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A B S T R A C T

Full profile of polychlorinated biphenyls (PCBs) in the coastal surface water from Bangladesh were analyzed by
GC-MS/MS to explore the status of contamination, spatiotemporal distribution and to trace their potential
sources. The total concentrations of dissolved PCBs (∑PCBs, sum of all congeners) varied from 32.17 to 160.7 ng/
L and 46.45–199.4 ng/L in winter and summer, respectively, and the ranges were comparable to or higher than
those recorded in the surface water from the coastal areas of India, China, Japan, Italy, Belgium and USA. The
difference in the levels of PCBs between the two seasons was not statistically significant (p > 0.05). However,
spatial distribution revealed that the areas with recent urbanization and industrialization (Chittagong, Cox's
Bazar and Sundarbans) were more contaminated with PCBs than the unindustrialized area (Meghna Estuary).
Lightly to moderately chlorinated (2–6 Cl) homologs dominated the PCB profiles. Our analyses (congener profile
and homolog composition) elucidated that the past and on-going use of PCB-containing equipment (e.g. capa-
citors and transformers) as well as the anthropogenic activities such as urban developments, commercial and
industrial establishments (e.g. ship breaking and port activities) might be the potential sources of PCB emission
in Bangladesh. A set of congeners based on their detection frequencies and abundance were identified and
categorized as potential environmental marker PCBs, which can be used for the future selective monitoring
studies regarding reasonable limitations on full congener assessment. According to the existing national and
international water quality guidelines/standards, PCB concentrations recorded in this study could potentially
cause biological damage. Essentially, the findings of this first comprehensive report on the PCB contamination in
the surface water in Bangladesh may provide a reference to future studies of these compounds in the Bay of
Bengal.

1. Introduction

Polychlorinated biphenyls (PCBs) are a group of chlorinated per-
sistent organic pollutants (POPs). PCBs have up to 209 congeners that
are resulted from the variation in number and position of the chlorine
(Cl) atoms connected to the biphenyl rings. Due to their chemical and
thermal stability, low flammability, and electric insulating properties,
PCBs were widely used for various purposes such as dielectric fluids in
transformers and capacitors, hydraulic oils, coolants, printing ink,
flame retardants, lubricants, pesticide and wax extenders, and additives
in paints, plastics, adhesives, and in many other applications (ATSDR,

2000). PCBs are ubiquitous in the environment and being susceptible to
large-scale dispersal through long-range transport and biologically ac-
tive mechanisms such as bioaccumulation (Goerke and Weber, 1998;
Gouin et al., 2004). The levels of PCBs are further accumulated in the
food chain through biomagnification (Porte and Albaigés, 1993). The
transfer of PCBs through the food chain thus poses potential risks to the
ecological integrity and to the human health as well (Batang et al.,
2016). For these reasons, their intentional production, distribution, and
use are subjected to strict restriction under the 2001 Stockholm Con-
vention (UNEP, 2001) of which Bangladesh is a signatory member.
Being banned since several decades, PCBs are still being used in
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many countries particularly with the developing status (Mahmood
et al., 2014; Men et al., 2014). Although the global inventory and use of
PCBs are extensively reported, the status of PCBs in Bangladesh is still
unknown. PCBs have never been manufactured in Bangladesh. PCB-
containing equipment such as capacitors, transformers, and PCB mix-
tures, lubricating oils, etc. were imported to Bangladesh (DoE, 2007).
There are several suspected local emission sources of PCBs in Bangla-
desh, for example, PCB-containing equipment, PCB stockpiles, landfill
sites, ship breaking industries, waste incineration, production of metal
and mineral products, marine transportation, etc. (ESDO, 2005a,
2005b, 2010; Nøst et al., 2015). PCB compounds are still in use, mostly
in the electrical generating sector in Bangladesh (DoE, 2007). Ac-
cording to the national report published by the Department of En-
vironment (DoE) of the Government of Bangladesh (GoB), the total
content of PCBs in functioning electrical equipment was estimated at
51.6 MT, and the total PCBs in the electrical sector requiring destruc-
tion was estimated at 55.8 MT (DoE, 2007).
Bangladesh is an agricultural country that has an irregular 580 km

long deltaic marshy coastline which is divided by many rivers and
streams that enter into the Bay of Bengal. The environmental and
ecological integrity of the coastal areas of Bangladesh are being strug-
gled by a number of anthropogenic activities such as the development
of industrial hubs, rapid human settlement, tourism and transportation,
dumping of e-waste, widespread ship breaking and port activities, ex-
cessive operation of mechanized boats, deforestation, and intensive
agriculture and aquaculture activities, discharges of untreated and
semi-treated land-based sewage and effluents from various large and
small local industries.
Due to the severe organic and inorganic pollution, the inland

aquatic environment of Bangladesh have been recognized as one of the
most polluted ecosystems in the world (Evans et al., 2012). Our recent
works have reported the presence of perfluoroalkyl acids (PFAAs) - a
group of POPs and some toxic trace metals in the coastal areas of
Bangladesh, some of which exceeded the safety standards for the pro-
tection of the environment and human health (Raknuzzaman et al.,
2015, 2016; Habibullah-Al-Mamun et al., 2016, 2017). However, the
environmental monitoring data of PCBs are really scarce and to the best
of our knowledge, no comprehensive studies have been carried out
regarding PCB pollution in this region. Although the presence of these
contaminants are ubiquitous, elevated levels are reported particularly
in the industrialized and densely populated coastal areas (Fowler,
1990). Hence, the probable PCB contamination in the coastal areas of
Bangladesh was hypothesized and this study was carried out to examine
it. This is the first study to determine the concentrations of all PCB
congeners in the coastal surface waters of Bangladesh. The spatial-
temporal distribution and compositional pattern (homologs and whole
congener approach) of PCBs dissolved in coastal surface water were
investigated. A preliminary ecological risk assessment was carried out
to elucidate the degree of PCB contamination in the Bay of Bengal coast
of Bangladesh.

2. Materials and methods

2.1. Study area and collection of samples

In order to explore the influence of the potential pollution sources,
we investigated fourteen sampling sites from four coastal areas in the
southeast and southwest part of the Bay of Bengal coast of Bangladesh.
These sampling sites located in Cox's Bazar, Chittagong, Meghna
Estuary and Sundarbans are shown in Fig. 1. An elaborative description
of the study area is given in the Supplementary information (SI). Please
refer to Table S1 in the SI for the coordinates and IDs of sampling lo-
cation.
A total of 28 water samples were collected in winter (January-

February) and summer (August-September) 2015. Sampling was per-
formed during low tide. Approximately 2 L of surface water were

collected from each site in polypropylene (PP) bottles pre-cleaned with
deionized water, methanol, acetone, and water from the particular site
of sampling. The collected samples were then filtered through 0.45 µm
membranes to remove debris and transferred to new PP bottles.
Samples were transported in ice-filled airtight insulating box to the
laboratory of Fisheries Department of Dhaka University and stored at
− 8 °C.

2.2. Chemicals and reagents

Native calibration PCBs standards (BP-MXP Native PCB solution/
mixture of PCB 3, 8, 28, 52, 101, 118, 138, 153, 180, 194, 206, and
209) and isotopically labeled internal standards (MBP-MXP Mass-la-
beled PCB solution/mixture of 13C-PCB 3, 8, 28, 52, 101, 118, 138, 153,
180, 194, 206, and 209) containing at least one congener for each
homolog group of PCBs were obtained from Wellington Laboratories
Inc. (Ontario, Canada). A complete set of all 209 PCB congeners (C-
CSQ-SET Congener Calibration Set containing 209 native PCB con-
geners) were also purchased from AccuStandard (New Haven, CT,
USA). Supelclean™ ENVI-18 solid phase extraction (SPE) cartridges
(12mL, 2 g) were purchased from SUPELCO® (PA, USA). All of the
Quick, Easy, Cheap, Effective, Rugged and Safe (QuEChERS) extraction
kits were obtained from Agilent Technologies (Santa Clara, CA, USA).
All solvents (n-hexane, acetone, methanol and dichloromethane) used
for sample processing and analysis were PCB and pesticide analysis
grade and purchased from Wako Chemical (Osaka, Japan). Milli-Q
(> 18.2MΩ) water generated from an ultrapure water purification
system (Millipore, Billerica, MA, USA) was used throughout the ex-
periment. Filter membranes (0.45 µm, 47mm i.d.) were purchased from
ADVANTEC® (Tokyo, Japan).

2.3. Sample pretreatment

Water samples were pretreated by solid phase extraction (SPE)
followed by dispersive-SPE (d-SPE) clean-up system. Before enrich-
ment, ENVI-18 SPE cartridges were conditioned twice by 10mL of di-
chloromethane, then twice by 10mL of methanol and then 10mL Milli-
Q. One liter of filtered water was trapped through the SPE tubes at
10mL/min flow rate under vacuum. The cartridges were then dried
under vacuum for 10min and kept in dark air-tight containers and
transported to Yokohama National University in Japan for further
analysis. The cartridges were eluted with 100mL dichloromethane: n-
hexane (1:1) followed by spiking with 100 µL of 50 ng/mL of a mixture
of 13C-PCB containing at least one congener for PCB homolog as an
internal standard (IS). The elution was concentrated to approximately
8mL with a rotary evaporator and transferred to a 15mL d-SPE clean-
up tube containing 0.9 g of anhydrous magnesium sulfate (MgSO4),
0.15 g of primary secondary amine (PSA) and 0.15 g of C18EC (Agilent
p/n 5982–5156). One ceramic bar (Agilent p/n 5982–9312) was added
and the tube was vortexed for 1min and centrifuged at 3500 rpm for
5min. A 5mL aliquot of the supernatant was transferred into a glass
test tube, and then the extract was evaporated to near dryness under a
gentle stream of high-purity nitrogen gas, and the residue was re-dis-
solved in 1mL n-hexane prior to its injection into the GC-MS/MS
system.

2.4. Instrumental analysis

Gas chromatograph–tandem mass spectrometry (GC–MS/MS) ana-
lysis was performed using an Agilent 7890A GC, coupled with an
Agilent 7000C triple-quadrupole MS. A computer with MassHunter
software (version B.05.00412) was used for data acquisition and pro-
cessing (Agilent Technologies, Palo Alto, CA). Chromatographic se-
paration was achieved on an HT8-PCB column (60m×0.25mm ID,
0.25 µm film thickness, Kanto Chemical Co., Inc., Japan) using Helium
as a carrier gas at a flow rate of 1.0mL/min. The GC oven temperature
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was set initially at 120 °C for 1min, increased to 180 °C for 0min at
20 °Cmin−1, raised to 210 °C for 0min at 2 °Cmin−1 and finally held at
310 °C for 3min at 5 °Cmin−1. The injection volume was set to one
microliter (1 µL) in splitless mode. Mass spectrometry was operated in
multiple reactions monitoring (MRM) mode with a gain factor of 10.
Electron impact (EI) ionization voltage was 70 eV. Nitrogen and Helium
were used as collision gas and quench gas in the collision cell at con-
stant flows of 1.5 and 2.25mL/min, respectively. The sets of tempera-
tures of transfer line, ionization source and triple quadrupole mass
analyzer were 300 °C, 280 °C and 150 °C, respectively. A solvent delay
was set at 3min. The first (Q1) and the third quadrupole (Q3) were
both operated at ‘wide’ resolution mode. Prior to analysis, MS/MS was
auto-tuned with perfluorotributylamine. All of 209 PCB congeners were
separated into 167 peaks, herein termed domains, denoting 135 in-
dividual and 32 coeluting congeners. The order of chromatograms and
peak assignments were set according to Matsumura et al. (2002).
GC–MS/MS conditions and/or parameters for the analysis of PCBs are
shown in Table S2. To identify the target analytes, the retention times
of the peaks detected in samples were compared with the peaks ob-
tained from a GC-MS/MS run using a standard solution of a mixture of
all 209 PCB congeners. The internal standard method was applied to
quantify the concentrations of PCBs (Yang et al., 2011). Concentrations
of single PCB congeners and total PCB (∑PCBs) are given in nano gram
per liter (ng/L). In addition, while calculating the concentration of PCB
homologs and ∑PCBs the values of< LODs were assigned to zero.

2.5. Quality assurance and quality control (QA/QC)

Strict quality control procedure was maintained during the experi-
ments. The containers and equipment used during the whole procedure
were pre-cleaned with methanol followed by acetone. A (signal to
noise) S/N ratio equal to or greater than 3 was used to determine the
limit of detection (LOD) for each analyte. The LODs were in the range of
0.021–0.132 ng/L. The instrumental blanks (solvent without internal
standard) and procedural blanks (Milli-Q water spiked with internal

standards) analyzed with every batch of samples gave S/N values less
than 3 (< LODs). To validate the accuracy of the methods, matrix spike
recovery (n= 3) was determined by spiking the target compounds into
the original samples at 10 ng/L, followed by similar extraction and
analysis procedure as described in earlier sections. The mean recoveries
of spiked PCBs were 71–118%. The detailed QA/QC data are given in
Table S3.

2.6. Data analysis

The IBM SPSS (Version 23.0, IBM Corp., NY, USA) and XLSTAT
(Version 2016.02.28451, Addinsoft, NY, USA) software were used for
statistical analyses. Before analysis, the significance level was set at
p=0.05 and concentrations less than LODs were set to LOD/2 (Succop
et al., 2004). The normality of the data set was tested by a statistical
distribution test called P–P plots. The differences among the con-
centrations of PCBs in the Bangladeshi coastal areas and seasonal var-
iations were tested by one-way ANOVA. The spatial variations of PCBs
in surface water were shown by using MapViewer™ software (Version 8,
Golden Software Inc., CO, USA). The shorthand numbering notation
(PCB1–209) of Ballschmiter and Zell (1980) was followed for PCB no-
menclature.

3. Results and discussion

3.1. Concentrations of dissolved PCBs in surface water and global
comparison

Water samples from all 14 sites from 4 coastal areas contained de-
tectable concentrations of PCBs, indicating that PCBs are widespread in
the Bangladeshi coastal area. The data of PCBs in water samples are
shown in Table 1 and Fig. 2, while the concentrations of individual
congeners are presented in Table S4 and S5. A total of 136 domains
comprising 109 single congeners, 19 double, 6 triple, and 2 quadruple
coeluting isomers were resolved in water samples. However, the

Fig. 1. Maps showing fourteen sampling sites in four coastal areas of Bangladesh.

Md. Habibullah-Al-Mamun et al. Ecotoxicology and Environmental Safety 167 (2019) 450–458

452



Table 1
Concentration (ng/L) of PCB homologs and total PCBs dissolved in the surface water samples collected from the coastal area of Bangladesh in winter and summer,
2015.

Season Site ID Concentration (ng/L)

Mono-CB Di-CB Tri-CB Tetra-CB Penta-CB Hexa-CB Hepta-CB Octa-CB Nona-CB Deca-CB ∑DL-PCBsa ∑iPCBsb ∑PCBsc

Winter CX1 < LOD 3.34 11.36 15.63 13.51 9.32 7.17 2.30 < LOD <LOD 5.07 6.76 62.62
CX2 < LOD 2.71 6.85 10.41 8.87 6.28 5.18 1.25 < LOD <LOD 6.19 5.58 41.55
CX3 < LOD 4.64 16.89 26.59 21.53 14.29 8.73 2.48 < LOD <LOD 7.73 11.72 95.16
CX4 < LOD 3.18 14.37 22.30 15.48 6.98 5.84 1.73 < LOD <LOD 6.40 7.38 69.87
CT1 < LOD 7.61 19.88 29.93 21.44 19.48 8.33 2.11 < LOD <LOD 6.89 15.81 108.8
CT2 < LOD 5.00 20.41 31.33 26.89 21.08 11.24 3.45 < LOD <LOD 9.59 14.73 119.4
CT3 < LOD 5.59 18.14 41.76 34.60 21.73 13.24 2.60 < LOD <LOD 11.24 16.74 137.7
CT4 < LOD 10.38 20.14 41.92 49.15 23.64 11.86 3.65 < LOD <LOD 15.13 14.15 160.7
ME1 < LOD 4.20 11.22 12.91 14.64 5.27 5.46 1.67 < LOD <LOD 4.77 5.38 55.37
ME2 < LOD 2.08 6.81 10.61 11.75 6.12 5.63 0.92 < LOD <LOD 5.60 5.89 43.93
ME3 < LOD 2.86 8.58 7.31 5.60 4.17 2.75 0.90 < LOD <LOD 2.79 4.22 32.17
SN1 < LOD 5.66 16.59 27.62 14.99 9.65 8.46 1.60 < LOD <LOD 4.88 12.08 84.57
SN2 < LOD 4.75 12.82 16.74 10.67 6.22 5.73 1.70 < LOD <LOD 5.57 7.39 58.63
SN3 < LOD 5.74 16.50 21.57 12.13 8.24 5.67 1.87 < LOD <LOD 4.42 9.16 71.72

Summer CX1 < LOD 5.14 12.16 18.63 13.49 8.74 6.96 1.13 < LOD <LOD 7.32 8.06 66.26
CX2 < LOD 3.30 7.41 13.20 11.26 5.78 4.58 0.91 < LOD <LOD 5.60 5.96 46.45
CX3 < LOD 8.55 19.33 30.18 32.93 12.04 10.61 2.34 < LOD <LOD 10.04 14.95 116.0
CX4 < LOD 4.55 15.48 21.80 19.35 11.60 7.99 1.04 < LOD <LOD 9.68 12.73 81.80
CT1 < LOD 12.43 28.46 35.34 29.98 14.16 11.61 2.20 < LOD <LOD 12.93 18.52 134.2
CT2 < LOD 8.07 20.94 35.44 20.60 13.06 11.35 0.92 < LOD <LOD 10.24 12.57 110.4
CT3 < LOD 8.54 31.69 39.18 45.82 23.99 19.41 4.11 < LOD <LOD 21.52 24.99 172.8
CT4 < LOD 11.00 27.65 48.50 54.75 29.06 21.51 6.89 < LOD <LOD 25.79 30.84 199.4
ME1 < LOD 4.15 13.28 19.68 11.69 9.49 6.81 1.78 < LOD <LOD 6.51 8.61 66.88
ME2 < LOD 3.19 14.43 14.23 9.11 7.06 6.31 0.91 < LOD <LOD 5.50 8.87 55.24
ME3 < LOD 2.17 11.76 15.48 8.97 6.14 4.95 0.30 < LOD <LOD 5.27 7.76 49.77
SN1 < LOD 5.69 17.71 19.27 19.18 13.26 11.83 2.15 < LOD <LOD 8.70 14.92 89.10
SN2 < LOD 4.12 16.05 19.32 12.82 8.99 6.91 0.92 < LOD <LOD 9.56 10.76 69.12
SN3 < LOD 9.53 21.22 28.57 22.42 14.02 13.82 2.85 < LOD <LOD 10.48 13.15 112.4

a Sum of 12 dioxin-like PCBs (4 non-ortho substituted PCBs: PCB77, 81, 126, 169; 8 mono-ortho substituted PCBs: PCB105, 114, 118, 123, 156, 157, 167, 189).
b Sum of 6 ICES indicator or marker PCBs (ICES6-PCBs: PCB28, 52, 101, 138, 153, and 180) (European Commission, 2011).
c Sum of 209 PCBs.

Fig. 2. Distribution of total PCBs dissolved in surface water of the coastal area of Bangladesh. Samples were collected in winter and summer of 2015. Colored area in
the inset map represents the coastal area of Bangladesh. Concentration values are expressed as ng/L.
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detected PCBs were only the congeners with 2–8Cl atoms. Congeners
with 1 Cl were not detected which might be due to the volume of
sample used for PCB determination for the present study was very low
(only 1 L of filtered water), and the congeners with 9 and 10 Cl atoms
were under their detection limits. The total concentrations of the PCBs
(∑PCBs) ranged from 32.17 to 160.7 ng/L in winter, and from 46.45 to
199.4 ng/L in summer. The class distribution of samples based on
∑PCBs levels were: 36% (> 100 ng/L), 43% (50–100 ng/L), 21%
(< 50 ng/L). Positive correlation was extracted between the ∑PCBs and
the number of detected domains per sample (Pearson correlation,
r=0.82, p < 0.05). However, the ∑PCBs variation might be depen-
dent on some dominant congeners. The sum of 12 dioxin-like PCB (∑DL-
PCBs) and 6 ICES (International Council for the Exploration of the Sea)
indicator/marker PCB congeners (∑iPCBs) ranged from 2.79 to 15.13
and 4.22–16.74 ng/L in winter, and from 5.27 to 25.79 ng/L and
5.96–30.84 ng/L in summer, respectively. The ∑DL-PCBs and ∑iPCBs
only account for 20–28% of the ∑PCB concentrations. Therefore, the
DL-PCBs and iPCBs could not comprehensively reflect the contamina-
tion level of PCB in water, elucidating that the degree of PCB con-
tamination in the Bangladeshi coastal area might be impacted by some
other congeners, assumed to be dominant in the present case. However,
correlations between ∑PCB and ∑DL-PCBs, and ∑iPCBs were strong
(r=0.91 and 0.94, respectively) and significant (p < 0.05) (Fig. 3).
The concentration of PCBs in the Bangladeshi coastal waters were

compared with that recorded from other coastal areas and presented in
Table 2. In fact, the scientific literature of PCB levels considering a
complete set of 209 congeners in the surface water is still scarce. In
general, the levels of dissolved PCBs in this study were comparable to or
higher than those in Liaodong Bay (China), Okinawa Island (Japan),
Tokyo Bay (Japan), Houston Ship Channel (USA), North Western
Mediterranean, River Ravi and its northern tributaries (Pakistan), Tiber
River and Estuary (Italy), and Belgian coastal harbors, evidently lower
than in Daya Bay and Pearl River Estuary, China (Table 2). Interest-
ingly, concentration of total PCBs in this study (32.17–199.4 ng/L) was
15–45 times higher than the concentration found in the surface water
(1.93–4.46 ng/L) from the Indian coast of the Bay of Bengal (Rajendran
et al., 2005). This large difference in PCB concentrations between the
neighboring areas indicates the existence of some important and/or
significant potential sources of PCBs in the Bay of Bengal coast of
Bangladesh.

3.2. Seasonal and spatial distribution of water-phase PCBs

The seasonal variations and spatial distributions of PCBs dissolved
in the surface water are presented in Fig. 2. Statistically insignificant
(p > 0.05) but small variations were recorded in the levels of total

PCBs between the two seasons (winter vs. summer). Thirteen out of the
14 water samples examined showed relatively higher concentration of
∑PCBs in summer season than in winter. Sources of pollution and pre-
cipitation might be the influential factors causing fluctuations in water
quality. Previously accumulated PCBs in the surface soil from the
contaminated sites in dry (winter) season can be flushed into the es-
tuary and/or river with the surface runoff from heavy rains and floods
in wet (summer) season. Higher ∑PCBs concentrations in surface water
as a result of storm run-off from land-based sources was recorded from
the River Niger (Nigeria) during rainy (wet) season (Unyimadu et al.,
2018). The levels of PCBs in water may also depends the water quality
parameters, water flow, air/gas exchange rate and desorbing rate of
PCBs from sediment to water which also varied seasonally. We mea-
sured some water quality parameters, such as pH, temperature, salinity
and total suspended solids (TSS) and the results are presented in
Table 3. None of the measured quality parameters showed clear sea-
sonal variation (p > 0.05) except salinity, which was higher in winter
samples than in summer (p < 0.05). However, weak and insignificant
correlations between the levels of dissolved PCBs and the measured
water quality parameters indicated that they probably had no sig-
nificant impact on the PCB distribution in the Bangladeshi coastal
waters (pH: r=0.31, p > 0.05; Temperature: r=0.21, p > 0.05;
Salinity: r=0.05, p > 0.05; TSS: r=0.43, p > 0.05). Furthermore,
anthropogenic activities like fishing and boating as well as PCB usage
and discharge from seasonally operated industries could affect the PCB
distribution in aquatic systems. However, a different trend was ob-
served at CT2 where the concentration of ∑PCBs was higher in winter
(119.4 ng/L) than in summer (110.4 ng/L). Although the reason for the
∑PCBs concentration difference between the two seasons is not clear,
This might be due to the effect of intense dredging in this location (CT2)
particularly in winter to facilitate shipping activities, however the exact
reason is not clear. A portion of sedimentary PCBs might be released
into the water during the dredging operation due to substantial mixing
of sediment and water. Overall, regardless of sites, the mean con-
centration of total PCBs in summer (97.83 ng/L) was slightly higher
than in winter (81.58 ng/L).
Levels of PCBs dissolved in the surface water differed significantly

between the four coastal regions (p < 0.05), indicating the potential
influence of local/regional source inputs to PCB contamination in the
study areas (Fig. 2). Concentrations of ∑PCBs were higher in the coastal
waters from Chittagong (average of 131.6 and 154.2 ng/L in winter and
summer, respectively), Sundarbans (average of 71.64 and 90.21 ng/L in
winter and summer, respectively) and Cox's Bazar (average of 67.3 and
77.62 ng/L in winter and summer, respectively) compared to that from
Meghna Estuary (average of 43.82 and 57.3 ng/L in winter and
summer, respectively). In particular, the highest levels of PCBs were

Fig. 3. Relative contribution of PCB homologs (% composition) to the total PCBs dissolved in the surface water of the Bangladeshi coastal area in winter and summer,
2015.
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recorded in water samples from CT4 for both seasons (160.7 and
199.4 ng/L in winter and summer, respectively) followed by CT3 (137.7
and 172.8 ng/L in winter and summer, respectively). Furthermore,
other two sites at Chittagong (CT1 and CT2) also showed relatively
higher PCB levels compared to other areas, and thus PCBs in this area
may be coming from local point source(s). CT3 and CT4 are located
very close to the Chittagong ship breaking yard. Dismantling or de-
molition of old ships may produce different types of pollutants in-
cluding PCBs (Neşer et al., 2012; Siddiquee et al., 2012; Nøst et al.,
2015), because large amounts of PCB (approximately 250 kg for each
ship) were used (especially in the electrical cable sheathing, paints and
hydraulic fluids) in the ships built before banning of PCB (DoE, 2007).
It is thus, due to lack of proper management and monitoring, ship
breaking activities in Chittagong may be responsible for higher degree
of PCB contamination in this area. Moreover, million tons of toxic e-
waste generated from hundreds of e-waste recycling shops adjacent to
sites CT3 and CT4 are directly discharged into the nearby coastal water.
Nøst et al. (2015) confirmed PCB contamination in this area by mea-
suring elevated levels of air born PCB which mainly originated from
shipbreaking activities. Moreover, CT1 and CT2 are within the

Chittagong port area which is the largest seaport in Bangladesh. The
port activities such as the use of paints and grease for the protection of
ship and dock as well the maintenance of shipping and boat may release
PCBs into the coastal waters (Rajendran et al., 2005; Wurl and Obbard,
2005). Furthermore, there are hundreds of multipurpose industries lo-
cated along the Chittagong coast producing, for example, fertilizers,
rubber and plastic, paint, paper and pulp, pharmaceuticals, tobacco,
printing and dyeing, steel products, automobile engines and electronics,
jute and textiles, petroleum products, beverages, fish and tannery
products, jewelry and plating. The effluents from these industries that
are discharged without proper treatments may have a significant con-
tribution to the PCB contamination in this area (Yang et al., 2011).
Within Cox's Bazar, water samples from CX3 (Bakkhali Estuary)

showed elevated concentration of PCB (95.16 and 116.0 ng/L in winter
and summer, respectively). It was expected because the main sewage
system to Cox's bazar city is connected to the Bakkhali channel through
which a huge amount of the untreated wastewaters from the city are
coming into the Bakkhali Estuary. Moreover, this site is influenced by
some other anthropogenic activities that has been identified as poten-
tial sources of PCB emission such as fishing and boating in Cox's bazar
fishing harbor, boat manufacturing and painting and numerous multi-
purpose industries including e-waste recycling shops (Rajendran et al.,
2005; Binelli et al., 2009). In addition, PCBs might also be emitted from
the main municipal garbage dump of consumer products including
obsolete electronics which is located very close to the site CX3.
The levels of PCB in water from Sundarbans sites exhibited an in-

teresting trend: concentration of PCB first decreased from upper estuary
(SN3) to mid-estuary (SN2) and then increased further towards lower
estuary (SN1) or mouth of the estuary. The highest concentration was
recorded at SN3 (112.4 ng/L) which is located vary close to Mongla
port. The elevated PCB levels might be attributed to intensive shipping
and fishing activities as well as to the discharge of improperly treated
effluents from numerous multipurpose industries such as cement, paint,
paper, printing and dyeing, plastics, leather, etc. Zhou et al. (2001)
reported that the wastewater discharged from factories (e.g. leather,
paper, electronics, plastics, etc.) was the major sources of PCB inputs
into the Daya Bay, China. In addition, intense dredging operations,
dumping of industrial wastes, surface and agricultural runoffs, and at-
mospheric depositions may further aggravate the degree of PCB con-
tamination in this area. The decrease in PCB concentration in water
from mid-estuary (SN2) might be attributed to the dilution effects from
mixing of inland fresh water with the salty seawater (An et al., 2009;
Men et al., 2014). Moreover, the coastal area of Bangladesh is influ-
enced by daily tidal action (two high and two low tides at the same

Table 2
Comparison of total PCBs (ng/L) in surface water between this study and other studies worldwide.

Location Sampling year Na Phased ∑PCBs References

Daya Bay, China 1999 12 D 91.1–1360 Zhou et al. (2001)
Pearl River Estuary, China 2000 21 D 33.4–1060 Zhang et al. (2002)
Liaodong Bay, China 2007 41 D 5.51–40.28 Men et al. (2014)
Bay of Bengal, India 1998 –b D 1.93–4.46 Rajendran et al. (2005)
River Ravi and its northern tributaries, Pakistan 2015–16 35 D 1.94–11.66 Baqar et al. (2017)
Okinawa Island, Japan 2002 –c DS 1.59–2.48 Sheikh et al. (2007)
Tokyo Bay, Japan 2006 209 D 0.04–0.64 Kobayashi et al. (2010)
Houston Ship Channel, USA 2003 209 DS 0.49–12.5 Howell et al. (2008)
North Western Mediterranean 2001 41 D 0.447–45.263 Garcia-Flor et al. (2005)
Tiber River and Estuary, Italy 2014–15 32 D 0.19–6.82 Montuori et al. (2016)
Belgian coastal harbors 2007–10 14 D 0.03–3.1 Monteyne et al. (2013)
Coastal area of Bangladesh 2015 209 D 32.17–160.7 (W)e This study

46.45–199.4 (S)e

a Number of PCB congeners.
b Sum of di- to deca-CB homologs.
c Sum of di- to nona-CB homologs.
d D and DS represent dissolved and (dissolved + suspended) phases, respectively.
e W and S represent winter and summer, respectively.

Table 3
Physical and chemical characteristics of surface water collected from the coastal
areas of Bangladesh.

Site ID pH Temperature (°C) Salinity (%) TSS (mg/L)

Wa Sa W S W S W S

CX1 7.3 7.2 19.5 24.5 17.3 22.5 465 500
CX2 6.2 6.5 20 23.3 18.4 24 340 350
CX3 7.2 6.8 20.5 24.1 19.6 12.5 490 480
CX4 7.1 7.1 20.5 23.5 18.6 16.5 435 460
CT1 6.6 6.5 19.5 22.3 21.3 13.5 280 350
CT2 6.3 6.2 21 23.8 19.5 15.5 310 440
CT3 6.7 6.3 22 23.6 17.4 17 230 250
CT4 6.5 6.5 21.5 23.5 18.6 18.5 260 290
ME1 7.7 7.5 19 22 16.8 4.5 800 850
ME2 7.1 6.8 19.5 24.3 20.4 3.5 650 630
ME3 7.8 7.3 22 23.6 21.6 7 460 520
SN1 6.9 6.5 19 23.5 17.3 13.5 850 900
SN2 7.6 6.2 21 24.4 18.6 14 730 750
SN3 6.9 5.5 23 24.9 19.8 16.5 960 850
Minimum 6.2 5.5 19 22 16.8 3.5 230 250
Maximum 7.8 7.5 23 24.9 21.6 24 960 900
Mean 7 7 21 24 19 14 519 544
SD 0.5 0.5 1.2 0.8 1.5 6 239 217

a W and S represent winter and summer, respectively.
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day). Therefore, PCBs might be carried downward by water during low
tides and then retain in the mouth of the estuary, finally can be spread
offshore areas and beyond. Moreover, many ships and fishing boats
travel in this area, which might be associated with the increase of PCBs
as well. The levels of PCB in water taken from the Meghna estuary also
showed a downward increasing trend. It is to be noted that the Meghna
estuary is an exclusively unindustrialized area. Therefore, lower in
concentration but detection of PCB in water from this site are related to
non-point sources (e.g., surface runoff due to heavy rain and flooding,
runoff from upstream inland rivers and tributaries, atmospheric wet
and dry deposition, etc.). Moreover, the flow of a huge volume of water
from the Ganges River of India to the Bay of Bengal through the Meghna
Estuary may carry a substantial amount of PCBs (Chakraborty et al.,
2014; Kumar et al., 2013). However, the downward deceasing trend in
PCB concentrations in this area might be due to the dilution effects from
the downward increasing water mass. In general, the levels of PCBs
were higher in water samples from industrialized urban sites (Chit-
tagong, Cox's Bazar and Sundarbans) than those from the unin-
dustrialized remote site (Meghna Estuary), and thus these compounds
are associated to recent urbanization and industrialization. Elevated
levels of PCBs in the coastal water from highly industrialized urban
regions are in well agreement with previous studies reporting similar
trends from other coastal areas (Hong et al., 2005; Wurl and Obbard,
2005).

3.3. Homolog composition

The PCB homolog profiles in environmental matrices are generally
related to their sources, transport and fate processes in the environ-
ment. Regardless of sites and seasons, the proportions of the homologs
with different degree of chlorination, termed as mono–deca-CB, were in
the decreasing order of: medium (4–6 Cl, 53–71%)> light (1–3 Cl,
17–36%)>heavy (7–10 Cl, 10–16%). Specifically, the homolog dis-
tribution was dominated by tetra-CB (23–33% and 22–32% of total
PCBs in winter and summer, respectively), followed by penta-CB
(17–31% and 16–28% of total PCBs in winter and summer, respec-
tively) and tri-CB (13–27% and 14–26% of total PCBs in winter and
summer, respectively). However, the penta- and tri-CB homologs con-
tributed almost equally to the total PCB distribution in the surface
water of the Bangladeshi coastal area. In seawater from the Bay of
Bengal coast of India, proportion of lighter homologs (di-, tri- and tetra-
CB) recorded as 74.4–85.6% was higher than the heavier homologs
(penta-, hexa- and hepta-CB) with 25.6–14.4% (Rajendran et al., 2005),
and the reason was explained as the higher degree of water-solubility of
low chlorinated PCBs than the high chlorinated congeners. In contrast,
Zhou et al. (2001) reported predominance of high chlorinated con-
geners (penta-, hexa- and octa-CBs) accounting for 94% of total PCB in
water from the Daya Bay, China. The surface runoffs, wastewater dis-
charges, sewage outfalls, and shipping activities were identified as the
major contributors to the PCB distribution in Daya Bay (Zhou et al.,
2001). Men et al. (2004) reported that paint from ships and fishing
vessels is responsible for the dominance of penta-CB residues in the
estuarine water of Liaodong Bay, Bohai Sea (China). Our results were
consistent with the PCB distribution in water from Tiber River and
Estuary, where tetra- and penta-CBs homologs were more abundant,
accounting for 39% and 29% of ∑PCBs, respectively, than the less
chlorinated CBs (di- + tri-CBs) accounted for 18% of total PCBs
(Montuori et al., 2016). In fact, the low chlorinated congeners have
relatively higher mobility in the atmosphere and aquatic environment
(Gao et al., 2013; Men et al., 2014). Also, if there were no nearby
sources of PCBs, the congeners would be evenly distributed over all
levels of chlorination (Bremle and Larsson, 1997), where the distribu-
tion may predominantly be influenced by the atmospheric deposition
and oceanic transportation. Therefore, in the present study, the PCB
homologs distribution may suggest a low impact from atmospheric in-
puts to the dissolved PCB distribution in the Bangladeshi coastal area,

and may also suggest the presence of potential point sources of PCBs.

3.4. Congener profiles and source characterization

We identified the dominant PCBs in coastal waters both by occur-
rence and abundance. The data of detection rate of each congeners/co-
elute and their mean concentrations were combined to rank them in
decreasing order. The most abundant twenty congeners were
PCB43+49, 44, 70, 120+110, 52, 20+ 33, 149+139, 138, 153, 28,
101, 18, 31, 118, 40, 66, 17, 105, 180, and 170, comprising up to
47–76% of ∑PCBs by sites, and highly correlated with ∑PCB
(r=0.976–0.979; p < 0.05), well representing the ∑PCB in the surface
water of the Bangladeshi coastal area.
Furthermore, the dominant congeners in the water samples con-

tribute major percentages of several commercial PCB mixtures, e.g.
PCBs 18, 28, 31, and 20+ 33 in Aroclors 1242; 52, 44, 43+49 (49),
44, 40, 66, and 70 in Aroclor 1248; 101, 120+110 (110), 118, 105,
and 138 in Aroclor 1254; and 149+139, 153, 180, and 170 in Aroclor
1260 (Jones, 1988; Ishikawa et al., 2007). It indicates that the en-
vironmental PCB burdens in the Bangladeshi coastal waters might be
originated from more than one PCB Aroclors and the most likely mix-
tures were Aroclors 1248, 1254 and 1260. PCBs have never manu-
factured in Bangladesh, but these chemicals were imported for use only.
Some limited information on the use and import records of PCBs in
Bangladesh is given elsewhere (DoE, 2007; ESDO, 2005a, 2005b,
2010). However, the identity and quantitative proof of PCB mixtures
used in Bangladesh is still unavailable, and that is why, selection of PCB
mixtures for sources-occurrence analyses was difficult. According to the
available reports (DoE, 2007; ESDO, 2005a, 2005b, 2010), a significant
amount of transformer oils with different brand names (e.g. askarel,
sovtol-10, and many more) was imported in Bangladesh. Transformer
askarels contained either 70% Aroclor 1254 or 60% Aroclor 1260
(Erickson, 1997) and sovtol-10 is a mixture of PCB congeners of 4 and 5
Cl atoms (Zorrilla et al., 2012). Moreover, hundreds of PCB-containing
equipment (e.g. transformers, capacitors, etc.) were also imported from
different PCB producing countries such as Japan, Germany, France,
England, USA, China (DoE, 2007) where the commercial PCB mixtures
were known by different trade names. In this report, we used ‘Aroclor’
to refer PCB mixtures/formulations as a general practice in PCB ana-
lyses. Despite of existing the national environmental regulations in
Bangladesh, such as the ban of PCBs, they are still in use in the elec-
trical generating sector (DoE, 2007; ESDO, 2005a, 2005b, 2010; Nøst
et al., 2015). Moreover, the outdated PCB-containing equipment, (old
transformers, capacitors, etc.) along with non-recycled e-waste mostly
originated from ship breaking industries is simply deposited in landfills
particularly in coastal areas. Aroclor 1242, 1254 and 1260 were ex-
tensively used in closed systems like transformers and capacitors. Ar-
oclor 1248 and 1254 were also widely used as plasticizer in multi-
purpose industries (Sahu et al., 2009). Therefore, leakage from the PCB-
containing in-service equipment, effluents from PCB using industries
and leachates from landfill sites might be considered as potential
sources of significant PCB inputs into the environment.
Interestingly, PCB11, a non-aroclor congener, was observed fre-

quently in water samples from almost all sites (86% in winter and 100%
in summer samples), although contributing only 0.4–2% of ∑PCBs.
Being absent in commercial PCB mixtures, PCB 11 is mainly originated
as by-products from the production of paints and pigments (Hu and
Hornbuckle, 2010; Hu et al., 2014; Vorkamp, 2016). Therefore, the
effluents from industries that are using and/or producing pigments and
dyes, printing of consumer goods (e.g. magazines, books, maps, posters,
brochures, napkins, garments, etc.) along with surface paintings of
ships and fishing vessels should be considered as PCB source in the
study area. Among the 12 DL-PCBs studied, PCB77, 81, 105, 114, 118,
123, 156, 157, 167, and 189 were observed in all of the samples for
both seasons, whereas PCB126 and 169 were found in 36–50% and
21–64% of samples, respectively. Thus, emission from industrial
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applications might be the major sources of DL-PCBs in the study area,
whereas the presence of PCB77 and 126 (marker PCBs for combustion
processes) with a minor contribution of up to 1.6% confirmed emission
from combustion processes. Chi et al. (2007) reported that non-ortho-
PCBs that are markers of combustion and incineration processes do not
originate solely from commercial PCB mixtures.

3.5. Ecotoxicological concern

PCBs in the habitat waterbody can affect surface-dwelling and pe-
lagic organisms. Therefore, considering the toxicity and bioaccumula-
tion property of PCBs, as well as diverse ecological significance of the
coastal area of Bangladesh, it is of great importance to evaluate the
potential ecological risk of PCBs in this area. Since no environmental
quality guideline for PCBs has been established yet in Bangladesh, we
compare our results with those proposed by other nations and/or in-
ternational organizations. Considering all the sites, irrespective to
seasons, the concentrations of ∑PCBs (32.17–199.35 ng/L) in the sur-
face water were lower than the criterion maximum concentration
(CMC) for water quality (20 and 10,000 ng/L for inland and coastal
water, respectively) proposed by the US National Oceanic and
Atmospheric Administration (NOAA) [http://response.restoration.
noaa.gov/cpr/sediment/squirt/squirt.html], indicating little or insig-
nificant short-term risks to the exposed biota. However, the ∑PCBs le-
vels were higher than the criterion continuous concentration (CCC) (14
and 30 ng/L for inland and coastal water, respectively) recommended
by the US EPA and the US NOAA for the protection of aquatic and
human health from chronic exposure to dissolved PCBs (USEPA, 2010;
http://response.restoration.noaa.gov/cpr/sediment/squirt/squirt.
html). The levels also exceeded the Chinese national environmental
quality standards for surface water (GB 3838–2002) where the con-
centration of ∑PCBs was restricted to 20 ng/L. Therefore, the quality of
surface water of the Bangladeshi coastal area is polluted with PCBs,
suggesting that the chronic toxicity from the present level of PCBs in the
water ecosystem could adversely affect the ecological integrity.
To assess the potential dioxin-like toxicity of the water samples, we

estimated the toxic equivalency (TEQ) concentrations by multiplying
the concentration of each dioxin-like congener (4 non-ortho substituted
PCBs: PCB77, 81, 126, 169; 8 mono-ortho substituted PCBs: PCB105,
114, 118, 123, 156, 157, 167, 189) by the 2005 WHO toxic equivalent
factors (TEFs) (Van den Berg et al., 2006). The sum of WHO2005-TEQs
for the 12 DL-PCBs in water of the present study varied from 0.16 to
154.7 pg-TEQ/L with an average level of 26 pg-TEQ/L in winter and
0.46–258.5 pg-TEQ/L with an average level of 46.2 pg-TEQ/L in
summer, respectively (Table S6). The WHO2005-TEQs in 65% of the
samples, irrespective to seasons, were higher than the environmental
quality standard of 1 pg-TEQ/L recommended by the Japan Govern-
ment (Japan Government, 2012). Whereas, the ∑TEQ of the water
samples from CT3, CT4, ME1, SN3 in winter and CT3, CX1, CX3, CT1,
CT4, ME1, SN1 in summer exceeded the maximum contaminant level of
30 pg-TEQ/L set by the United States Environmental Protection Agency
(USEPA, 2001). Thus, the DL-PCB concentrations are likely to pose
threat to aquatic organisms in the coastal areas of Bangladesh. Fur-
thermore, bioavailability of PCBs may facilitate their accumulation in
the food chain (biomagnification) which in turn could potentially cause
biological impairment in the higher organisms including human.

4. Conclusion

The full PCB profiles in the coastal waters was explored for the first
time in Bangladesh. Although their use is presently severely restricted,
the results from this study show that PCB contamination is widespread
in the coastal environment of Bangladesh and is presumably due to
their continuing and/or historical usage. ∑PCBs levels were comparable
to or at the higher end of the reported global range. No significant
seasonal variation was reported in the levels of ∑PCBs. Spatial

distribution revealed that the Chittagong, Cox's Bazar and Sundarbans
areas were more contaminated with PCBs than the Meghna Estuary and
thus relating these compounds with the recent urbanization and in-
dustrialization. Lightly to moderately chlorinated congeners (2–6 Cl)
dominated the PCB profiles which indicated that the prominent sources
of PCBs in the Bangladeshi coastal areas were derived as related to PCB
technical mixtures, pigments/dyes, and combustion. In addition, this
study identified a set of dominant congeners that could serve as markers
of PCB contamination in Bangladesh. However, the monitoring of full
set of PCB congeners is crucial and thus recommended for better un-
derstand the source-occurrence relationship in the environment. The
concentrations PCBs in the Bangladeshi coastal waters exceeded the
guidance levels and thus, could adversely affect the ecological en-
vironment as well as human health through biomagnification.
However, extensive studies focusing on bioaccumulation and biota re-
sponses to water and sediment contamination and the impact of dietary
intake of PCBs along with other POPs from seafood consumption in the
coastal areas of Bangladesh are in progress.
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