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TOM TAT

SU PHAN BO CAC CHAT PER- VA POLYFLUOROALKYL GIUA TRAM TICH-NUOC
BIEN O VUNG VEN BIEN VIET NAM: VAI TRO CUA CHIEU DAI MACH VA TINH KY
NUGC

Cac chat per- va polyfluoroalkyl (PFAS) dé dwoc phén tich trong nweéc bién va tram tich thu thdp tir 20 dia
diém doc theo bo bién Viét Nam bang tau Vién si Oparin. Nong dé PFAS thay déi trong khodng tir 0,97 dén
10,55 ng/L (trung binh: 5,37 ng/L) trong nwéc bién va tir 0,195 d@én 2,165 ng/g TLK (trung binh: 0,755 ng/g
TLK) trong tram tich. Cac PFCA chudi ngdn (C4—C7, nhw PFBA, PFPed, PFHxA) phé bién trong nuéc
bién, trong khi cAc PFCA chudi dai (> C8 nhir PFOA, PFNA, PFDA, PFUnDA) cé xu hwong tich tu trong
tram tich. Hé so phan bé tram tich-nuéc bién (log Koc) dao déng trong khodng 3,2-4,8, cho thdy méi wong
quan ddng ké véi chieu dai chudi PFAS (R = 0,94, p < 0,05), va thé hién xu hwéng cac PFAS chudi dai
duwoe wu tién hdp phu vao tram tich. Két qua cho thdy 6 nhiém PFAS ding ké ¢ viing nwdéc ven bién Viét
Nam, c6 thé 1a do chdt thai cong nghiép va dé thi. Nhitng phéat hién nay nhdn manh si can thiét phdi ting
cwong giam sat va qudn Iy dé gidi quyét tinh trgng 6 nhiém PFAS trong méi trirong bién nhiét doi.

Tir khéa: PFASs, phan chia tram tich-nuéc bién, Akademik Oparin, 6 nhiém bién

particularly marine ecosystems [3, 4]. The

1. INTRODUCTION distribution of PFASs between seawater

Per- and polyfluoroalkyl —substances and sediment is crucial for understanding
(PFASs) are a category of synthetic their transport, fate, and bioavailability.
organic  pollutants widely used in Their distribution is contingent upon
industrial and consumer products owing physicochemical  features, including
to their chemical stability and carbon chain length and functional
hydrophobic properties [1]. Nonetheless, groups, as well as environmental
their stability, potential for parameters such as total organic carbon
bioaccumulation, and capacity for long- (TOC) and sediment grain size [5, 6].
range transport have elicited worldwide Research indicates that long-chain PFASs
apprehension regarding their concentrate in sediments, whereas short-
environmental effects and toxicity [2]. chain PFASs persist in the aqueous phase,
PFASs have been identified in various requiring more examination to assess
matrices, such as water, sediment, air, and potential ecological risks [7]. Despite the
biota, underscoring their prevalence and growing body of research on PFASs,

intricate behavior in aquatic ecosystems,
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investigations in Vietnamese coastal
environments are limited, especially
concerning their partitioning between
seawater and sediment. Due to Vietnam's
industrialization, urbanization,  and
aquaculture practices, coastal regions are
vulnerable to PFAS pollution via
industrial discharges, municipal
wastewater, and runoff [4, 8]. Previous
studies have indicated substantial PFAS
contamination in the East China Sea and
Vietnamese coastal waters, underscoring
the necessity for further investigation in
Southeast Asian coastal areas [9].
Comprehending the prevalence and
distribution of PFASs in Vietnamese
coastal sediments and saltwater is crucial
for assessing pollution levels and
formulating appropriate  management
methods. This study, utilizing bottom
seawater and sediment samples from the
research vessel ‘Akademik Oparin’, aims
to (i) measure the concentration of PFASs
in these samples and (ii) evaluate the
prevalence and partitioning behavior of
PFASs in Vietnamese coastal waters. The
results will improve comprehension of
PFAS pollution in tropical marine
ecosystems and enhance environmental
conservation initiatives.

2. EXPERIMENT
2.1. Chemicals and reagents

The 14 PFASs (Table S1) are categorized
into three distinct groups. For brevity,
abbreviations are used throughout and full
chemical names and physicochemical
properties are provided in Table S1. For
example, PFBA (perfluorobutanoic acid),
PFHXS (perfluorohexanesulfonic acid),
and PFOS (perfluorooctanesulfonic acid).
The first group consists of short-chain
PFCA (SC-PFCA), which includes
PFHXA, PFPeA, and PFBA. The second
group is long-chain PFCA (LC-PFCA),
comprising PFHpA, PFOA, PFNA,
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PFDA, PFUNnDA, PFDoDA, PFTIDA,
PFTeDA, and PFHxXDA. Lastly, the PFSA
group includes PFOS and PFHxS. All
analytical standards were acquired from
LGC Standards (purities > of 97%,
Germany). The internal standards (IS) for
PFASs (Table S1) were acquired from
Wellington Laboratories Inc. (purities >
98%, ON, Canada). Operating conditions
for ultra-high-performance liquid
chromatography linked with  high-
resolution mass spectrometry were shown
in Table S2. Ultra-pure water (UPW, 18.2
MQ/cm) was acquired using a Milli-Q-
Integral system from Merck Millipore
(Burlington, MA, USA). Methanol
(MeOH), acetonitrile (MeCN), acetic acid
(AA), MgSO4, and NaCl were obtained
from Sigma-Aldrich (St. Louis, MO,
USA). Oasis  Hydrophilic-Lipophilic
(HLB, 500 mg/6 mL) and Supelclean™
ENVI-Carb (100 mg/3 mL) were acquired
from Waters (Milford, MA, USA) and
Supelco (Bellefonte, PA, USA).

2.2. Sample collection

In May and June 2023, seawater and
sediment samples were collected from the
coastal regions of South Central and
Southern Vietnam, specifically from Nha
Trang to Ba Ria—\Vung Tau. Figure 1
illustrates the regions designated for
sampling on the map (20 locations).
Bottom seawater samples were obtained 1
m above the seafloor, while sediment
samples were gathered by utilizing a
sediment grabber. All sample collection
equipment consisted of stainless steel and
underwent pre-cleaning with UPW and
MeOH. All samples were preserved in
glass bottles and vials, maintained at a
temperature of 4°C. In the laboratory,
seawater samples were filtered using glass
microfiber filters (Whatman, diameter 47
mm). Wet sediment was freeze-dried,
homogenized, and sieved through a 40-
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mesh screen. The dried sediments were
then covered with aluminum foil and
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Figure 1. Sampling sites along the Vietnamese coast. Basemap: Natural Earth, 1:10 m land and coastline.
Data CRS: WGS84 (EPSG:4326); map plotted in R (sf, ggplot2, ggspatial) after projecting to a Vietnam
Albers Equal-Area Conic

2.3. Sample preparation

Seawater. In brief, 500 mL of seawater,
enhanced with 50 pL of IS (1 pg/mL),
was gently shaken and allowed to
equilibrate for 30 min. This solution was
then loaded at a rate of 2 mL/min through
the Oasis WAX cartridge, which had been
preconditioned with 6 mL of MeOH and 6
mL of UPW. A total of 3 mL of 5%
MeOH in UPW was utilized as the elution
solvent to remove impurities from the
cartridge, followed by the drying.
Subsequently, 3 mL of MeOH was
utilized as the elution solvent and applied
to the column. The eluate was evaporated
to dryness using a nitrogen stream at 1°C
and was then redissolved in 1 mL of
MeOH:UPW (1/1, v/v). The final extract
was filtered through a 0.22 um PTFE
membrane prior to analysis.

Sediment. In brief, 50 pL of IS (1 pg/mL)
was added to 5 g of sediment samples,
which were held in a 50-mL tube. Then, 8
mL of 1% AA in UPW and 10 mL of
MeCN were introduced, followed by
vigorous shaking by hand, sonication for
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5 min, and vortexing for 2 min. Following
this, 4 g of MgSQ, and 1 g of NaCl were
added into the tube, shaken vigorously to
prevent clumping, vortexed for 2 min, and
then centrifuged at 8,000 rpm for 5 min.
Subsequently, 5 mL of the supernatant
was reduced to 2 mL using N, gas at a
temperature  of  1°C. Following
concentration, the extracts were purified
using a  Supelclean™  ENVI-Carb
cartridge that was preconditioned with
MeOH. The SPE cartridge was eluted
with 3 x 1 mL of MeOH, followed by
concentration of the eluents to a final
volume of 0.5 mL. The final extract was
diluted to 1 mL with UPW and filtered
through a 0.22 um PTFE membrane prior
to analysis. The concentrations of PFASs
in the sediment were determined based on
a dry weight (dw) basis. To ascertain the
total organic carbon (TOC) in sediment
samples, the removal of inorganic carbon
is essential. The determination of TOC
was conducted utilizing a TOC analyzer
(Multi N/C 2100, Analytik Jena AG, Jena,
Germany). The moisture content of the
sediment was assessed through the
method of oven drying.
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2.4. QAIQC

The results of the method validation are
found in Table S3. Calibration for each
PFAS covered 0.1-50ng/mL  with
excellent linearity (R2>0.995). The limits
of detections (LODs) were established as
the concentrations of peaks exhibiting a
signal-to-noise ratio of 3, with the
exception of PFOS, which was calculated
by taking the mean concentration in the
procedure blank and adding three times
the standard deviation of the quantified
concentrations. The limit of quantification
(LOQ) was determined using the formula
LOQ = 10 x SD. The LOD for PFASs in
water and sediment sample was found to
be between 0.01 and 0.05 ng/L and 0.001
and 0.005 ng/g, respectively. The spiked
samples at three concentrations (0.1 ng/L,
1.0 ng/L, and 10 ng/L) were replicated six
times for each concentration, conducted
over three consecutive days. Repeatability
(within-day) and  within-laboratory
reproducibility (across days) were < 15%
RSD for all analytes; typical RSDs were
2.1-9.0% (seawater) and 2.1-8.5%
(sediment). Recoveries by compound and
matrix are reported in Table S3.

2.5. Statistical analysis

The analysis of PFASs was performed
utilizing R software for statistical
analysis. Maps were produced in R using
sf, ggplot2, ggspatial, and rnaturalearth
(Natural Earth 1:10 m). While geospatial
data are stored in WGS84 (EPSG:4326),
we projected all layers to a Vietnam
Albers Equal-Area Conic before adding
the scale bar
(ggspatial::annotation_scale), ensuring
metric accuracy.

The Shapiro-Wilk test (p > 0.05) was
conducted to assess the normality of
PFAS concentration. The Kruskal-Wallis
H test was utilized to evaluate the
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variations in concentrations of PFASs.
The partition behaviors of PFASs
between seawater and sediment were
evaluated by calculating the sediment-
seawater partition coefficients (KOC,
L/kg dw) of PFASs. Following the
adjustment for the TOC content in the
sediment, the partition coefficient is
determined as outlined below:

1000 X Cspgiment X 100
CWater X foc

Where Csedgiment 1S the concentration of
PFASs in sediment (ng/g dw), Cwater IS
the concentration of PFASs in seawater
(ng/L), and f, is the percentage of TOC in
sediments. The f,c of sediment from this
study was 0.37-0.89% (mean of 0.63%).

In addition to regressions  versus
per-fluorinated carbon chain length, we
assessed the relationship  between
compound-specific mean log Koc (this
study) and literature log Kow Vvalues
(TableS1) wusing Pearson’s r and
Spearman’s p. Analyses were restricted to
PFAS with detection frequency >40% in
both matrices and with available log Koc,
and were also repeated for PFCAs only.
Statistical significance was set at p <0.05.

3. RESULTS AND DISCUSSION
3.1. PFAS in seawater

All seawater samples contained PFASS,
with XPFAS = 0.97-10.55 ng/L (mean
5.37 ng/L) (Table 1). Concentrations were
lower than those in the Bohai Sea (16.9—
118.0ng/L) and Yangtze River (13.0-
77.4 ng/L), but higher than the Baltic Sea
(1.6-5.2ng/L), Norwegian Sea (0.14-
0.85ng/L; 140-852.6 pg/L), and the East
Sea coastal region (0.12-1.02 ng/L;
120.6-1015.1 pg/L) [10-14]. Although
source apportionment was not conducted,
the mid-to-high XPFAS observed along
our South-Central to Southern transect

oc
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(Nha Trang to Ba Ria—Vung Tau;
Figure 1) are consistent with settings
where PFAS-relevant activities occur -
e.g., textile/leather finishing, paper and
packaging coatings, chromium
electroplating that historically used
PFOS-based mist suppressants, and the
storage/use of AFFF [15, 16]. Similar
associations between industrialized coasts
and elevated PFAS have been reported
globally, including in the Bohai Bay and
Vietnamese coastal regions [9, 10, 14].
PFOA (DF = 90%), PFBA (DF = 80%),
and PFNA (DF = 80%) were the most
prevalent PFAS, with concentration ranges
of 0.19-3.83 ng/L for PFOA, 0.20-5.50
ng/L for PFBA, and 0.04-0.18 ng/L for
PFNA. Zhu et al. 2024 reported that PFOA
(1.6-19 ng/L) and PFNA (1.7-14 ng/L)
were the most abundant PFAS in East
China Sea seawater [17]. In this study,
PFBA and PFOA levels in seawater
exceeded those found in Antarctica

(PFBA: 102+26 pg/L; PFOA: 158+79
pg/L) and the Antarctic Ocean (PFOA: 15
pg/L) [18, 19]. AIll seawater samples
contained LC-PFCA compounds, with
concentrations ranging from 0.41 to 4.12
ng/L, primarily due to PFOA. SC-PFCA
had the highest average concentration in
seawater samples at 3.12 ng/L, followed
by LC-PFCA at 2.12 ng/L and PFSA at
0.31 ng/L. PFBA was the primary
contributor to the SC-PFCA group,
whereas PFOS was the main contributor to
the PFSA group. SC-PFCA comprised a
significant portion of seawater samples
(60-100%), while LC-PFCA represented
only 0-20%, predominantly less than 10%
(Figure Sla). PFSA represented a minimal
share of the PFAS contamination profile in
the analyzed seawater samples. The
increased SC-PFCASs detected in seawater
likely result from their high solubility in
water and extensive use in industrial
production [15].

Table 1. Concentrations of PFASs in seawater, sediment, and log,o-transformed sediment-seawater partition
coefficients from Vietnamese coastal areas.

Seawater (ng/L) Sediment (ng/g) Log Koc

Compound (E}S Range Mean (E;):) Range Mean Range Mean
PFBA 80 0.20-5.50 2.15 95 0.002-0.416 0.120 3.2-4.2 3.9
PFPeA 75 0.06 - 1.94 0.95 80 0.002-0.255 0.069 35-43 3.9
PFHxA 70 0.15-1.80 0.76 75 0.004-0.521 0.137 3.7-45 4.3
PFHpA 40 0.07 - 0.57 0.23 50 0.003-0.110 0.027 3.6-44 4.2
PFOA 90 0.19-3.83 1.98 90 0.012-1.147 0.402 3.8-48 4.3
PFNA 80 0.04-0.18 0.09 85 0.002-0.058 0.029 42-438 4.6
PFDA 65 0.04-0.14 0.08 70 0.004-0.078 0.026 42-438 4.6
PFUNDA 35 0.05-0.16 0.09 40 0.006-0.073 0.030 NC
PFDoDA 15 0.09-0.25 0.16 15 0.035-0.127 0.095 NC
PFTrDA 30 0.03-0.25 0.13 30 0.003-0.025 0.011 NC
PFTeDA 20 0.05-0.16 0.09 20 0.002-0.009 0.006 NC
PFHXDA 15 0.03-0.06 0.05 15 0.002-0.006 0.004 NC
PFHxXS 65 0.08 - 0.26 0.15 70 0.004-0.016 0.008 3.6-4.0 3.8
PFOS 75 0.06 - 0.45 0.26 85 0.007-0.092 0.033 3.7-45 4.2
SC-PFCA 95 0.15-8.14 3.12 100 0.002-0.949 0.272
LC-PFCA 100 0.41-4.12 212 100 0.075-1.215 0.450
PFSA 95 0.08 - 0.60 0.31 95 0.010-0.092 0.035
ZPFSA 100 0.97-10.55 537 100 0.195-2.165 0.755

DF: Detection frequency (%)

NC: not calculated because DFs in sediment or DFs in seawater are less than 40%.
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3.2. PFASs in sediment

In this investigation, four out of fourteen
PFAS compounds exhibited DFs < 40%
in the sediments, specifically PFDoDA,
PFTrDA, PFTeDA, and PFHxDA.
YPFAS concentrations in  sediment
samples varied from 0.195 ng/g to 2.165
ng/g, with a mean of 0.755 ng/g. This
result was lower than the ZXZPFAS
concentrations in sediments from the
Bohai Sea (0.70-4.13 ng/g dw) and the
Yellow Sea (0.21-4.74 ng/g dw), but
comparable to the values in the Baltic and
North Sea (0.018-2.6 ng/g dw) [12, 20,
21]. The predominant ZPFAS content in
sediments was PFOA (DF = 90%, range
0.012-1.147 ng/g dw), succeeded by
PFHxA (DF = 75%, range 0.004-0.521
ng/g dw) and PFBA (DF = 95%, range
0.002-0.416 ng/g dw). The values
obtained exceeded those found in
sediment from the Yangtze River (PFBA:
mean of 0.53 ng/g dw, PFOA: mean of
0.33 ng/g dw), but they were inferior to
those recorded in Antarctica (PFBA:
mean of 1.24 ng/g dw). The mean
concentrations of PFAS  groups
diminished in the sequence of LC-PFCA
(0.450 ng/g dw) > SC-PFCA (0.272 nglg
dw) > PFSA (0.035 ng/g dw). The results
indicate that the LC-PFCA exhibited a
high concentration in sediment, consistent
with prior research findings [16, 22]. The
hydrophobic LC-PFCA, characterized by
elongated carbon chains, exhibited a
tendency to preferentially adhere to silt
particles [23]. In comparison to seawater,
LC-PFCA constituted a significant
concentration within the pollution profile
(Figure S1b). The sample distribution
predominantly occurred in the LC-PFCA
region (40-100%), whereas SC-PFCA
varied between 0-60%. Concurrently, all
sediment samples had a PFSA distribution
ratio below 20%. The restricted
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occurrence of PFSA in sediment samples
is attributable to the gradual reduction of
PFSA and international regulations [24].
Simultaneously, SC-PFCA progressively
supplanted LC-PFCA in global industrial
production sectors, resulting in an
analogous contribution ratio for this group
compared to LC-PFCA [12].

3.3. Sediment-seawater
coefficients of PFASs

Sediment—seawater partition coefficients
(log KOC) for PFAS with DF>40%
ranged from 3.2 to 4.8 (Table 1). Across
PFCAs, mean log KOC increased linearly
with per-fluorinated chain length — from
3.9 (PFBA) to 4.6 (PFDA) — (Figure 2;
R=0.94, p<0.05). These values are
comparable to those in the Yangtze River
(3.51-5.78) but exceed those reported for
turbid Chinese coastal waters and other
open/coastal settings [17, 25]. This
discrepancy is likely attributable to
seawater depth, salinity, temperature, and
sediment characteristics [26]. The trend
indicates stronger sediment affinity for
long-chain PFAS; an exception is PFBA,
whose log Koc is similar to PFPeA. This
atypical  behavior  likely  reflects
ion-specific electrostatic interactions and
reduced steric hindrance, rather than
hydrophobicity alone [10, 27]. Overall,

partition

molecular  structure  (chain  length,
functional ~ group)  together  with
environmental conditions  (salinity,

temperature, TOC/mineralogy) modulate
PFAS partitioning and persistence [26].

Beyond the strong increase of log Koc
with  per-fluorinated chain  length
(R=0.94), mean log Koc also showed a
significant  positive association with
literature log Kow. Considering
compounds with sufficient data (PFBA,
PFPeA, PFHXA, PFHpA, PFOA, PFNA,
PFDA, PFHXS, PFQOS; n=9), Pearson’s



Tap chi phan tich Héa, Ly va Sinh hoc - Tdp 31, Sé 04/2025

correlation was r=0.826 (p < 0.05) and a
linear fit yielded a slope of 0.18 (95% CI:
0.07-0.29) logKoc units per unit
log KOW (Table S4). When restricted to
PFCAs (n=7), the correlation remained
significant (r=0.860, p< 0.05) with a
slope of 0.17 (95% CI: 0.05-0.28). These
patterns indicate that hydrophobicity
contributes to sediment affinity; however,
the weaker Koc—Kow relationship relative
to chain length and the behavior of
short-chain PFCAs (e.g., PFBA) suggest
additional controls such as electrostatic
interactions, salinity-dependent
speciation, and sediment  organic
matter/mineralogy  [26, 27]. We
emphasize that the literature log Kow
values refer to neutral species, whereas
marine PFASs are predominantly anionic;

hence, Kow is an informative but
imperfect proxy for environmental
partitioning.
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Figure 2: Logye-transformed sediment-seawater
partition coefficients (log Koc) of PFASs in
Vietnamese coastal areas. The red line means a
95% confidence level.

4. CONCLUSION

PFASs were ubiquitous along the
Vietnamese coast, with seawater XPFAS
= 0.97-10.55ng/L (mean 5.37 ng/L) and
sediment = 0.195-2.165ng/gdw (mean
0.755 ng/g dw). Short-chain PFCAs (e.g.,
PFBA, PFPeA, PFHxA) predominated in
seawater, whereas long-chain PFCAs
(e.g., PFOA, PFNA, PFDA) were
enriched in sediments. Sediment—seawater
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partition coefficients (log Koc = 3.2-4.8)
increased strongly with per-fluorinated
chain length (R = 094, p < 0.05),
indicating greater sediment affinity for
long-chain homologues and a tendency
for short-chain species to remain in the
aqueous phase. These findings underscore
the need for continued monitoring and
risk-based management, focusing on
SC-PFCA inputs to seawater and
LC-PFCA accumulation in sediments in
Vietnamese coastal environments.
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