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• The occurrence and distribution of 15
perfluoroalkyl acids (PFAAs) in the
Bangladeshi coastal area were investi-
gated.

• PFOA in water and PFOS in sediment
were the most abundant PFAAs.

• No significant seasonal variation was
observed for most PFAAs in water.

• The southeastern part of the
Bangladeshi coastal area was more con-
taminated.
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This study reports the first evidence of perfluoroalkyl acids (PFAAs) in surface waters and sediments collected
from the coastal area of Bangladesh. Fifteen target PFAAs, including C4–14-PFCAs (perfluoroalkyl carboxylates)
and C4, C6, C8, and C10-PFSAs (perfluoroalkyl sulfonates),were quantifiedbyHPLC–MS/MS. TheΣPFAAs in surface
water and sediment sampleswere in the range of 10.6 to 46.8 ng/L and 1.07 to 8.15ng/g dw, respectively. PFOA in
water (3.17–27.8 ng/L) and PFOS in sediment samples (0.60–1.14 ng/g dw)were found to be themost abundant
PFAAs, and these concentrations were comparable to or less than most other reported values, particularly those
recorded from the coastal areas of China, Japan, Korea and Spain. The majority of the monitored PFAAs did not
show clear seasonal variation. The southeastern part (Cox’s Bazar and Chittagong) of the Bangladeshi coastal
area was more contaminated with PFAAs than the southern (Meghna Estuary) and southwestern parts
(Sundarbans). Industrial and municipal wastewater effluents, ship breaking and port activities were identified
as potential sources of the PFAA contamination in this region. Field-based sediment water distribution
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coefficients (KD) were calculated and corrected for organic carbon content (KOC), which reduced the variability
between samples. The values of log KD (1.63–2.88) and log KOC (4.02–5.16) were higher than previously reported
values, which may indicate that the partitioning of PFAAs in a tropical coastal ecosystem is different from other
ecosystems, such as temperate and sub-tropical regions. Although a preliminary environmental hazard assess-
ment indicated that PFOA or PFOS levels do not currently exceed the acute safety thresholds, we should keep
in mind that they are bioavailable and can accumulate in the food chain. Therefore, the ubiquity of PFAAs in
the coastal area of Bangladesh warrants further studies characterizing their specific sources and the potential
long-term risks they present to both humans and wildlife.

© 2016 Elsevier B.V. All rights reserved.
Tropical coastal area
Partitioning
Hazard assessment
1. Introduction

Perfluoroalkyl acids (PFAAs) are an emerging class of organic pollut-
ants that have hydrophobic properties in addition to being lipophobic/
oleophobic (Giesy and Kannan, 2002). PFAAs are highly stable, bio-
accumulative and resistant to degradation in the environment. PFAAs
have been used extensively for several decades in industrial and con-
sumer applications. For example, they are used as surfactants and sur-
face protectors in carpets, leather, paper, cooking pans and utensils,
food containers, textiles, and upholstery, and they are used as perfor-
mance chemicals in products such as fire-fighting foams, polishes,
shampoos, pesticide formulations, grease, lubricating oils,mist suppres-
sants, photolithography chemicals, and chemicals in electronics (Kissa,
2001; Giesy and Kannan, 2002). Their wide range of applications
coupled with their unique physicochemical characteristics—high
surface activity, thermal and acid resistance, weak intermolecular inter-
actions, and water and oil repellency—make them ubiquitously distrib-
uted in various types of environmental matrices in riverine, estuarine
and coastal ecosystems including water (Yamashita et al., 2008; Zushi
and Masunaga, 2009; Naile et al., 2013; Lam et al., 2014; Ahrens et al.,
2015), sediments (Zushi et al., 2010; Naile et al., 2013; Zhu et al.,
2014; Lam et al., 2014; Ahrens et al., 2015), wildlife biota (Naile et al.,
2013; Lam et al., 2014; Ahrens et al., 2015), and the human body
(Zhang et al., 2010; Cho et al., 2014). They are even found in remote
areas such as the Arctic (Martin et al., 2003) and the Tibetan Plateau
(Shi et al., 2010). Perfluorinated carboxylic acids (PFCAs) and
perfluorinated sulfonic acids (PFSAs) are the twomost prevalent groups
of PFAAs in the environment (Pan et al., 2014). In particular, long chain
(more than seven fully fluorinated carbon atoms, e.g., perfluorooctanoic
acid (PFOA) and perfluorooctane sulfonic acid (PFOS)) compounds are
known to be bioaccumulative (Martin et al., 2003), and they have re-
ceived great attention from the public and scientific community due
to their potential adverse impacts on ecosystems and human health.
In 2000, 3M announced a phase-out of PFOS and PFOA and their longer
chain homologs (Lindstrom et al., 2011). Production of PFOS and similar
perfluorooctyl products was phased out in the USA and Europe in
2000–2002 (OECD, 2002), but production continues elsewhere (Wang
et al., 2009). Rapidly growing economies in developing countries place
great demand on high-performance materials (e.g., PFAAs) despite the
existing regulations (Zushi et al., 2012). The European Union started
to ban the use of PFOS in consumer products, and PFOS, along with its
precursor, perfluorooctanesulfonyl fluoride (POSF), was listed as a per-
sistent organic pollutant (POP) in Annex B of the Stockholm Convention
in 2009. That convention called for restricted production and usage
worldwide (UNEP, 2009). Recently, a proposal to list perfluorooctanoic
acid (PFOA), PFOA salts and PFOA-related compounds in Annexes A, B
and/or C to the Stockholm Convention has been submitted by the
European Union at the Eleventh Meeting in October 2015. Additionally,
the United States Environmental Protection Agency (USEPA) has re-
ceived and reviewed over 300 alternative chemicals for PFOA and relat-
ed compounds through September 2015 (USEPA, 2015).

The main sources of PFAAs in the aqueous environment are the di-
rect discharge of industrial or municipal wastewater and effluents, run-
off from contaminated soil due to precipitation, accidental spills, the
release of untreated discharges, discharge from landfills, and the use
of aqueous film forming foams (AFFFs) (Paul et al., 2009; Corsolini
et al., 2012; Zhu et al., 2014; Campo et al., 2015; Ahrens et al., 2015).
PFAAs can be further transported directly or via rivers into the coastal
environments, which have become vulnerable areas because of their in-
termediate position between open seas and human activities. Coastal
environments can also be influenced by PFAAs carried indirectly by
long-range atmospheric transport or PFAAs resulting from abiotic and/
or biotic degradation of precursor chemicals (Yamashita et al., 2008).

Information on the partitioning of PFAAs betweenwater, sediments,
and/or suspended solids is crucial for understanding the transport and
fate of PFAAs in aquatic environments (Zhao et al., 2012). Understand-
ing of PFAA transport is needed to design strategies for pollution control
(Zhang et al., 2012). PFAAs can accumulate in aquatic systems and are
readily transported by typical hydrological or adsorption processes
(Eschauzier et al., 2010). There have been few laboratory studies on
the sorption processes of PFAAs that were conducted under controlled
laboratory conditions (in an equilibrium state) (Higgins et al., 2005;
Higgins and Luthy, 2006). The results of studies conducted under labo-
ratory conditions and those based on field observations can be different
(Hong et al., 2013) because sediment-water equilibrium is rarely
reached in natural environments. The distribution and transport of
PFAAs in the sub-tropical and temperate regions have well been inves-
tigated in recent decades (Ahrens et al., 2010; Zhu et al., 2014; Campo
et al., 2015), but the findings have been inconsistent and show that
the partitioning of PFAAs is a complex process that depends not only
on the physicochemical characteristics of the compounds but also on
environmental parameters (e.g., the organic carbon fraction of the sed-
iment, water salinity andpH) (Ahrens et al., 2010; Zhao et al., 2012) that
vary regionally. However, the partitioning behavior of PFAAs in tropical
regions, particularly coastal environments, remains unexplored. Hence,
to gain a better understanding of the fate of PFAAs in the environment,
more field studies are needed.

Bangladesh is an exclusively riverine agricultural country that is un-
dergoing rapid industrialization, urbanization and economic develop-
ment. The country has a highly irregular deltaic marshy coastline of
580 km, divided by many rivers and streams that enter the Bay of Ben-
gal, which is characterized by a tropical climate.Within the coastal areas
of Bangladesh, Sundarbans (UNESCO World Heritage Site) is one of the
most sensitive but complex ecosystems in theworld, and it suffers from
environmental degradation due to rapid human settlement, the devel-
opment of industrial hubs, tourism, port activities, the operation of an
excessive number of mechanized boats, deforestation, and increasing
agriculture and aquaculture activity. Two major rivers, Padma and Ya-
muna, are the key recipients of the industrial and municipal effluents
from major cities in the middle and upper parts of the country
(e.g., Dhaka, themost populous city and the capital) and fromneighbor-
ing countries, such as India and Nepal. The rivers merge in Chandpur,
forming the Meghna River, which carries waste materials through the
Meghna Estuary to the Bay of Bengal (Hoq et al., 2011). The estuarine
and coastal environments of the southeastern part of the Bangladeshi
coast (Cox’s Bazar and Chittagong area) have been severely degraded
by extensive ship breaking and port activities, tourism, expanding aqua-
culture, and large discharges of untreated and semi-treated domestic
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and municipal sewage. There are also effluents containing heavy loads
of organic and inorganic pollutants from many large and small local in-
dustries. Additionally, this coastal region is a major commercial trans-
portation route, and it is a region of significant urbanization and
industrialization in Bangladesh. With the population and industrial
pressures increasing along the rivers, the estuarine and coastal areas
of Bangladesh face threats to their coastal ecosystems from contami-
nants such as PFAAs, which can accumulate in the coastal or marine
food chains. Local populations can be exposed to these chemicals via
contaminated fish and seafood consumption.

Bangladesh’s inland aquatic environments are recognized among
the most polluted ecosystems in the world (due to various types of or-
ganic and inorganic pollutants; Evans et al., 2012). A very recent study
on the pollution status of the coastal area of Bangladesh also revealed
severe inorganic contamination in different environmental matrices
(water, sediment and biota). Tracemetals [e.g., Arsenic (As), Chromium
(Cr), Lead (Pb), Zinc (Zn)] were found in the study area (Raknuzzaman
et al., in press). However, to the best of our knowledge, there have been
no studies of organic pollution in this region, particularly PFAAs. Hence,
thepresent studywas initiated. For thefirst time,wemeasured PFAAs in
the coastal areas of Bangladesh. The compositional pattern and spatio-
temporal distribution of PFAAs in coastal surface waters and sediments
were investigated. Partition coefficients were also calculated to explore
the partitioning behavior and environmental fate of these classes of
Fig. 1.Map showing 4 sampling sites with 14 samp
compounds, particularly in a tropical coastal ecosystem. A preliminary
risk assessment was carried out to determine the PFAA hazards to ben-
thic, benthopelagic and surface water-dwelling organisms of the Bay of
Bengal coast in Bangladesh.

2. Materials and methods

2.1. Study area and sampling locations

Four sampling sites (Cox’s Bazar, Chittagong, Meghna Estuary and
Sundarbans) with fourteen different locations were investigated in the
southeast and southwest coastal areas of Bangladesh. A sampling map
with sampling sites and locations is shown in Fig. 1 (A detailed descrip-
tion of the study area is presented in the Supporting information, and
the coordinates of sampling sites and location IDs are listed in
Table S1). Sampling sites were chosen in coastal areas to show the influ-
ence of the potential pollution sources (cities, industrial areas, rivers).
The first site, Cox’s Bazaar (Site 1), is a natural sandy sea beach. It was
divided into two sub-sites based on ecological features: the hatchery
area (CX1–CX2) and the Bakkhali Estuary (CX3–CX4). The second site,
Chittagong (Site 2), is located near the Chittagong port (CT1–CT2) and
ship breaking area (CT3–CT4). The third site (ME1–ME3), Meghna Estu-
ary (Site 3), is an estuarine area where themain rivers mix into the Bay
of Bengal. This site is influenced mainly by the domestic and industrial
ling locations in the coastal area of Bangladesh.
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effluents carried by the inland rivers from Bangladesh and neighboring
countries. The fourth site (SN1–SN3), Sundarbans (Site 4), is located
near the southwest part of the coastal area, and it is regarded as the larg-
est mangrove ecosystem in Bangladesh.

2.2. Collection of samples

Surface water (n = 14) and sediment (n = 14) samples were col-
lected from the coastal area of Bangladesh in January–February and Au-
gust–September 2015. The sampling times represent two distinct
seasons, winter (dry season) and summer (rainy season), respectively.
The tides in the study area are semi-diurnal (two nearly equal high
and low tides each day), and the samples were collected during low
tide. Three composite samples of surface water, approximately 100 mL
each, were collected at each location in clean polypropylene (PP) bot-
tles. The bottles were rinsed with deionized water, methanol, and
water from the particular sampling location prior to use. Immediately
after collection, the samples were filtered through 0.45 μmmembranes
to remove large particles and biota, and theywere transferred to newPP
bottles that were pre-washed with methanol and deionized water. The
surficial sediment samples (top 0–5 cm) were taken using a portable
Ekman grab sampler. Three composite samples with masses of approx-
imately 200 g were collected from each sampling location and kept in
polyethylene (PE) ziplock bags. Samples were transported in boxes
packed with ice stored at−20 °C in a freezer upon arrival at the labora-
tory of the Department of Fisheries, University of Dhaka. Once there,
they were treated within 48 h. Water samples were stored at −20 °C.
Sediment samples were freeze-dried, ground, then kept in PP bottles
and stored at −20 °C. All containers used during the process of sample
collection, pretreatment, storage and transportationwere carefully han-
dled to avoid contamination. All of the processed soil samples were
brought to Yokohama National University, Japan, for chemical analysis
with the permission of the Yokohama Plant Protection Station.

2.3. Chemicals and reagents

Samples were analyzed for 15 PFAAs: perfluorobutanoic acid
(PFBA), perfluoropentanoic acid (PFPeA), perfluorohexanoic acid
(PFHxA), perfluoroheptanoic acid (PFHpA), perfluorooctanoic acid
(PFOA), perfluorononanoic acid (PFNA), perfluorodecanoic acid
(PFDA), perfluoroundecanoic acid (PFUnDA), perfluorododecanoic
acid (PFDoDA), perfluorotridecanoic acid (PFTrDA),
perfluorotetradecanoic acid (PFTeDA), perfluorobutane sulfonate
(PFBS), perfluorohexane sulfonate (PFHxS), perfluorooctane sulfonate
(PFOS) and perfluorodecane sulfonate (PFDS). Native calibration stan-
dards and isotopically labeled internal standards were obtained from
Wellington Laboratories (Ontario, Canada) and Kanto Chemical
(Tokyo, Japan). A list of abbreviations for the standards used is present-
ed in Table S2. All stock standards and solutionswere prepared inmeth-
anol and stored in polypropylene (PP) tubes or vials at 4 °C. Oasis®
weak anion exchange (WAX; 6 cm3, 150mg, 30 μm) solid phase extrac-
tion (SPE) cartridges were purchased from Waters (Milford, MA, USA).
Supelclean™ ENVI-Carb™ tubes (1 mL, 100 mg) were obtained from
SUPELCO® (PA, USA). Methanol and acetonitrile (N99%, HPLC grade),
ammoniumacetate (N98%, HPLC grade), ammonium solution and acetic
acid (N99%, HPLC grade) were purchased fromWako Pure Chemical In-
dustries (Osaka, Japan).Milli-Q (N18.2MΩ)waterwas used throughout
the experiment andwas generated by using anultrapurewater purifica-
tion system (Millipore, Billerica, MA, USA). Filter membranes (0.45 μm,
47 mm i.d.) were obtained from ADVANTEC® (Tokyo, Japan).

2.4. Sample pretreatment

Surface water samples were pretreated as previously described by
Taniyasu et al. (2005) and Pico et al. (2012) with some modifications.
Briefly, 100 mL of prefiltered sample was spiked with 800 μL of
5 ng/mL of 13C4-PFBA, 13C2-PFHxA, 13C4-PFOA, 13C2-PFDoDA and 13C4-
PFOS as internal standards. The samples were subsequently loaded
onto an Oasis® WAX SPE cartridge that had been preconditioned with
4 mL of 0.1% ammonium hydroxide (in methanol), 4 mL of methanol,
and 4 mL of Milli-Q water at a rate of one drop per second. The eluent
was discarded. The cartridge was then washed with 4 mL of 50% meth-
anol in Milli-Q water, and the eluent was again discarded. Cartridges
were then centrifuged for 10 min at 3000 rpm to remove the residual
water. Target compounds were eluted with 4 mL of methanol followed
by 4 mL of 0.1% ammonium hydroxide (in methanol) at a rate of 1 drop
per second. They were then applied to an ENVI-Carb™ tube (1 mL,
100 mg) for additional clean-up and were collected in a 15 mL PP cen-
trifuge tube. Finally, the eluate was concentrated to 400 μL under a gen-
tle stream of high-purity nitrogen gas at 40 °C, and it was filtered by
using a disposable NORM-JECT® PP syringe (Henke-Sass Wolf GmbH,
Deutschland, Germany) fitted with a disposable 0.2 μm nylon mem-
brane filter (Merck Millipore, Cork, Ireland). Samples were stored and
analyzed in PP auto-sampler vials fitted with PP septa (Agilent Tec.,
Santa Clara, CA, USA), as it has been shown that glass vials and PTFE
septamay cause loss of the target compounds and increased contamina-
tion, respectively (Yamashita et al., 2004).

Freeze-dried sediment samples were homogenized with a silica
mortar and pestle, then sieved through a 2-mm mesh sieve to remove
debris and remove the coarse fraction (N2 mm), which has low or neg-
ligible binding capacity for many dissolved contaminants (IAEA, 2003).
After that, they were extracted using a methanol-based extraction
method (Higgins et al., 2005; Zhao et al., 2015) with minor modifica-
tions. Briefly, 1 g of sieved sediment samples was transferred to 50 mL
PP centrifuge tubes and spiked with 800 μL of 5 ng/mL of 13C4-PFBA,
13C2-PFHxA, 13C4-PFOA, 13C2-PFDoDA and 13C4-PFOS as internal stan-
dards, to which 10 mL of a 1% acetic acid solution was added. Each vial
was then vortexed and placed in a heated (50 °C) sonication bath for
25 min. After sonication, the tubes were centrifuged at 3000 rpm for
5 min, and the acetic acid solution was decanted into a new clean
50 mL PP tube. A mixture of 2.5 mL of a 90:10 (v/v) methanol and 1%
acetic acid was then added to the original vial, and the vial was again
vortex mixed and sonicated for 25 min before being centrifuged and
decanted into the second tube. This process was repeated once more,
and a final 10 mL acetic acid wash was performed. All extracts were
combined in the second tube before being passed through the SPE car-
tridge. An ENVI-Carb™ tube was then used as described above in the
water extraction procedure.

2.5. Instrumental analysis

The PFAAs in the extract were analyzed by a high-performance liq-
uid chromatography–tandem mass spectrometry system (HPLC–MS/
MS) that consisted of an HP 1100 HPLC system (Agilent Technologies)
connected to a Micromass Quattro Ultima Pt mass spectrometer (Wa-
ters Corp., Milford,MA) operated in the electrospray negative ionization
mode. Separation was achieved on an Agilent Zorbax XDB-C18 column
(150mm× 2.1 mm, aperture size 5 μm) after the injection of a 10 μL al-
iquot of sample extract. The column was maintained at 40 °C during
sample analysis. Multiple reaction monitoring (MRM) analysis was
used to identify analytes. Data were processed using MassLynx™ Mass
Spectrometry Software (Version 4.1, Waters, Milford, MA) for qualita-
tive and quantitative (internal standard methodology based on peak
areas) analyses. Detailed information about the instrumental measure-
ments is listed in Table S3.

2.6. Quality assurance and quality control

To minimize background contamination, samples and extracts were
prevented frommaking contact with polytetrafluoroethylene (PTFE) or
other fluoropolymer materials during sample collection and prepara-
tion. During the pretreatment procedure, all containers and equipment



Fig. 2. Concentrations of PFAAs in the surface water of the Bangladeshi coastal area in two
seasons.
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were pre-cleaned with methanol. Quantification of all PFAAs was con-
ducted using an internal standard calibration curve (for details, please
see Table S4). The limit of detection (LOD) for each analyte was defined
as the smallest mass of compound resulting in an S/N ratio that was
equal to or greater than 3, and the limit of quantitation (LOQ) was de-
fined as the concentration in a standard yielding an S/N ratio of 10:1.
The LOQs for target PFAAs ranged from 0.016 to 0.4 ng/L in water, and
0.006 to 0.102 ng/g dry weight (dw) in sediment. Instrumental blanks
(methanol without internal standard) were analyzed every five to
seven samples to monitor instrumental background. Instrumental
blanks gave signal-to-noise (S/N) values of less than three. The proce-
dural blanks (method blanks) prepared with Milli-Q water were spiked
with each of the four internal standards. Procedural blanks were ana-
lyzed with every batch of samples. Instrumental blanks and procedural
blanks were below the limit of quantification (LOQ). For each matrix,
analyte recovery was determined by using spiked samples to determine
the accuracy of the methods. Matrix spike recovery (n = 3) was deter-
mined by spiking the target compounds into the water (10 ng/L) and
sediment (10 ng/g dw) samples, followed by extraction and analysis
as described in the previous section. The mean recoveries of PFAAs
spiked into the water and sediment samples were 74%–114% and
87%–108%, respectively. The recovery, LOD, and LOQ for each compound
are given in Table S4.

2.7. Statistical analysis

Statistical analyses were performed with IBM SPSS software (Ver-
sion 23.0, IBM Corp., NY, USA). The significance level was set at p =
0.05. Before analyzing, concentration values lower than the LOQs were
set to one-half of the LOQs, and those lower than the LODs were set to
LOD/√2 (Succop et al., 2004). A statistical distribution test called P–P
plots was carried out to test for normality. Descriptive statistics
(range: minimum-maximum, mean, and median) was calculated by
using the Microsoft® Excel® 2016 MSO Windows program. Spearman
rank correlation analysis was used to examine possible correlations be-
tween various PFAAs in the samples. A one-way ANOVAwas performed
to determine the significant differences between the concentrations of
PFAAs detected in the coastal area of Bangladesh and to examine sea-
sonal variations. The spatial distributions of PFAAs were analyzed
using MapViewer™ software (Version 8, Golden Software Inc., CO,
USA).

3. Results and discussion

3.1. Occurrence, concentrations and composition of PFAAs in surface water

All of the fifteen target PFAAs were detectable in surface waters of
the coastal areas of Bangladesh. The concentrations of individual
PFAAs are shown in Fig. 2 and Table S6. The total concentrations of the
PFAAs (sum of 15 PFAAs, ΣPFAAs) in the water phase ranged from
10.6 to 45.2 ng/L in winter, and from 11.5 to 46.8 ng/L in summer
(Table 1). The mean ΣPFCAs (mean from sum of PFBA, PFPeA, PFHxA,
PFHpA, PFOA, PFNA, PFDA, PFUnDA, PFDoDA, PFTrDA, and PFTeDA) of
all the samples were 18.7 ng/L (8.23–44.3 ng/L) and 21.2 ng/L
(10.8–39.3 ng/L), whereas the mean ΣPFSAs (mean from sum of PFBS,
PFHxS, PFOS, and PFDS) were 2.80 ng/L (0.73–6.75 ng/L) in winter
and 2.77 ng/L (0.70–9.99 ng/L) in summer. Among the 15 target
PFAAs, PFPeA, PFHxA, PFOA, PFNA and PFDA were the most frequently
detected compounds; they were found in 100% of samples in both sea-
sons. PFOSwas detected in 100% and 93% of samples inwinter and sum-
mer, respectively. The detection frequencies for the rest of the PFAAs
were in the range of 50% to 93%. In the surface water of the study
area, PFOA was the most abundant PFAA compound. It had a relatively
high concentration (3.17–27.8 ng/L) and 100% detection frequency
(Table 1). The profiles of the relative concentrations of the 15 individual
PFAAs in surface water for winter and summer are displayed in Fig. S1A.
In the present study, PFOA contributed 52–54% of the total PFAAs, but
lower contributions of PFOS were measured. PFOS accounted for 5–7%
of all analytes. Similarly, PFOS, PFPeA, PFDA and PFBS contributed
7–10%, 4–8% and 4–7% of the total target analytes in the study area
(Fig. S1A). The other PFAAs, including PFBA, PFHpA, PFUnDA, PFDoDA,
PFTrDA, PFTeDA, PFHxS and PFDS, contributed lesser percentages of
the total PFAAs and were found at lower concentrations (Table 1,
Fig. 2). In general, the concentration of PFOA was approximately 8–10
times higher than that of PFOS in water samples, which can be ex-
plained by its higher water solubility, lower bioaccumulation potential
and lower sorption potential in sediment compared to PFOS (Brooke
et al., 2004). However, PFOA concentrations are usually higher than
PFOS in open waters due to different amounts of discharge into the
aqueous environment. The discharges also come from different sources,
undergo different degradation processes, and have different physico-
chemical characteristics (Paul et al., 2009). Previous studies conducted
elsewhere found an opposite trend: PFOS levels in surface waters
were higher than PFOA (Labadie and Chevreuil, 2011; Thompson
et al., 2011; Naile et al., 2013; Campo et al., 2015; Zhao et al., 2015),
whichmight be attributed to the presence of point sources that contrib-
utemore PFOS than PFOA in these study areas. Although PFOS and PFOA
were considered the most industrially utilized PFAAs (Zushi et al.,
2011), the low levels of PFOS found in the present study might indicate
a decrease in the use and production of PFOS after the introduction of
regulations with the Stockholm Convention (UNEP, 2009). However,
moderate but significant levels with higher detection frequency of
PFNA (0.57–2.08 and 0.46–4.17 ng/L in winter and summer, respective-
ly), PFDA (0.12–5.72 and bLOQ–5.32 ng/L in winter and summer, re-
spectively), and PFBS (bLOD–3.67 and bLOD–1.5 ng/L in winter and
summer, respectively) might be an indication that alternatives to
PFOA and PFOS are being used in Bangladesh.

Table 2 compares the results obtained in the present study with
those of previous studies conducted in other estuarine and coastal
areas around the world, covering tropical, sub-tropical and temperate
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regions. In general, concentrations measured in this study were compa-
rable with those found in the surface waters of the Yangtze Estuary of
China (Pan et al., 2014) and the southern coast of India (Yeung et al.,
2009) and were lower than in coastal water samples from the North
Bohai Sea (Chen et al., 2011), Tokyo Bay Basin of Japan (Zushi et al.,
2011), the west coast of Korea (Naile et al., 2013) and the Cape Fear
River Basin in the USA (Nakayama et al., 2007). In particular, PFOA
and PFOS are the two most discussed PFAAs that have been measured
in aquatic environments around the world. In the present study, the
concentrations of PFOA (3.17–27.8 ng/L) were comparable to or less
than those detected in the coastal waters of China (Wang et al., 2012),
Korea (Naile et al., 2013), the USA (Nakayama et al., 2007), and India
(Yeung et al., 2009), and they were much less than those measured in
the Tokyo Bay Basin of Japan (Zushi et al., 2011), the Mediterranean
area of Spain (Campo et al., 2015), and the major river basins in
Vietnam (Lam et al., in press). The PFOA concentrations were higher
than those measured in the coastal area of Hong Kong (Yamashita
et al., 2005), the Cantabrian Sea of Spain (Gómez et al., 2011), the Ger-
man coast (Ahrens et al., 2010), the Orge River basin in France
(Labadie and Chevreuil, 2011), and Sydney Harbor in Australia
(Thompson et al., 2011). In the present study, the concentration of
PFOS (bLOD–5.10 ng/g dw) in Bangladeshi coastal surface water was
comparable to or less than the concentrations measured in surface wa-
ters from the coastal area of China (Wang et al., 2012), Tokyo Bay of
Japan (Zushi et al., 2011), the west coast of Korea (Naile et al., 2013),
the major river basins in Vietnam (Lam et al., in press), the Cantabrian
Sea of Spain (Gómez et al., 2011), the Orge River basin of France
(Labadie and Chevreuil, 2011) and Sydney Harbor in Australia
(Thompson et al., 2011), but it was higher than those reported from
the coastal area of Hong Kong (Yamashita et al., 2005), the German
coast (Ahrens et al., 2010) and the southern coast of India (Yeung
et al., 2009) (Table S8). Moreover, the comparison results (Table 2)
also indicate that there are differences in the contamination level and
compositional pattern of PFAAs other than PFOA and PFOS, the two
most industrially utilized PFAAs, between countries and/or areasworld-
wide. For example, PFNA (bLOQ–3703.64 ng/L) was themost prevalent
PFAA in the Tokyo Bay basin, Japan (Zushi et al., 2011) which differs
from many earlier reports worldwide by several order of magnitudes.
The high level of PFNA attributed to its selective industrial production
in Japan might be an indication of shifting in PFAA production and
usage because of the introduction of restrictions. Similar results for
many other PFAAs regarding the degree of their usage and applications
in the industrial and/or consumer products might be obtained from the
global PFAAs survey. These findings also revealed that the existence of
manufacturing companies for particular PFAAs might be responsible
for the environmental emission for a particular PFAA in a particular
area. Thus, the different patterns of concentrations of PFAAs analyzed
in the present study, combined with comparisons to previous studies,
suggest that there are site-specific PFAA sources in Bangladeshi coastal
waters.

3.2. Occurrence, concentrations and composition of PFAAs in sediment

The surface sediment samples collected from the coastal areas of
Bangladesh showed detectable concentrations of all fifteen target
PFAAs. The concentrations of the individual PFAAs are shown in Fig. 3
and Table S7. The total concentrations of the PFAAs in sediment ranged
from 2.48 to 8.15 ng/g dw in winter, and from 1.07 to 3.81 ng/g dw in
summer (Table 1). Themean ΣPFCAs of all the analyzed sediment sam-
ples was 2.77 ng/g dw (0.01–4.36 ng/g dw) in winter and 1.19 ng/g dw
(0.64–1.77 ng/g dw) in summer, whereas the mean ΣPFSAs was
2.12 ng/g dw (0.86–4.31 ng/g dw) in winter and 0.84 ng/g dw
(0.43–2.04 ng/g dw) in summer. The most frequently detected com-
poundswere PFPeA, PFHxA, PFOA, PFNA, and PFOS,whichhad detection
frequencies of 100% in both seasons, and their mean concentrations
were 0.12–0.30 ng/g dw, 0.11–0.17 ng/g dw, 0.30–0.82 ng/g dw,



Table 2
Concentrations of PFAAs in surface water (ng/L) and sediment (ng/g dw) in samples from the present study and around the world.

Location Matric Year PFBA PFPeA PFHxA PFHpA PFOA PFNA PFDA PFUnDA PFDoDA PFTrDA P A PFBS PFHxS PFOS PFDS

Coastal area,
China(1)

Water 2008 – – – bLOD–2.6 3.0–12 bLOD–4.9 bLOD–3.8 bLOD bLOD – – – – 0.1–10 –
Sediment – – – bLOD–0.56 bLOD–1.5 bLOD–1.0 0.96–2.3 bLOD–1.2 0.27–0.81 – – – – bLOD–4.3 –

North Bohai
Sea, China(2)

Water 2008 – bLOD–2.3 – bLOD–11 bLOD–82 bLOD–8 bLOD–10 – – – – – – bLOD–9.2 –
Sediment – – bLOD–0.4 – bLOD–0.5 – bLOD–1 bLOD–0.4 – – – – – bLOD–1.97 –

Yangtze river
estuary,
China(3)

Water 2013 0.35–8.38 bLOD−2.59 0.11–22.7 bLOD −
2.61

0.52–18.0 bLOD − 0.86 bLOD–0.33 bLOD – – – bLOD−41.9 bLOD−4.50 bLOD−3.39 bLOD–0.21

Sediment bLOD bLOD–0.04 bLOD–0.32 bLOD 0.03–0.72 bLOD–0.06 bLOD–0.06 bLOD–0.10 – – – bLOD–0.20 bLOD bLOD–0.59 bLOD
Coastal area,
Hong
Kong(4)

Water 2005 – – – – 0.67–5.45 0.022–0.21 – – – – – – b0.005–0.31 0.07–2.6 –

Pearl River
Delta, Hong
Kong(5)

Sediment 2010 0.09–0.4 – bLOD – bLOD–2.25 bLOD–0.05 bLOD–0.07 bLOD–0.06 bLOD–0.07 – – – bLOD 0.08–0.36 –

Tokyo Bay
basin,
Japan(6)

Water 2009 – – bLOQ–423.3 bLOQ–460.81 bLOQ–3703.64 bLOQ–1121.56 bLOQ–122.39 bLOQ–29.45 bLOQ–19.12 bLOQ–4.31 b –1.6 – bLOQ–22.14 bLOQ–99.39 bLOQ

Tokyo Bay,
Japan(7)

Sediment 2004 – – bLOQ–0.09 bLOQ–0.08 0.12–0.45 0.15–0.56 bLOQ–0.19 bLOQ–0.55 bLOQ–0.32 bLOQ–1.22 – – bLOQ 0.39–1.79 –

West coast,
Korea(8)

Water 2009 – – – b1.0–110 0.54–31 b0.20–5.9 b0.20–9.3 0.22–1.3 – – – b0.2–16 b0.2–8.7 0.35–47 –
Sediment – – – – b0.2–2.4 – – – – – – – – b0.2–5.8 –

Mediterranean
area,
Spain(9)

Water 2010 0.07–111 0.08–2.50 0.63–25.2 0.63–30.9 0.07–146 0.77–52.4 0.07–4.25 0.09–0.09 – 0.03–9.75 – 0.41–4.10 14.2–33.2 0.01–2710 –

Sediment
0.61–
12.9

0.26–
1.06

–
0.38–
0.38

0.36–1.52 3.87–3.87 0.09–0.55 0.12–0.41 0.11–0.22 0.19–0.19 – 0.91–3.53 0.03–0.29 0.15–11.4 –

Cantabrian
Sea,
Spain(10)

Water 2009 – – – – 0.05–0.31 bLOD–0.20 – – – – – bLOD–1.25 bLOD–0.19 bLOD–6.57 –

Sediment – – – – bLOD–0.03 bLOD–0.08 – – – – – bLOD–0.01 bLOD bLOD–0.02 –

German coast,
Germany(11)

Water 2007 bLOD–4.73 bLOD–0.38 bLOD–1.18 bLOD–0.58 0.08–3.02 0.05–0.37 bLOD–0.17 bLOD 0.01–6.51 bLOD–0.28 bLOD–2.26

German Bight,
Germany(12)

Sediment 2011 – 0.003–0.007 0.002–0.019 0.001–0.031 0.007–0.43 0.003–0.43 0.009–0.61 0.007–0.21 0.003–0.04 0.008–0.024 0 –0.009 0.006–0.17 0.002–0.30 0.023–5.4 0.014–0.014

Orge River
basin,
France(13)

Water 2010 – 8.9 13.3 4.5 9.4 1.3 1.1 – – – – 4.4 – 17.4 b0.02

Sediment – bLOD 0.06 0.03 b0.07 0.05 0.3 – – – – b0.05 – 4.3 0.12

Sydney
Harbour,
Australia(14)

Water 2009 – – 2.8–3.2 1.4–2.0 4.2–6.4 0.60–2.0 0.80–1.6 0.20–0.30 0.20–0.30 bLOD b 1.2–1.5 2.7–4.3 7.5–21 bLOD

Sediment – – bLOD bLOQ 0–0.16 b0.10–0.11 0–0.81 0.10–0.61 0–1.1 b0.10–0.27 b bLOD b0.10–0.10 0.80–6.2 b0.10–0.20

(continued on next page)
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Table 2 (continued)

Location Matric Year PFBA PFPeA PFHxA PFHpA PFOA PFNA PFDA PFUnDA PFDoDA PFTrDA PFTeDA PFBS PFHxS PFOS PFDS

Cape Fear
River Basin,
NC, USA(15)

Water 2006 – – bLOQ−7.38 bLOQ− 38.7 bLOQ − 43.4 bLOQ − 33.6 bLOQ− 22.1 bLOQ−10.4 bLOQ−2.17 – – bLOQ−2.58 bLOQ−7.29 bLOQ−31.2 –

Charleston
estuary, SC,
USA(16)

Sediment 2012 – – b0.02–0.189 b0.02–0.234 0.02–2.515 0.03–1.938 0.055–4.762 b0.02–2.445 b0.02–0.303 – – b0.02–0.271 b0.02–0.132 0.092–7.369 b0.02–0.136

Major river
basins,
Vietnam(17)

Water 2013–
2015

b0.07–4.26 b0.45–7.81 b0.13–53.5 b0.06–4.81 b0.03–1.37 b0.03–0.33 b0.03–0.03 b0.05–0.06 b0.06 b0.30–8.28 b0.07–5.98 b0.03–40.2 b0.11

Sediment b0.16 b0.23 b0.20 b0.10 b0.06–0.17 b0.06–0.24 b0.05–0.16 b0.03–0.16 b0.13 b0.34–0.57 b0.04–16.4 b0.08–6.72 b0.30–0.85

Southern
coast,
India(18)

Water 2008 – – – – 0.05–23 – – – – – – – – 0.05–3.9 –

Sundarbans
wetlands,
India(19)

Sediment 2011 – – – – b0.5–14.09 – – – – – – – – b0.5 –

Coastal area,
Bangladesh
(this study)

Water 2015 bLOD–1.82 0.47–8.07 0.16–4.07 bLOD–5.12 3.17–27.83 0.46–4.17 bLOQ–5.72 bLOD–0.78 bLOD–3.3 bLOD–0.69 bLOD–1.66 bLOD–3.67 bLOD–2.59 bLOD–5.10 bLOD–0.86

Sediment bLOD–1.37 0.06–1.01 0.07–0.51 bLOD–0.51 0.09–1.49 0.04–0.53 bLOD–0.99 bLOD–0.55 bLOD–0.49 bLOD–0.12 bLOD–0.23 bLOD–0.87 bLOD–0.96 0.30–3.56 bLOD–0.99

(1)Wang et al., 2012; (2) Chen et al., 2011; (3) Pan et al., 2014; (4) Yamashita et al., 2005; (5) Zhao et al., 2014; (6) Zushi et al., 2011; (7) Zushi et al., 2010; (8) Naile et al., 2013; (9) Campo et al., 2015; (10) Gómez et al., 2011; (11) Ahrens et al., 2010;
(12) Zhao et al., 2015; (13) Labadie and Chevreuil, 2011; (14) Thompson et al., 2011; (15) Nakayama et al., 2007; (16)White et al., 2015; (17) Lam et al., 2016; (18) Yeung et al., 2009; (19) Corsolini et al., 2012; LOD: limit of detection; LOQ: limit of
quantification; ‘–’: not analyzed.
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Fig. 3. Concentrations of PFAAs in sediments from the Bangladeshi coastal area in two
seasons.
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0.11–0.20 ng/g dw and 0.60–1.14 ng/g dw, respectively. The other, less
frequently detected compounds were PFBA, PFHpA, PFDA, PFUnDA,
PFDoDA, PFTrDA, PFTeDA, PFBS, PFHxS, and PFDS, which had detection
frequencies of 43–93%. The different occurrence patterns for the
PFAAs may be related to their usages and physicochemical properties
(Li et al., 2011). The relative compositional profiles of the 15 target
PFAAs in surface sediment measured in both winter and summer are
displayed in Fig. S1B. Our study revealed that PFOS was the most abun-
dant PFAA andwas detected in all sediment samples, and it contributed
23–30% of the total PFAAs in the sediments. Smaller contributions came
from PFOA, between 15% and 17% of the total detectable analytes,
followed by PFBS (7–11%) and PFBA (9–10%). The levels of PFOS were
between 0.30 and 3.56 ng/g dw, and the levels of PFOA ranged from
0.09 to 1.49 ng/g dw. For PFBS and PFBA, the concentrations in sedi-
ments ranged frombelow the LOD to 0.87 ng/g dwand 1.37 ng/g dw, re-
spectively (Table 1, Fig. 3). In general, the concentration of PFOS was
approximately 2–3 times higher than that of PFOA in sediment samples,
which can be explained by its higher sorption potential in sediment
(Higgins and Luthy, 2006). Furthermore, the large percentage of PFOS
found in sediment in our study compared to water suggests a higher
constant of distribution for PFOS in sediment (Pico et al., 2012). In con-
trast to our study, some previous studies showed opposite findings:
PFOA was found to be higher in sediment samples than PFOS (Pan
et al., 2014; Zhao et al., 2014; Corsolini et al., 2012). This may be due
to the different physiochemical properties of the sediments and waters
of different regions, or due to the different magnitudes of PFAA inputs
and different geomorphological characteristics of the study areas.

In Table 2, the results of the present study are comparedwith previ-
ous reports. In particular, PFOS and PFOA were found to be the most
abundant PFAAs in the surface sediments. The level of PFOS in the coast-
al sediment of Bangladesh (0.30–3.56 ng/g dw) was comparable to or
less than the concentrations measured in the coastal area of China
(bLOD–4.3 ng/g dw) (Wang et al., 2012), the west coast of Korea
(b0.2–5.8 ng/g dw) (Naile et al., 2013), the Mediterranean area of
Spain (0.15–11.4 ng/g dw) (Campo et al., 2015), the German Bight
(0.023–5.4 ng/g dw) (Zhao et al., 2015), the Orge River basin of France
(mean of 4.3 ng/g dw) (Labadie and Chevreuil, 2011), Sydney Harbor
in Australia (0.80–6.2 ng/g dw) (Thompson et al., 2011), the Charleston
Estuary in the USA (0.092–7.369 ng/g dw) (White et al., 2015), and the
major river basins in Vietnam (b0.08–6.72 ng/g dw) (Lam et al., in
press). The PFOS level was higher than in the surface sediments of the
Pearl River Delta in Hong Kong (0.08–0.36 ng/g dw) (Zhao et al.,
2014), Tokyo Bay, Japan (bLOQ − 1.66 ng/g dw) (Zushi et al., 2010),
and the Cantabrian Sea of Spain (bLOD–0.02 ng/g dw) (Gómez et al.,
2011). In the present study, the concentrations of PFOA (0.09–1.49 ng/
g dw) in sediment samples were comparable to or less than thosemea-
sured in the coastal area of China (Wang et al., 2012), the Pearl River
Delta, Hong Kong (Zhao et al., 2014), the west coast of Korea (Naile
et al., 2013), the Mediterranean area of Spain (Campo et al., 2015), the
Charleston Estuary in the USA (White et al., 2015) and Sundarbanswet-
lands in India (Corsolini et al., 2012), but the concentrations were
higher than those reported from Tokyo Bay of Japan (Zushi et al.,
2010), the Cantabrian Sea of Spain (Gómez et al., 2011), the German
Bight (Zhao et al., 2015), and Sydney Harbor in Australia (Thompson
et al., 2011) (Table 2).

In general, the levels of PFOS and PFOA in Bangladeshi coastal waters
and sediments were lower than, comparable to or sometimes slightly
higher than those reported in other developing anddeveloped countries
around the world, particularly China, Vietnam, Korea, Japan, Spain,
France, Germany, Australia, and the USA. The differences may be due
to the different amounts of PFOA and/or PFOS used in different coun-
tries. To draw a final conclusion, however, the specific sources of
PFAAs in the Bangladeshi coastal environment should be examined be-
cause there is currently no information on the usage, production, im-
port, and volumes of PFAAs in Bangladesh.

3.3. Seasonal and spatial variations and distributions of PFAAs in the coastal
areas of Bangladesh

The seasonal variations and spatial distributions of PFAAs were in-
vestigated in surface water and sediment samples collected from the
coastal areas of Bangladesh, and the findings are presented in Fig. 4
(see detailed data in Tables S6 & S7 in the Supporting information).
After screening the PFAAs in the Bangladeshi coastal areas, no clear sea-
sonal variation was found for their levels in surface water. In general,
there were no obvious significant differences between the winter and
summer for the target PFAAs in surface water (p N 0.05). However,
some PFAAs, such as PFHpA, PFUnDA, and PFBS, had obvious seasonal
variations (p b 0.05) (Table S8). The concentration of PFHpAwas higher
in summer (bLOQ–5.12 ng/L) than in winter (bLOD–1.03 ng/L), where-
as PFUnDA and PFBS were found to be higher in winter (bLOD–
0.74 ng/L and bLOD–3.67 ng/L, respectively) than in summer (bLOD–
0.70 ng/L and bLOD–1.5 ng/L, respectively). Simcik and Dorweiler
(2005) found that concentrations could be higher due to atmospheric
deposition of PFHpA in surface waters. Therefore, atmospheric deposi-
tion could be a source of PFHpA and other PFCAs in the surface water
during times of heavy rainfall, such as the summer season. However,
in the present study, the seasonal variations of these particular PFAAs
(PFHpA, PFUnDA, and PFBS) in water might be due to their specific sea-
sonal usage or applications in certain industries (e.g., the textile, paper,
and leather industries) or the seasonal use of consumer products, al-
though the exact reasons for this phenomenon are still unknown.
PFAA concentrations in water could be affected by many factors, such
as water flow, water quality properties, weather (particularly rainfall),
and PFAA usage and discharge in aquatic systems. In this study, in gen-
eral, the mean concentration of total PFAAs (sum of 15 target PFAAs) in
winter (21.5 ng/L) was slightly lower than in summer (24.0 ng/L). On



Fig. 4.Distribution of PFAAs in surface water (A) and sediment (B) of the coastal area of Bangladesh. In figure, the PFAAswhichwere detected inmore than 90% samples from both water
and sediment are presented individually and the sumof other PFAAs (PFBA, PFHpA, PFUnDA, PFDoDA, PFTrDA, PFTeDA, PFHxS, and PFDS) is represented as ‘Others’ for better visibility. See
Table S2 for abbreviations of PFAA names.
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the other hand, seven out of 15 target PFAAs, namely PFBA, PFPeA,
PFOA, PFUnDA, PFBS, PFHxS, and PFOS, showed significant differences
(p b 0.05) in their concentrations between winter and summer for the
surface sediment (Table S8). In general, the mean concentration of
total PFAAs in winter (4.89 ng/g dw) was more than two times higher
than in summer (2.02 ng/g dw). This significant seasonal variation
(p b 0.05) in PFAA concentrations in sediment samples can be explained
by the following phenomenon: in summer, most of the coastal areas of
Bangladesh (N90%) experience heavy flooding and massive soil erosion
occurs along the river banks due to heavy rainfall. Consequently, a huge
amount of fresh soil (which may be less contaminated by PFAAs) is de-
posited as sediment in the aquatic environment by floodwaters and
eroded soil in the estuarine and coastal areas. In winter, no such envi-
ronmental disturbances occur, so the winter sediment samples showed
significantly higher concentrations of PFAAs in the study area. In fact,
environmental pollution monitoring with sediment samples can be
considered as an indicator of accumulation over time. Core sediment
analysis can be performed, and the environmental quality status at a
given time can be determined bywatermonitoring. This is generally ap-
plicable for the complex and dynamic ecosystems of the coastal area of
Bangladesh. Therefore, studies consideringmore sampling sites, diverse
sampling times and sedimentary core analysis would be recommended
to explore an in-depth scenario of PFAA contamination and to
determine the fate and distribution of PFAAs in a complex ecosystem
with diverse ecological features and resources.

Fig. 4A shows the spatial distribution of PFAAs in surfacewater sam-
ples for both seasons. Concentrations of total PFAAs (ΣPFAAs) were
higher in the coastal waters at sampling locations CX1–CX4 (average
of 30.1 and 30.3 ng/L inwinter and summer, respectively), CT1–CT4 (av-
erage of 18.6 and 32.2 ng/L in winter and summer, respectively) and
SN1–SN3 (average of 19.3 and 15.5 ng/L in winter and summer, respec-
tively) in comparison to sampling locations ME1–ME3 (average of 16.1
and 13.1 ng/L inwinter and summer, respectively), which indicates that
the industrialized regions (Chittagong and Cox’s Bazar) in this area are
potential sources of PFAAs and that economic development seems to
be associated with the amount of PFAA emissions. Additionally, the
lower concentrations of PFAAs found in water taken from the Meghna
Estuary (ME1–ME3) could result from the mixing or dilution effects of
huge volumes of less contaminated inland freshwater (2.73–
4.17 trillion m3 per annum)with seawater. In particular, water samples
at location CX3 (Bakkhali Estuary) showed the highest levels of PFAAs
for both seasons (45.2 and 46.8 ng/L in winter and summer, respective-
ly), indicating the existence of point source(s) in the area of Cox’s Bazar.
Specifically, the Bakkhali Estuary receives huge discharges of untreated
municipal and industrial effluents from the city, and the water is affect-
ed by activities such as intensive boating and fishing. Corsolini et al.
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(2012) found that thewastewater effluent is a point source of PFAA con-
tamination in the Ganges River and the adjacent Sundarban mangrove
wetlands in India. The emissions from PFAAs-containing products
used indoors and outdoors may also be the important sources for aque-
ous ecosystems (Zushi and Masunaga, 2009). PFAAs used indoors are
discharged as sewage or municipal garbage. PFAAs used outdoors may
leach out and flow into rivers, estuaries and coastal waters along with
runoff. Airborn PFAAs also contribute significantly to the contamination
of surface water environments (Dreyer and Ebinghaus, 2009). Themain
municipal garbage dump (mostly consumer products) of Cox’s Bazar
city is also located near CX3. Therefore, a significant amount of PFAAs
might be emitted from this dumping site into the adjacent water
body. Additionally, Cox’s Bazar airport, which located very close to sam-
pling location CX3, could be a potential source of PFAAs; Ahrens et al.
(2015) described airport activities (such as fire training facilities) as a
source of per- and polyfluorinated substances in nearby environmental
matrices (water, sediment and fish). Furthermore, within Chittagong,
site CT1 showed elevated levels of PFAAs inwinter (22.1 ng/L) and sum-
mer (40.1 ng/L), respectively. This site is predominantly influenced by
the port activities and also receives effluents from various industries
that are located along the bank of the Karnaphuli River, which is the
most polluted river in Chittagong division. Therefore, the Karnaphuli
River should be considered as a potential PFAA source for the coastal
areas of sampling stations CT1–CT2.Moreover, it was previously report-
ed that the use of paints and grease repellents for ship and dock protec-
tion could contribute to the relatively high levels of PFAAs in port
seawaters. Shipping and boat maintenance in the ports may also be re-
sponsible for the release of PFAAs into the surrounding waters (Paul
et al., 2009).

The spatial distribution of PFAAs in surface sediment samples for
both seasons is presented in Fig. 4B. As for the water samples, Cox’s
Bazar and Chittagong showed higher levels of ΣPFAAs in sediment sam-
ples compared to the Sundarbans and theMeghna Estuary, which were
at sampling locations CX1–CX4 (average of 6.59 and 2.49 ng/g dw in
winter and summer, respectively). Lower levels were found at CT1–
CT4 (average of 5.94 and 2.21 ng/g dw in winter and summer, respec-
tively), followed by SN1–SN3 (average of 3.17 and 1.73 ng/g dw inwin-
ter and summer, respectively) and ME1–ME3 (average of 2.94 and
1.45 ng/g dw in winter and summer, respectively). Unlike the water
samples, sediments from CT4 (ship breaking area) showed the highest
concentration of total PFAAs (8.15 ng/g dw) in winter whereas CX3
(Bakkhali Estuary) showed the highest value (3.81 ng/g dw) in summer
for sediment samples. Ship breaking activities along the coast of Chitta-
gongmay contribute to the PFAA pollution in the adjacent areas, as dis-
mantling ships produces various types of inorganic and organic
pollutants, including PFAAs (Watkinson, 2013). There are approximate-
ly 100 e-waste recycling shops located very close to site CT4, generating
approximately 2.7millionMTof toxic e-waste each year, themajority of
which comes from the ship breaking sector. However, the waste gener-
ated from the e-waste recycling shops is discharged directly into the ad-
jacent coastal water, which might be one of the most significant PFAA
pollution sources in the study area. Additionally, a training institute
for fire service and civil defense and the Chittagong international airport
are located close to the study area and could also be sources of coastal
pollution (Ahrens et al., 2015).Moreover, there are numerousmultipur-
pose industrial establishments along the coast of Chittagong producing
paper and pulp (e.g., the Karnaphuli papermills), cement clinkers, fertil-
izers (e.g., Karnaphuli fertilizer), steel products, rubber and plastic, pe-
troleum products (e.g., Super petrochemical), beverages, sugar,
pharmaceuticals, tobacco, jute, textiles, fish products, tannery products,
paint, rechargeable batteries, jewelry, plating, automobile engines, and
electronics.

Apart from the Chittagong and Cox’s Bazar sites, the other two sites,
Sundarbans (SN1–SN3) andMeghna Estuary (ME1–ME3), did not show
significant differences (p N 0.05) in their total concentrations of PFAAs
(ΣPFAAs) in surface water or in sediment samples (Fig. 4; Tables S6 &
S7). In Sundarbans, higher PFAA concentrations were found near the
mouth of the estuary leading into the Bay of Bengal, whichmight be at-
tributed to a greater amount of deposition or accumulation of contami-
nated sediments transported by upstream waterways into the
transitional zone of the estuary. The upstream estuary is mainly charac-
terized by inputs of freshwater and is subject to daily tidal action. There-
fore, the easily deposited particles, e.g., most of the coarse grain
particles, tend to be deposited on the floor in the upstream area of the
estuary due to the sudden change in the velocity of the water currents
in this area. The fine particulates carried by rivers end up farther away
in the estuary, where the rivers discharge their loads, or they can be car-
ried offshore into the coastal area and beyond. In fact, the deposited sed-
iments of fine particulates have higher accumulation and binding
capacities for dissolved contaminants, particularly for hydrophobic or-
ganic compounds, such as PFAAs. Thus, fine particles might be a major
carrier of PFAAs from the upstream source area to the mouth of the es-
tuary (SN1). Interestingly, lower but detectable concentrations of PFAAs
in surfacewaters and sediments fromMeghna Estuary (Fig. 4; Tables S6
& S7), an exclusively unindustrialized area, suggest that there are non-
point sources of PFAAs (e.g., surface runoff) in the coastal area of
Bangladesh. Furthermore, the Sundarbans andMeghna Estuary sites re-
ceive major volumes of water from the Ganges River of India through
two main tributaries, the Gorhai River to the Sundarbans area via the
Madhumoti River and the Yamuna River flowing down to the Meghna
Estuary via theMehgna River. Yeung et al. (2009) reported that the sur-
face water of the Ganges River was contaminated by perfluoroalkyl
chemicals (e.g., PFOA, PFDA, PFNA, PFPeA, PFHxA, and PFOS). The au-
thors also noted that PFAA concentrations gradually declined due to di-
lution as the water mass increased downstream of the Ganges River.
Thus, the coastal areas of Bangladesh might receive small but consider-
able amounts of PFAAs through the water flow of the Gorhai River and
Yamuna River, which flow into the Sundarbans and Meghna Estuary
sites. Generally speaking, the concentrations of ΣPFAAs in surface
water and sediment at the Cox’s Bazar (CX1–CX4) and Chittagong
sites (CT1–CT4) were higher than those in the Meghna Estuary (ME1–
ME3) and Sundarbans sites (SN1–SN3) because of greater development,
including industrialization and urbanization activities.

3.4. Statistical analyses

Previous studies showed that the physicochemical properties of en-
vironmental matrices (e.g., water and sediment) can influence the fate
and distribution of PFAAs in aquatic environments (Higgins and Luthy,
2006; Pan et al., 2014). Moreover, correlations between environmental
contaminants might be indicative of common or multiple pollution
sources in a specific study area. To identify such correlations and influ-
ences on the environmental parameters of PFAAs in the present study
area,we calculated Spearman rank correlations (p b 0.01) between indi-
vidual PFAAs and certain physical and chemical properties [pH, temper-
ature (T), salinity, total suspended solids (TSS)] of the surface water
samples. The results are presented in Table S9 (for details of the physical
and chemical properties of surface water and sediment samples, see
Table S5 in the supporting information). Significant correlations were
found between PFPeA/[PFBS, PFOS], PFHxA/[PFDA, PFDoDA], and
PFHpA/PFTeDA in winter as well as between PFBA/PFBS, PFHpA/
PFTeDA, PFOA/PFBS, and PFOS in summer, indicating that the correlated
compounds might originate from some shared pollution sources in the
study area. In addition, the significant positive correlations between
PFPeA, PFHxA, PFHpA, PFDA, PFDoDA and PFTeDA suggest a wide appli-
cation range of PFCAs and/or sources arising from their potential precur-
sor compounds such as fluorotelomer alcohols (FTOHs) in commercial
products. Moreover, the concentrations of PFHpA, PFDoDA and PFTeDA
were found to be correlated with water salinity in summer, which sug-
gested that salinity could be affecting the pattern of relative contribu-
tions and the fates of waterborne PFAAs in the coastal or estuarine
environments. However, no such correlations were found in winter
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samples of surface water, and such findings were expected because the
concentration levels of most of the individual PFAAs and water proper-
ties did not show significant differences between the two seasons (Ta-
bles S5 & S6). Furthermore, Table S10 presents Spearman rank
correlations (p b 0.01) for individual PFAAs and certain physical and
chemical properties [pH, total organic carbon (TOC), black carbon
(BC), total nitrogen (TN)] of sediment samples. Significant correlations
between PFPeA/PFBS, PFHxA/[PFHpA, PFDA, PFBS], PFHpA/PFDoDA,
and PFNA/[PFDA, PFDoDA] were found for winter samples, and PFOA/
PFDA and PFOS/[PFDA, PFTeDA] were significantly correlated for sum-
mer samples. Additionally, the concentrations of PFHxA, PFNA, PFDA,
PFDoDA, PFBS and PFOS were found to be correlated with TOC, BC and
TN (p b 0.01), which is supported by previous findings reported by
Pan et al. (2014). Interestingly, no such correlations were found in the
summer samples may be because newly deposited coastal sediments
(due to river bank erosion and/or runoff from heavy flooding and rain-
fall) contain lower amounts of organic compounds. The concentrations
of sedimentary TOC (%) in winter (mean 0.61, range 0.06–1.28) were
higher than in summer (mean 0.44, range 0.15–0.69) (Table S5)
which further confirms the hypothesis described above. Furthermore,
sediment texture is considered to be one of the main factors affecting
the accumulation profile of PFAAs in sediment. In the present study,
sediment quality characteristics ranged from silt loam or clay to sandy
loam (Table S5), but the texture varied seasonally. We found that sites
comprised of sandy loam or sandy clay loam had higher levels of
PFAAs, whereas sites with silt loamy sediments generally had lower
PFAA concentrations in both seasons. Thus, it is more likely that the dif-
ferences in PFAA concentrations in the sediment samples are due to the
influences of point and non-point sources.

The correlations among individual PFAAs between water and sedi-
ment, considering both seasons (Spearman rank correlation, p b 0.01,
two-tailed) are presented in Table S11. The results indicate that some
of the individual PFAAs in water samples (PFPeA, PFHxA, PFDA) have
strong positive correlations/associationswith some of PFAAs in sediment
samples (PFPeA, PFHxA, PFDoDA), which suggests that these compounds
probably had a common pollution source in the study area. This also sup-
ports the correlation results discussed in the previous section. However,
this correlation analysis could be indicative of similar sources of associat-
ed PFAAs in surfacewaters and sediment samples in the aquatic environ-
ment, which are usually influenced by multiple input sources (Zhang
et al., 2013). Moreover, a mass loading or mass balance calculation
might determine the primary medium in which PFAAs will occur. In
this study, concentrations were measured, but because the total masses
of sediment and water were unknown, it was impossible to calculate
the total mass of PFAAs in each medium. However, because concentra-
tions of PFAAs in sediments were greater than those in water, sediments
might be a useful integrating medium for pollution monitoring.

3.5. Partitioning behavior of PFAAs between sediment and water in a trop-
ical environment

The partitioning of PFAAs between sediment and surface water is
crucial for understanding the transport of PFAAs in the environment
(Ahrens et al., 2010; Zhao et al., 2012; Zhu et al., 2014). The distribution
coefficient (KD) is themost commonly used parameter in the evaluation
of the partitioning of organic pollutants in water. We calculated site-
specific values of KD (L/kg) as follows:

KD ¼ CS

CW

CS and CW are concentrations of PFAAs in the sediment and surface
water, with units of ng/kg dw and ng/L, respectively. Previous studies
showed that the fraction of organic carbon (fOC) has a significant influ-
ence on the sorption and transport of PFAAs in sediment (Higgins and
Luthy, 2006). Hence, the organic carbon normalized partition coefficient
(KOC) provides a better indication of the partitioning behavior by reduc-
ing the variability between samples. KOC (L/kg) was calculated as

KOC ¼ KD � 100
f OC

where fOC is the organic carbon fraction in sediment (%).
Average values of logKD and logKOC for PFAAs are shown in Table 3. In

the present study, log KD values were in the range of 1.63–2.63 and
2.26–2.88 for PFCAs and PFSAs, respectively, and they agreed well with
the field-based KD values reported by Campo et al. (2015). They were
slightly higher than the values reported by Zhu et al. (2014) and
Ahrens et al. (2010) (Table 2). In this study, the KD values of PFOS
(2.87 ± 0.47) were much higher than those of PFOA (1.63 ± 0.44),
which explains why PFOA was more abundant in the water and PFOS
predominated in the sediments. On the other hand, the present study re-
vealed a higher value of log KOC for PFOA (4.02± 0.54) than in the Bohai
coastal watersheds (2.68 ± 0.51) in China (Zhu et al., 2014) and Tokyo
Bay (1.9 ± 0.1) in Japan (Ahrens et al., 2010), but it agreed well with
the reported values (3.76–4.83) from Spain (Campo et al., 2015). A
much higher value of log KOC (5.11 ± 0.60) for PFOS was found than in
previous field reports of log KOC values (2.09–4.07; 3.75 ± 0.44; 3.8 ±
0.1) (Campo et al., 2015; Zhu et al., 2014; Ahrens et al., 2010). Moreover,
Guo et al. (2015) estimated log KD (PFCAs: 0.65–2.49; PFSAs: 1.82–2.24)
and log KOC (PFCAs: 2.53–4.48; PFSAs: 3.77–4.15) for the Taihu lake,
which is one of the most important and significant freshwater ecosys-
tems in China (Table 3). Our log KD values had similar ranges, but our
log KOC values were slightly higher than those reported by Guo et al.
(2015). However, the differences in log KD and log KOC values calculated
here and those reported in other studies were expected because the
physicochemical parameters of the environmental matrices (sediment
and water) of a tropical coastal area (present study) might be quite dif-
ferent from the other study areas, which include temperate and sub-
tropical regions. Moreover, variation in the basic elements of climate
(e.g., rainfall, temperature, sunlight and microbial degradation) between
tropical and temperate regions might also influence the dissipation and/
or accumulation of chemical pollutants in the aquatic environments. The
environmental parameters of a tropical climate (e.g., heavy rainfall,
higher temperature and greater microbial activities) may contribute to
the levels of PFAAs in the environmental matrices (water and sediment),
which eventually affect their partitioning behavior in the environment.

In this study, the average log KOC ranged from 4.02 (PFOA) to 4.68
(PFBA and PFTeDA) for PFCAs, and 4.54 (PFBS) to 5.16 (PFDS) for
PFSAs. The average log KOC was directly proportional to the number of
carbons in the PFAAs, which was consistent with previous reports
(Higgins and Luthy, 2006; Ahrens et al., 2010). Exceptions occurred
for PFBA and PFOA; PFBA had a relatively high value (4.68 ± 0.52),
and PFOA had a relatively low value (4.02 ± 0.54). There are many fac-
tors influencing the fate of PFAAs in aquatic systems, but data on their
distribution between water and sediment is still scarce. Because longer
carbon chains increase hydrophobicity of PFAAs and enhance their in-
teractions with carbonaceous materials, the log KOC values of PFAAs in-
crease as their carbon chains become longer. We also found that log KOC

increases linearly with increasing chain length, from PFOA to PFTeDA
and from PFBS to PFDS (Fig. S2), which agrees well with the trends re-
ported by Kwadijk et al. (2010) and Labadie and Chevreuil (2011).
However, the slopes of the regression lines for both PFCAs and PFASs
(Fig. S2) differ by several orders of magnitude from these two studies,
which might be attributable to differences in sediment properties or
to the fact that different PFAAs were considered.

The sediment properties (e.g., organic carbon content) and water
conditions (e.g., pH and salinity) may affect the partitioning of PFAAs
between sediment and water in real environments (Higgins and
Luthy, 2006). In this study, the influence of salinity and pH on PFAA
partitioning was not significant (p N 0.05, data not shown) because
their differences at most sampling locations did not vary significantly,



Table 3
Calculated average log KD (L/kg) and log KOC (L/kg) for individual PFAAs and comparison with values reported in the literature.

PFAAs Coastal area, Bangladesh
(this study)

Llobregat river
basin, NE Spain
(Campo et al.,
2015)

Bohai coastal
watersheds,
China
(Zhu et al.,
2014)

Tokyo Bay,
Japan
(Ahrens et al.,
2010)

Taihu Lake, China
(Guo et al., 2015)

Ca Nb log KD log KOC Correlation between log KD and fOC (r2)c log KD log KOC log KD log KOC log KD log KOC log KD log KOC

PFBA 4 5 2.63 ± 0.39 4.68 ± 0.52 0.52 (p N 0.05) 2.33 4.27 1 3.02 1.64 ± 0.24 3.58 ± 0.29
PFPeA 5 14 1.99 ± 0.24 4.1 ± 0.42 0.19 (p N 0.05) 2.4 4.71 0.46 2.4 1.29 ± 0.24 3.17 ± 0.2
PFHxA 6 14 2.24 ± 0.19 4.29 ± 0.43 −0.20 (p N 0.05) 0.59 2.55 0.86 ± 0.34 2.64 ± 0.44
PFHpA 7 7 2.25 ± 0.51 4.32 ± 0.58 0.25 (p N 0.05) 0.45 2.33 1.43 ± 0.43 3.36 ± 0.47
PFOA 8 14 1.63 ± 0.44 4.02 ± 0.54 0.10 (p N 0.05) 2 4.02 0.63 2.68 0.04 1.9 0.65 ± 0.30 2.53 ± 0.41
PFNA 9 14 2.01 ± 0.35 4.35 ± 0.34 0.53 (p b 0.05) 1.03 3.07 0.6 2.4 1.88 ± 0.44 3.80 ± 0.52
PFDA 10 12 2.03 ± 0.49 4.36 ± 0.55 0.16 (p N 0.05) 2.51 4.55 1.6 3.59 1.8 3.6 2.16 ± 0.31 4.07 ± 0.40
PFUnDA 11 4 2.2 ± 0.46 4.38 ± 0.55 0.60 (p N 0.05) 2.25 4.19 2.47 ± 0.41 4.37 ± 0.56
PFDoDA 12 6 2.22 ± 0.38 4.42 ± 0.50 0.02 (p N 0.05) 2.49 ± 0.13 4.48 ± 0.18
PFTrDA 13 7 2.28 ± 0.42 4.41 ± 0.40 0.69 (p b 0.05)
PFTeDA 14 6 2.38 ± 0.47 4.68 ± 0.51 0.05 (p N 0.05)
PFBS 4 7 2.3 ± 0.34 4.54 ± 0.43 0.67 (p b 0.05) 2.88 4.92 2.18 4.24
PFHxS 6 3 2.26 ± 0.63 4.57 ± 0.56 0.79 (p b 0.05) 2.24 4.15 1.82 ± 0.36 3.77 ± 0.51
PFOS 8 12 2.87 ± 0.47 5.11 ± 0.60 0.59 (p b 0.05) 1.3 3.26 1.7 3.75 2.1 3.8 2.24 ± 0.61 4.15 ± 0.69
PFDS 10 3 2.88 ± 0.51 5.16 ± 0.47 0.69 (p N 0.05)

a Number of carbon atoms in PFAAs carbon chain.
b The available number of sampling sites in which particular PFAAs were detected from both surface water and sediment.
c Spearman rank correlation, p b 0.05.

1101M. Habibullah-Al-Mamun et al. / Science of the Total Environment 571 (2016) 1089–1104
with the exception of Meghna Estuary (ME1–ME3) (Table S5). Howev-
er, the organic fraction (fOC) and other characteristics of the sediment
might influence the partitioning of PFAAs. Correlations between KDs
and fOC were evaluated for individual PFAAs and are presented in
Table 3. Significant correlations were found between fOC and KDs of
PFNA, PFTrDA, PFBS, PFHxS and PFOS (p b 0.05). This result is in agree-
mentwith previous laboratory research byHiggins and Luthy (2006). In
contrast, some field research found no significant correlations between
fOC and KDs for PFAAs (p N 0.05) (Kwadijk et al., 2010; Hong et al., 2013).
We found a similar result for PFAA homologs except for PFNA, PFTrDA,
PFBS, PFHxS and PFOS. In addition to the difference in sediment charac-
teristics, this variation may be partially attributed to the sediment-
water equilibrium status (Zhang et al., 2012), which is rarely achieved
in such a complex coastal aquatic ecosystem. However, if we assume
that the water environment of the study area was in equilibrium condi-
tions at the time of sampling because the samples were collected when
the water was quiet and calm, PFAAs might be exchanged between the
two phases during the water and sediment interaction process. For ex-
ample, Pan et al. (2014) reported that, due to its high affinity for sedi-
ment, PFOS may serve as an internal reservoir that may later be
released back into the water column when environmental conditions
change (e.g., re-suspension of the sediment and diffusion as a result of
the dilution of water). Even if the environmental inputs of PFOS and/
or PFOA into the aquatic systems were reduced, the aqueous phase
PFOS may be buffered to some extent due to the internal loads in the
sediment. The understanding of the fate of PFAAs in aqueous environ-
ment is still incomplete, and relevant laboratory studies have found dif-
ferent results than some of the field-based distribution coefficient
studies (Higgins and Luthy, 2006; Ahrens et al., 2010; Kwadijk et al.,
2010). Because of high variability in environmental parameters, field
studies do not always find the same correlations as studies conducted
under laboratory conditions. It is almost impossible to determine all
physicochemical parameters of a complex coastal ecosystem, so the
partitioning behavior may be obscured by other properties of the sys-
tem that we do not pay attention to in field studies.

3.6. Preliminary environmental hazard assessment

A preliminary assessment was conducted to determine the ecotoxi-
cological risk to aquatic organisms, including fish, birds, and other in-
vertebrates, due to exposure to selected PFAAs (PFOA and PFOS, the
two most frequently detected PFAAs in aquatic environments world-
wide). The assessment was based on concentrations of the compounds
in surfacewater and sediment. PFOS and PFOA can cause both acute and
chronic toxicity in fish and invertebrates (Giesy et al., 2010; Zhu et al.,
2014). Multiple approaches are available to derive environmental qual-
ity values. The most commonly used methods are described by the
Great Lakes Initiative guidelines of the USEPA (Sanchez-Avila et al.,
2010). The values are calculated using reported acute and subacute tox-
icity values of PFOS and PFOA to aquatic organisms and birds (Giesy
et al., 2010). Recently, Giesy et al. (2010) calculated suggested criteria
maximum concentrations (CMC) for the most sensitive aquatic species
for PFOS (21 μg/L) and PFOA (25 mg/L). Criteria continuous concentra-
tions (CCC) for PFOS (5.1 μg/L) and PFOA (2.9 mg/L) and avian wildlife
values (AWV) for PFOS (47 ng/L) were also suggested. In this study,
an evaluation of the PFOA and PFOS burden hazard to surface water-
dwelling aquatic animals, calculated as a hazard quotient (HQ), was
performed by comparing their concentrations with the suggested
water quality criteria mentioned above. Conversely, the ratio of the
measured environmental concentration (MEC) to the predicted no-
effect concentration (PNEC), termed the hazard quotient (HQ), was
used to evaluate the ecological risks posed by PFOA and PFOS to the
sediment-dwelling benthic and bentho-pelagic fish and other aquatic
animals of the study area. An HQ value below 1 indicates no potential
risk. The PNEC of sediment can be derived from: a) the no observed ef-
fect concentration (NOEC) or themedian effect/lethal concentration (E/
LC50) with an assessment factor (AF); and b) the equilibrium
partitioning (EqP) method when the toxicity data are unavailable
(Lepper, 2005). Because the PNECs of PFOA and PFOS for benthic ani-
mals in the Bay of Bengal coast are not available, the PNEC selected in
this study was derived from a study by Zhao et al. (2013); it was calcu-
lated by using KD values and the equilibrium partitioning method (van
Vlaardingen and Verbruggen, 2007). The PNECs for PFOS and PFOA
were 4.9 ng/g and 86 ng/g in riverine and estuarine sediments, and
they were 0.49 ng/g and 8.6 ng/g in deep seamarine sediments, respec-
tively (Zhao et al., 2013). However, KD varies with sediment conditions,
such as the concentrations of organic compounds and ionic substances
(Higgins and Luthy, 2006; Zushi et al., 2010). Thus, further development
of the site-specific PNEC in sediment is required.

In the present study, all the HQ values for PFOA and PFOS were less
than 1 (Table 4), indicating little or insignificant risks to the pelagic,
benthic and benthopelagic organisms. More recently, Valsecchi et al.
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(in press) reported the national EQSs (Environmental Quality Stan-
dards) termed as AA-QSs (Annual Average Quality Standards) aiming
to protect the pelagic aquatic organisms for PFOA (3 μg/L) and selected
short chain perfluoroalkyl acids, such as PFBA (11 μg/L), PFPeA
(3.2 μg/L) and PFBS (37 μg/L), and these EQSs were adopted in the Ital-
ian legislation (Italian Legislative Decree 172/2015). Our results re-
vealed that the concentrations of PFAAs in water samples were much
lower than the corresponding AA-QSs of the Italian EQSs. Conversely,
the European Commission (EC) recently included PFOS in the list of pri-
ority substances, setting an EQS of 0.21 ng/L for saltwater to protect the
aquatic pelagic organisms from prolonged exposure to water-phase
PFOS (Directive 2013/39/EC). In the present study, 93% of the surface
water samples exceeded the EC guideline for PFOS, suggesting a poten-
tial long-term risk to the pelagic organisms in the coastal area of
Bangladesh. Moreover, PFOS concentrations were several orders of
magnitude less than the guideline value for the protection of avianwild-
life (HQ b 1), which suggests that the present level of PFOS in surface
water is unlikely to cause harm to avian wildlife (Table 4). However, it
should be noted that more toxicological data will be needed to under-
take a more comprehensive risk assessment. Specifically, estimation of
the concentrations of PFAAs in biota samples will allow further assess-
ment of the risks to ecological systems due to exposure to these com-
pounds. Low but persistent concentrations of PFAAs in water and
sediment could lead to higher levels in fish and shellfish, some of
which (e.g., Hilsa shad, Pomfret, Shrimp, and Crab) are consumed by
the local population.

4. Conclusions

This study provides national baseline data on the occurrence of
perfluoroalkyl acids (PFAAs) in the surface waters and sediments of
the coastal area of Bangladesh. All 15 target PFAAs were detectable in
both matrices with different compositional patterns and detection fre-
quencies. The total concentration of PFAAs (ΣPFAAs) in surface water
Table 4
Hazard quotient (HQ) of PFOA and PFOS in surface water and sediment of the coastal area of B

Season Location
ID

Hazard quotient (HQ)

Water

PFOA/CCC PFOS/CCC

Winter CX1 b0.001 b0.001
CX2 b0.001 b0.001
CX3 b0.001 b0.001
CX4 b0.001 0.001
CT1 b0.001 b0.001
CT2 b0.001 b0.001
CT3 b0.001 b0.001
CT4 b0.001 b0.001
ME1 b0.001 b0.001
ME2 b0.001 b0.001
ME3 b0.001 b0.001
SN1 b0.001 b0.001
SN2 b0.001 b0.001
SN3 b0.001 b0.001

Summer CX1 b0.001 b0.001
CX2 b0.001 –
CX3 b0.001 0.001
CX4 b0.001 b0.001
CT1 b0.001 b0.001
CT2 b0.001 b0.001
CT3 b0.001 0.001
CT4 b0.001 b0.001
ME1 b0.001 –
ME2 b0.001 b0.001
ME3 b0.001 b0.001
SN1 b0.001 b0.001
SN2 b0.001 b0.001
SN3 b0.001 b0.001

CCC: criteria continuous concentration; AWV: avian wildlife value; PNEC: predicted no-effect c
and sediment samples was in the range of 10.6–46.8 ng/L and
1.07–8.15 ng/g dw, respectively. PFOA in water (range of
3.17–27.8 ng/L) and PFOS in sediment samples (range of
0.60–1.14 ng/g dw) were found to be the most abundant PFAAs; they
had high concentrations and were detected in 100% of samples. Com-
parisonswith the literature showed that PFOA and PFOS concentrations
in surface water and sediment were comparable to or less than most
other values reported, particularly those reported in China, Japan,
Korea and Spain. Anthropogenic activities (e.g., urbanization, industrial-
ization, ship breaking, port activities, boating and fishing) were identi-
fied as potential sources of PFAA contamination in the coastal area of
Bangladesh. This study also provides field-based distribution coeffi-
cients (KD and KOC) for a wide range of PFAAs in a tropical coastal envi-
ronment that is very dynamic and complex. Such data are still scarce,
andmore data are needed for a better understanding of the fate and be-
havior of PFAAs in global aquatic ecosystems. Preliminary environmen-
tal hazard assessment indicated that none of the PFOA or PFOS
concentrations exceed the thresholds of acute hazard, suggesting little
potential risk to aquatic organisms at different trophic levels regarding
the possible effects from short term concentration peaks. Conversely,
prolonged exposure to PFOSmight be an ecological threat to the pelagic
organisms. However, the ubiquitous presence of PFAAs in surface wa-
ters and sediments is an indicator of their widespread distribution in
the coastal area of Bangladesh, which should not be ignored. Immediate
control measures are recommended, particularly to prevent the dis-
charge of untreated wastewater effluents and the dumping of e-waste
and municipal garbage into aquatic environments.
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