critical during
the separation of positional isomers of higher chlorinated PCBs. But, the
use of cyclodextrins in MEKC provides better separation efficiency for
less chlorinated PCBs [167].

There are several CE methods described for the chiral separation of
PCBs using surfactants as modifiers. In all the methods, MEKC was
employed to enhance the detection sensitivity as presented in Table 5
[168-174]. The cyclodextrin (CD) modified MEKC methods have been
reported for the separation of electrically neutral and hydrophobic PCB
congeners, in which CD is mixed with micellar solution. In CD-MEKC
methods, a water-insoluble hydrophobic solute was diffused between
CD and micelles. When the solute is presented in CD cavity, it travels
with the electroosmotic velocity; likewise, when it is incorporated into
the micelle, it travels with the micellar velocity. Therefore, differential
position of the solution between CD and micelles facilitates the se-
paration [168]. A CD-MEKC method was developed for enantiomeric
separation of 19 chiral PCBs using 2-morpholinoethanesulfonic acid
(MES) as buffer and carboxymethylated y-cyclodextrin (CM-y-CD) as
pseudostationary phase in the presence of fB-cyclodextrin (3-CD) or
permethylated B-cyclodextrin (PM-3-CD) [169]. Also, a small amount
of urea was incorporated to enhance the solubility of CDs and PCBs in
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Table 4
The summary of various gas chromatography based analytical procedures recently developed for the analysis of PCBs.
Analytes selected Extraction method Analytical technique Sample type Analytical column LOD Reference
PCBs LLE GC/MS Serum HP-5ms Ultra Inert 1.9-20 pg/g [144]
GC/HRMS 0.25um, 30m X 0.25mm
PCBs SPE GC/MS Serum BR-5ms column 0.094 ng/mL [145]
PBDEs 0.25um, 15m X 0.25mm
PCBs, SPE GC/HRMS Serum BPX5 — SGE column 0.11-30 pg/g [146]
Pesticides GC/MS/MS 0.25pum, 30 m X 0.25mm
PCBs Soxhlet HRGC/HRMS Air VF-Xms capillary 0.01 ng/sample [147]
extraction 0.25pm, 60 m X 0.25mm
PCBs SPE GC/MPI/MS 0il BD5 — MS column 0.03-4.0 ng/mL [148]
0.25um, 30m X 0.25mm
PCBs SPE GC/MS Complex DB5 — MS column 0.4-8.6 pg/g [149]
0.25um, 60 m X 0.25mm
PCBs, SBSE GC/MS Sediments HP5 - MS column 0.01-0.03ng/g [150]
PCNs 0.25um, 30m X 0.25mm
PCBs, LLE GC/MS Fish DB5 — MS column 0.03-0.3 pg/uL [151]
PCNs GC/HRMS 0.10 um, 60 m X 0.25mm
PCBs Soxhlet extraction GC/MS Fish TR-5MS column 0.06-0.15ng/g [152]
0.10 um, 30 m X 0.25mm
PCBs Soxhlet extraction GC/MS Dogfish DB5 — MS column 1.0-10ng/g [153]
0.25pum, 30m x 0.25mm
PCBs, Soxhlet extraction GC/HRMS Fish ZB-5MS column 0.01-200 pg/g [154]
POPs 0.25pum, 60 m X 0.25mm
PCBs, MIP GC/TOF/MS Tissues Rtx-5MS fused silica 0.02-0.1pg/g [155]
PCCDs 0.25pum, 60 m X 0.25mm
PCBs DLLME GC/MS/ECD Tissues HP-5ms Ultra Inert 2.5-10ng/L [156]
0.25um, 20 m X 0.25mm
PCBs Ultrasonic extraction GC/MS Meat DB-5MS 0.14-0.38 ng/g [157]
0.25um, 30m X 0.25mm
PCBs Ultrasonic extraction GC/ECD Sediments VF-5MS 0.1-0.001 ng/m [158]
0.25um, 30m X 0.25mm
PCBs SPME GC/ECD Sediments HP-5 narrow-bore 0.5-1.3ng/g [159]
0.1 pm, 10m x 0.1 mm
PCBs LLE GC/UvV Water Rtx-PCB columns 100-150 pg/g [160]
0.25um, 30m X 0.25mm
PCBs ASE GC/ECD Food Rtx-5MS 0.18-0.37 ng/mL [161]
0.25um, 30m X 0.25mm
PCBs SPE GC/ECD Air BP-1 (HP) 2.0-40 pg/m3 [162]
0.25pum, 30m X 0.25mm
PCBs SPE GC/ECD Serum DB-5 capillary 0.01-0.3 ng/mL 0.01-0.3 ng/mL [163]

0.25pum, 60m x 0.25 mm

aqueous buffer. The PCBs were separated enantiomerically below
12 min with 50 mM MES buffer containing 10 mM 3-CD, 20 mM CM-vy-
CD and 2.0 M urea at 45 °C and 20 kV applied voltage [170,171].

In majority of methods, superior selectivity was achieved using [3-
CD as a buffer additive over the y-CD. A method reported the suitability
of polymeric surfactant polysodium undecyl sulfate (poly-SUS) for se-
parating PCBs through MEKC in the absence of CDs [172]. Next, two
MEKC methods have been described for the identification of PCBs using
vortex-assisted liquid-liquid-liquid microextraction (VALLLME), a
rapid, sensitive and novel micro extraction technique. The main ad-
vantage of VALLLME is its aqueous-based extraction, which renders
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analysis by direct HPLC or CE techniques. In another method, two se-
paration techniques have been examined for the effective analysis of a
wide range of EDCs in the environment. The results proved that CE in
MEKC technique using CD modifier has displayed better efficiency for
the determination of alkylphenol degradation products [173,174].

6.4. Bioanalytial methods
The difficulty in sample preparation, necessity for higher selectivity

and ultra-low detection for the analysis of PCBs is expensive than other
analytical methods. Therefore, low-cost and alternative analytical
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Table 5
An overview of capillary electrophoresis methods recently established for the analysis of PCBs.
Analytes selected Sample type Analytical technique Analytical column Surfactant Reference
PCBs Spiked CE-MEKC Fused Silica Tube Cyclodextrin [168]
L 50/58.5 cm; i.d. 50 um
PCBs Spiked CE-MEKC Fused Silica Tube Cyclodextrin [169]
L 50/57 cm; i.d. 50 pm
PCBs Spiked CE-MEKC Fused Silica Tube Cyclodextrin [170]
L 50/65 cm; i.d. 50 pm
PCBs Spiked CE-MEKC Fused Silica Tube Cyclodextrin [171]
L 50/58.5 cm; i.d. 50 pm
PCBs Spiked CE-MEKC Fused Silica-Polyimide Tube Poly-SUS [172]
L 40/47 c¢m, i.d. 50 pm
PCBs Plasma CE-DAD C18, Hypersil ODS-3 N/A [173]
LC-UV L 250 cm, i.d. 5.0 um
PCBs, EDCs Bio-solids CE-MEKC Silica, L 50/57 cm; i.d. 50 um Cyclodextrin [174]
GC-MS L 30m X 2.5mm; i.d. 0.25um

methods have been developed. Bioassay and immunoassay methods are
best suitable to analyze food samples and hazardous waste samples,
which can minimize the cost by 50% or more in addition to their rapid
sample analysis capacity. But, the major obstacles of these methods are
their inadequacy to use labeled internal standards for recovery cor-
rections and the estimation of congener profiles for source distribution.
Like standard addition quantitative approach, spiked samples allow the
estimation of recoveries to overcome this problem. Immunoassays
supplement conventional analysis due to their enhanced sensitivity,
competitiveness, ease of performance and discretionary advanced in-
struments. They depend on precise binding tendency of antibody to PCB
analyte, which are particularly helpful when screening large number of
samples in parallel to the single analyte in a short time [175].

Enzyme-linked immune-sorbent assay (ELISA) methods have been
commercialized for the analysis of PCBs. ELISA has specific binding to
antibodies to PCBs, and requires little effort for sample cleanup/ex-
traction and the methods are rapid and economical compared to tra-
ditional cleanup methods. This technique is particularly useful for the
detection of PCBs from environmental samples containing lower con-
centrations of 0.5-1.5 ppm [176]. However, this level of sensitivity is
inadequate to monitor PCBs in environmental samples, but it can be
used in highly contaminated sites to assess the effectiveness of sediment
dredging operations. For over the past decade, many immunoassay
techniques have been developed for screening PCBs in soils. Several
immunoassay methods for PCBs screening are presented in EPA method
4020. These are called as competitive ELISA methods, and the test kits
are available for PCBs and other organic compounds. However, these
methods have several drawbacks as only total PCBs can be identified,
but no individual identification of specific PCB congener is possible
[177].

The results of bio/immunoassay methods are comparable with
standard GC-HRMS methods in terms of accuracy, sensitivity and se-
lectivity. The results reported for the analysis of PCBs using ELISA
methods are documented in Table 6 [178-184]. Also, several analytical
methods have been reported to evaluate toxic equivalents (TEQs) of DL
PCBs in fish samples. The presence of PCBs was identified and quanti-
fied using ELISA, suggesting that ELISA kits are appropriate to evaluate
the TEQs of DL PCBs in fish samples. Also, comparative study with
conventional GC-ECD and GC-MS analysis pointed-out the suitability of
ELISA methods to screen TEQ of DL PCBs in fish samples. The results
concluded that concentrations of PCBs derived by ELISA depend on the
degree of chlorination, and it is essential to eliminate the extraneous
lipids to minimize matrix effects in the immunoassay [178-180].
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Several ELISA methods have been directed to characterize PCBs in
soil and sediment samples. ELISA methods have been compared with
GC-ECD methods and found very good agreement. The PCB-126 con-
centrations derived by ELISA were greater than the sum of 12 co-planar
PCBs produced by GC-MS methods. Therefore, SPLE-ELISA methods are
beneficial for qualitative and quantitative analysis of PCBs in soil and
sediment samples. Also, these methods have been applied successfully
to evaluate PCBs in real soil samples and it was suggested that ELISA
methods could be transferred to another laboratory and adapted to
other matrices [181-184].

7. Analytical difficulties and improvements

Analytical approaches for the evaluation of PCBs have been under
investigation for over the past four decades. Although, the investigation
of PCBs in different sample matrices is a developed field of environ-
mental analytical chemistry, the primary methods remain the same for
the past two decades except the implementation of MS detectors in
place of conventional detectors. However, the contemporary options
particularly, the use of high resolution mass spectrometry and isotope
labeled standards in the analysis of routine PCBs are overpriced, which
has restricted the researchers from developing countries as evidenced
by the lesser number of publications on PCBs from Africa, South Asia
and South America [185]. Therefore, it is essential to develop eco-
nomical methods applying new strategies using low solvent use, SPME,
and microscale glassware to encourage researchers from the developing
countries where they have limited analytical budgets.

The analysis of PCBs in surface waters containing wastewater ef-
fluents is an extremely complex task. In such samples, due to the pre-
sence of co-eluting compounds, matrix effects like ion-suppression and
change in retention times may suppress the detection of PCBs even with
the highly advanced MS detectors. As a result, it is often essential to
extract PCBs from complex sample matrices. Although, several ad-
vanced sample cleanup and extraction procedures have been evolved
recently, only a few extraction/cleanup techniques are suitable for
isolation of PCBs from the complex matrices [186]. Several standard
cleanup methods are not relevant to the analysis of PCBs due to back-
ground interferences. Further, co-extracted compounds in environ-
mental samples are structurally identical to the compounds of interest
making their removal difficult. Therefore, it necessary to ensure the
removal of all interfering compounds using the best available cleanup
procedures. Besides the sample complexity and interferences may also
arise from the laboratory and field contamination including from



A.V.B. Reddy et al.

Chemical Engineering Journal 358 (2019) 1186-1207

Table 6
A list of ELISA methods recently reported for the analysis of PCBs.
Analytes selected Sample type Extraction method ELISA kit Analytical technique LOD Reference
PCBs Fish Soxhlet extraction EnBioTec HRGC/HRMS 50 pg/g [178]
SGE HT-8 column
PCBs Soil, SPLE Aroclor ELISA GC-MS 10ng/g [179]
PCB ELISA DB-XLB column
PCBs Soil Soxhlet extraction PCB ELISA GC-ECD 2.5ng/mL [180]
Agilent DB5 column
PCBs Mussel tissues Soxhlet extraction PCB rapid assay GC-ECD 0.08 ng/mL [181]
Agilent HP5-MS column
PCBs Fish extracts Column chromatography EnviroGard GC-ECD 37-50ng/g [182]
Agilent DB5
PCBs Soil SFE PCB ELISA GC-ECD 1.0pg/g [183]
Agilent DB-608, DB-1701
PCBs Soil Soxhlet extraction Sheep polyclonal antibody GC-ECD 0.5-1.29 ng/g [184]

Quadrex 007-02 column

reagents, solvents, glassware, cleaning solutions, plasticizers and other
PCB containing chemicals during the sample processing steps. For in-
stance, the use of plastic apparatus may contribute phthalate esters that
can create interferences during sample preparation of PCBs [187].
Further, it is highly recommended to subject the samples to sulfuric
acid cleanup that are proposed for PCBs analysis. Because, sulfuric acid
cleanup technique removes most other organic compounds including
many single component organochlorine or organophosphorus pesti-
cides as well as phthalate contaminants, and this would potentially
interfere with the quantitation of PCB congeners [188].

Furthermore, some samples containing PCBs may not appear in the
analysis due to weathering or degradation, resulting in unclear
matching with the PCB congeners. In such cases, the analytical la-
boratory needs to provide chromatograms of the affected samples in the
laboratory report to further solve the issue. The data user must be
aware that additional sampling or other analysis may be more appro-
priate to accurately quantify PCB congeners [189]. Additionally,
quantification of PCBs has been often carried out by aroclor mixture or
individual congener standards though a broad range of commercial PCB
mixtures are available with varying degrees of mean chlorination.
Therefore, shift in congener ratios within a given commercial mixture
may cause congener calculation errors because of batch-to-batch pro-
duction variability. This drawback may create significant bias in the
results often over estimating the PCB measurements [190,191].

8. Remediation approaches for PCBs

In the past few years several chemical, physical and biological re-
mediation technologies have been exploited for the PCBs contaminated
water, soils and sediments. This section describes the traditional re-
mediation approaches including thermal incineration, phytoremedia-
tion, microbial degradation along with the new insights that have ap-
peared from the recent studies on PCBs remediation such as
supercritical water oxidation (SCWO), ultrasonic radiation, activated
carbon, nanoscale zerovalent iron (nZVI) based reductive dehalogena-
tion and combined nZVI technologies are overviewed. Some of these
methods are still in the initial developmental stage, thereby necessi-
tating further research attention [192].

Traditionally, thermal destruction is a widely used approach for the
remediation of PCBs, in which PCBs react with oxygen to form CO,,
water and HCl. However, PCBs are the precursors of PCDD/Fs and may
produce high amount of more toxic PCDD/Fs on thermal treatment
processes such as fire or incineration [193]. Usually, the formation of
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PCDD/Fs takes place when cooling the gasses after thermal destruction.
It is the formation reaction that depends on gas temperature, existence
of chlorine and presence of a catalyst. However, modern incinerators
that can withstand high temperatures and provide dioxin removal fa-
cility have removed the problem of dangerous emissions. In addition,
advanced incineration plants are constructed with the dioxin removal
facilities like selective catalytic reduction [194]. Further research has
shown that presence of sulphur dioxide minimize the formation of
PCDD/Fs during incineration process, because sulphur can scavenge
chlorine molecules in the presence of moisture to form SO3; and HCL
Also, the combination of high temperatures, available oxygen, high
heating value fuel and long residence times prevent the formation of
PCDD/Fs. For instance, temperatures higher than 700 °C can cause 99%
destruction for PCBs without the formation of PCDD/Fs [195].

Photolysis is another possible option for the remediation of PCBs.
Recently, several new catalysts have been developed for photo-
degradation of PCBs. Among all, TiO, based catalysts such as carbon-
modified titanium dioxide (CM-n-TiO,) nanoparticles, nafion coated
TiO, particles (Nf/TiO5) and platinum loaded TiO, (P25) catalysts
showed enhanced photocatalytic efficiency [196]. Additionally, gra-
phitic carbon nitride (g-C3N4) is a non-metal s-conjugated polymeric
semiconductor that was reported for the photocatalytic degradation of
PCBs owing to its distinct properties of thermal stability, low-cost, re-
usability, non-toxicity, molecular tunability, optoelectric property and
visible light responsive nature. Further, TiO,/g-C3Ny, graphene/g-C3Ny,
Zn0/g-C3N,4, MoS,/g-C3N4, Bio,WOe/g-C3N, are the supported photo-
catalysts that have displayed stupendous photocatalytic property com-
pared to metal-free g- C3N, photocatalysts [197].

Next, the destruction of PCBs by Fenton’s reaction is an advanced
oxidation process (AOP) that conducts degradation in aqueous solu-
tions. In Fenton’s reaction, H,O, combines with Fe?* to generate hy-
droxyl radicals (HO") in the presence or absence of light [198]. How-
ever, it is widely recognized that ‘'OH are effective only under acidic
conditions in most cases. Compared to "OH radicals, sulfate radicals
(SO4" 7) are the more powerful oxidants with high redox potential
(2.5-3.1V) and a wide pH range of 2.0-8.0 [199]. Also, high aqueous
solubility, stability in subsurface, low-cost and benign end products
proved SO4" ~ as good choice among AOPs for remediation of PCBs
contaminated soil and groundwater. However, the presence of chloride
ion (Cl” is a major reaction product of chlorinated organic con-
taminants on oxidation with SO4" ~ ) decrease the reactivity of sulfate
radical system [200]. Recently, different SO4°~ AOPs were reported
for the degradation of PCBs, in which sulfate radicals were generated by
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a variety of metals including Fe(Il), Fe(IIl), V(II), V(IV) and V(V) and
some nanomaterials. Most of the SO4"~ systems showed efficiency
towards the removal of PCBs [201].

Microbial remediation is another potential and green approach in
which microorganisms (e.g., bacteria, fungi) are vital to degrade,
breakdown, transform and to eliminate the PCB contaminants. The
biodegradation of PCBs takes place by two distinct microbial mediated
mechanisms i.e., aerobic biodegradation and anaerobic reductive de-
chlorination. The position of chlorine atoms on biphenyl rings and
degree of chlorination may influence the biodegradability of PCB con-
geners. PCBs with chlorine atoms at para positions may undergo bio-
degradation more preferentially. Aerobic biodegradation involves the
oxidative destruction of PCBs by a series of degradation intermediates,
whereas anaerobic reductive dechlorination of PCBs involves the ex-
pulsion of chlorine atoms in the absence of oxygen. Considering the
formation of PCDD/Fs, energy consumption and removal efficiency,
reductive dechlorination would be more competent approach for the
remediation of PCBs [202]. Different microorganisms that are capable
to degrade PCBs were isolated from the soil and freshwater sediments,
but hardly few strains are capable to sustain against higher chlorinated
PCBs. At first, higher chlorinated PCBs undergo reductive dechlorina-
tion under anaerobic conditions and then lower chlorinated compounds
proceed to mineralization under aerobic conditions. Although several
bacteria are capable to degrade PCBs, their survival and capacity of
degradation is quite challenging [203].

Few microorganisms such as Arthrobacter, Pseudomonas,
Rhodococcus and Burkholderia can perform complete mineralization of
BP and some PCBs. But, PCBs with higher chlorines exhibit more re-
sistance to degradation and only few strains such as LB400 and
Alcaligenes eutrophus H850 containing 3,4-dioxygenase are capable to
degrade by attacking stable double ring ortho-substituted congeners.
Even though LB400 is a potential degrader, it has low efficiency com-
pared to Pandoraea pnomenusa B356 towards double para substituted
compounds [204]. Recently, a study demonstrated that Ensifer ad-
haerens bacterium isolated from soil was able to degrade PCBs in con-
taminated water by combining with biosorption process [205]. In an-
other study, degradation of 9 PCB congeners was reported by
combining ozonation and biological method using Achromobacter xy-
losoxidans. Overall, 94% removal for the mixture of 9 PCBs was re-
ported by the combination of biological and chemical methods, i.e.,
ozonation and Achromobacter xylosoxidans [206].

Phytoremediation is another eco-friendly approach that is useful for
the removal of PCBs and other chlorinated pollutants in soil, water and
sediments with minimum environmental impacts. The process can be
outlined in two steps viz., biodegradation of pollutants with micro-
organisms in soil or groundwater and uptake into plant tissues by their
roots followed by their transformation with plant enzymes or direct
volatilization into the atmosphere. Various plant species have shown
the potential to degrade PCBs including Medicago sativa (alfalfa),
Lathyrus sylvestris (everlasting pea), Cucurbitaceae (cucurbits), Lespedeza
cuneate (Chinese bushclover), Phalaris arundinacea (reed canary grass),
Salix alaxensis (Alaska willow) Sparganium (bur-reed), and Picea glauca
(white spruce) [207]. In a study, Medicago sativa has shown 31.4% and
78.4% of decrease in PCB soil concentrations after the first and second
years of field scale phytoremediation. Sparganium was shown to pro-
mote the oxidation of PCBs via rhizodegradation, while panicum vir-
gatum (switchgrass) and other popularly used plants have provided
degradation of a high and low PCB congener mix [208].

Additionally, SCWO, activated carbon and ultrasonic radiation ap-
proaches are relatively modern and practically applied to breakdown
PCBs from different contaminated sites. Studies have revealed that ac-
tivated carbon showed up to 80% degradation efficiency for tri-
chlorobiphenyl and tetrachlorobiphenyl congeners. Importantly, the
combination of anaerobic bacteria (biofilm) and activated carbon as a
microbial inoculum delivery system has provided outstanding progress
in PCBs degradation [209].

1201

Chemical Engineering Journal 358 (2019) 1186-1207

Next, SCWO is another clean approach that takes place in water at
temperature and atmospheric pressure higher than the critical point of
water (647 K and 22.064 MPa). At the supercritical conditions, water
lost its hydrogen bonds and starts to shift from polar solvent to non-
polar solvent meaning that the solubility of PCBs increases in super-
critical water. Thus, PCBs degrade at these supercritical conditions to
produce CO,, water and mineral acids as end products [210]. At the
typical operating conditions of 550-650 °C temperature and 250 bar
pressures, the SCWO process has achieved over 99% of PCBs degrada-
tion. Furthermore, SCWO systems at high temperatures quickly com-
plete the oxidation of PCBs to H,O and CO, without the formation of
more toxic PCDD/Fs. Studies have revealed that SCWO system under
alkaline conditions in the presence of excess oxygen provide more than
99% of PCBs degradation [211]. However, sticky and non-sticky solids
precipitate during SCWO owing to low dielectric constant of super-
critical water, which would cause fouling, plugging and erosion that
makes the process more expensive.

Ultrasonic radiation is another modern remediation technique for
the degradation of PCBs with high efficiency (> 90%). Several studies
have examined high PCBs removal efficiency with ultrasonic radiation
technology at 40 °C with a hydrazine hydrochloride/palladium catalyst
[212]. Further, ultrasound-assisted chemical process (UACP) is a recent
variation of ultrasonic radiation that is more efficient for PCB re-
mediation sites. Recently, a study reported more than 97% of Aroclor
1260 degradation using a combination of ultrasonic irradiation and
radical generations produced from di-tert-butyl peroxide radical in-
itiator [213].

Additionally, utilization of zerovalent iron nanoparticles (nZVI) is a
relatively new approach and is capable to overcome most of the
shortcomings in PCBs remediation. Micro-sized zero-valent iron (mZVI)
technology was employed for the decontamination of polluted aquifers
with permeable reactive barriers (PRB) in the past two decades. In both
the cases, Fe® acts as reducing agent and transform the contaminants
being consumed in the process unlike catalysts. After the evolution of
nanotechnology, extremely reactive nZVI particles have been synthe-
sized and evaluated for the detoxification and transformation of various
environmental contaminants including PCBs, organochlorine pesticides
and chlorinated organic solvents in groundwater [214]. However, the
results revealed limited degradation of PCBs in soils so far [215].

Recently, a new two-compartment cell was employed in combina-
tion with nZVI particles for the degradation of POPs. The results
showed 83% of PCBs removal after 5days, and the value was much
greater than the reported 27% removal in 10days with EKR/nZVI
[216]. Although, reported data showed promising results for the de-
chlorination of PCBs using nZVI particles, they are unstable and readily
lose their reducing power. However, abiotic reductive dechlorination
helped to promote the long-term in-situ biological dechlorination after
nZVI addition. Higher temperatures of around 300 °C were applied to
achieve maximum efficiency in the destruction of PCBs up to 95%. It
was also found that pH is the key factor in dechlorination of PCBs by
nZVI, and it is reported that weakly acidic pH enhanced the rate of
dechlorination [217]. A possible dechlorination pattern for PCBs by
microbial, photochemical and nZVI technology is presented in Fig. S1.

The use of combined remediation technologies appears to be more
effective and economical for contaminated site remediation, which is
more popular in recent years. This can be accomplished using the
techniques independently or sequentially. Several case studies have
been reported in the literature including granular activated carbon and
microwave energy [218], thermal desorption and catalytic hydro-
genation [219], polymer beads followed by biodegradation of PCBs
extracted with solid-liquid two-phase partitioning bioreactor [220],
supercritical fluid carbon dioxide extraction with polymer-stabilized
palladium nanoparticles, Pd coated iron and an aerobic bacterium,
zero-valent metal catalysts [221], electrocatalytic dechlorination with
Pd-loaded carbon nanotubes as cathode [222], biosurfactants and
bioremediation [223], soil washing and photocatalytic degradation
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using TiO, [224]. These studies provided encouraging results, but no
field application or pilot scale has been established so far.

Recently, a new approach has been developed combining two na-
nomaterials i.e., activated carbon to adsorb organic pollutants and nZVI
to dechlorinate PCBs prepared from pinewood sawdust along with
ferric chloride as starting materials in one-step synthesis [225]. This
composite has revealed effective dechlorination of PCBs at room tem-
perature and degradation products have been identified completely.
However, this porous carbon nZVI material was tested only in aqueous
solutions and not studied for real contaminated soils and sediments.

9. Recommendations for future studies

The basic scientific research on PCBs in the past few years has re-
vealed several unexpected discoveries. Mainly, the concentrations of
PCBs in the environment are no longer decreasing, but in fact, they are
increasing in some geographical regions [226]. PCBs have found to
cause serious health effects through some unknown mechanisms rather
than the established regulatory patterns. Until now, majority of re-
search efforts concerning adverse health effects associated with PCBs
was concentrated on DL PCBs. Exposure to high levels of DL PCBs may
damage the liver and can cause chloracne, while chronic exposures to
lower levels associate with immune dysfunction and cancer. Further,
PCBs not just associate with AhR, but also involved with several nuclear
receptors including PXR/CAR, RyRs, estrogen and thyroid hormone
receptors [227].

For over decades of research on PCBs toxicity confirms that con-
ventional understanding of environmental health risks associated with
PCBs need to be revised. The assumption of diet as the primary route of
exposure to PCBs may need to reconfigure considering inhalation as the
second essential route of exposure [228]. The recent researches have
delivered a convincing data that NDL PCBs are also responsible for
significant environmental health risks and developmental neurotoxicity
as a significant endpoint of concern. There is thus an urgent need to
conduct systematic review on mechanistic literature of human and
animals to determine whether current regulatory directions should be
re-examined to address the developmental neurotoxicity as an endpoint
of concern.

Another pressing research need is to identify specific PCB congeners
that can act as developmental neurotoxins and to illustrate the me-
chanism(s) by which they interfere with neurodevelopment. Response
to these queries will instruct the stringent approaches for evaluating
risks to the developing brain associated with exposures to PCB mixtures
[229]. The consequences of PCBs on adult neurotoxicity, reproductive
effects, skin/teeth/bone/nails, endocrine disruption and immune dys-
function should be particularly examined as they are related to cardi-
ovascular diseases, chronic liver and kidney diseases, diabetes, obesity,
and cancer.

So far, a variety of remediation technologies have been developed in
different ways to optimize the cost, cleanup times, breakdown products
and environmental impacts. The efficacy of each technology is site
specific as it depends on the contamination aging, soil/sediment type
and geomorphologic conditions and other environmental aspects [230].
However, PCBs are intricate contaminants and a thorough knowledge
on their physico-chemical characteristics is imperative to best under-
stand their fate and transport from which the best appropriate re-
mediation approaches can be selected. More recently, the utilization of
multiple technologies is providing promising results in the remediation
of PCBs, but this approach needs more data and pilot scale operations to
evaluate their effectiveness. Subsequently, the successful treatment of
PCBs not only acknowledged by the selection of effective remediation
technology, it also needs to consider the public acceptance justifying
environmental and human health impacts of the respective remediation
technology, neither of which have been achieved so far [231]. Thus, it
is another important issue to discover promising remediation methods
for efficient PCBs destruction in-situ and ex-situ to evaluate their
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environmental burdens and risks associated with the implementation of
the respective technology.

Furthermore, several analytical techniques are currently accessible
for the analysis of PCBs present in soil, sediments, fish, food, birds and
mammals, human milk and blood samples, and these methods could be
performed relatively at lower costs in developing countries. Still, the
accessibility to modern capillary GC coupled with ECD or MS detection
for the separation and quantification of PCBs is necessary to take part in
regional and international resemblance. A few emerging analytical fa-
cilities including 2D-GC and “fast GC” using GC-ECD are well suited to
perform shortly in developing countries considering their low-cost and
competence to support high-resolution separations for PCBs [232].

Overall, novel strategies must be developed to improve the perfor-
mance of methods to be adopted in developing countries due to the
budgetary concerns. However, GC-MS in selective ion mode appears to
be a possible alternative to the existing conventional GC-ECD for the
quantification of PCBs in complex biological matrices. The GC-MS
method avoids false positives of PCB congeners that arise by the co-
elution of other PCBs or environmental contaminants such as phthalate
esters. In addition, GC-MS allows for accurate and cost-effective ana-
lysis for a larger list of PCB congeners. On the contrary, GC-MS is in-
adequate to separate PCBs having similar/identical fragmentation
patterns such as PCB 132 and PCB153. It is likely that legitimate op-
timization of GC-MS conditions would allow further separation of these
compounds. A similar scenario applies to PCBs 138, 160 and 163, which
are all hexachlorobiphenyls. Therefore, a proper optimization of GC is
crucial for the analysis of PCB congeners irrespective of the selected
detectors [233].

10. Concluding remarks

PCBs are the most important environmental hazardous pollutants
controlled by Stockholm Convention of POPs and categorized in OSPAR
List of Chemicals for Priority Action owing to their toxicity, persistence
and bioaccumulation potential. Indeed, PCBs invade into the environ-
ment by a variety of human activities, but it is hard to identify their
emission sources and media of transportation. The consumption of PCBs
contaminated sediments by biota at water-sediment interface in-
troduces PCBs into the food chain. PCB transfer following the “grass-
hopper effect” evaporates from soil to air at warm conditions and falls
on the earth miles away when temperatures cool. Therefore, PCBs have
been identified nearly in all environmental matrices such as on surface
of groundwater, soil and sediments, indoor and outdoor air, food and
living organisms, human milk and blood. This review describes the fate,
transport and their exposure on human, environment and biota.

Cleanup of PCBs from a variety of complex sources is a laborious
procedure that generates huge amount of waste. Therefore, various
sample extraction methods have been highlighted. In addition to simple
solvent extraction, there are several advanced extraction methods
available including SPE, SOX, SPME, SBSE, USE, SFE, MSPD, ASE, MAE
and Soxhlet extraction for the trace pollutants. Destructive methods
such as saponification, oxidative dehydration using sulfuric acid and
non-destructive methods such as GPC, adsorption columns and dialysis
techniques have been discussed to eliminate lipid content. Next, the
sample preparation and extract of PCBs, latest sample injection tech-
niques, and suitable analytical columns and standards have been de-
scribed considering the latest reported methods as case studies.

Although, the analysis of PCBs and other dioxins like pollutants in
various environmental samples is difficult to perform by testing la-
boratories, the latest analytical technologies and guidance bestowed in
this review enables the analysis to be easier and encourage the re-
searchers to carry out the analysis using advanced analytical techni-
ques. For the past few years, sensitive analytical methods have been
established to determine PCBs from various sample matrices. Advanced
techniques including MEKC, ELISA and bioassay have also been evolved
for the trace analysis of PCBs in food products. This review discussed
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the analytical methods available for monitoring PCBs in a broad array
of matrices including water, solids (soils and plant materials), and biota
(fish and animal tissue). GC-ECD is more beneficial for the analysis of
these compounds. ECD provides higher sensitivity to these electro-
negative compounds and results extremely low detection limits. Finally,
however, the complete avoidance of PCBs from the atmosphere is a
serious and pandemic problem that has plagued researchers for over
several decades. More research efforts are still needed to resolve this
formidable problem of modern society in order to create a greener and
safer environment.
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