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Abstract
Per- and poly�uoroalkyl (PFAS) have the potential to leach down to the groundwater particularly in areas with potential source
pollution such as land�lls. The composition patterns of PFAS, distribution and soil characteristics signi�cantly contribute to
their source identi�cation. The objectives of this study were: (1) to examine the levels of PFAS in Thailand groundwater, (2) to
identify potential sources, and (3) to study the spatial distribution of PFAS. Groundwater samples were collected around
municipal waste disposal sites (MWDS) and industrial waste disposal sites (IWDS). Seven PFAS were extracted by solid
phase extraction technique and analyzed by high-performance liquid chromatography tandem mass spectrometer. Total
PFAS in groundwater around the MWDSs varied from 1.68 to 7.75 ng L− 1. The total PFAS in groundwater around the IWDS
varied from 2.64 to 42.01 ng L− 1. PFOA and PFOS were the most dominant compounds around the MWDS and IWDS areas.
PFHxS was frequently observed in the groundwater around the IWDSs, suggesting that it has been used as a substitution of
PFOS-based compounds due to it having a shorter chain length or resulting from degradation of �uorotelomers. In addition to
source identi�cation, the hierarchical cluster analysis showed that other than the waste disposal site, other factors or
activities could have been involved. It was found that livestock farming and an abandoned pond very close to the
groundwater well could have affected the levels of PFAS in the groundwater. Moreover, spatial distribution showed that
besides the impact of waste sources, soil characteristics and interaction between negative charged PFAS and cation in the
soil played an important role in the PFAS contamination in groundwater.

Introduction
Per- and poly�uoroalkyl substances (PFAS) are emerging contaminants which have been used in a wide range of
manufacturing including semiconductors, coatings for paper food packaging and textiles, and aqueous �re-�ghting foams
(AFFF) (Prevedouros et al., 2006; Renner, 2001; Domingo et al., 2017; Martin et al., 2019; Langberg et al., 2020; Glüge et al.,
2020; Wu et al., 2020). Because of their strong carbon and �uorine bonds and hydrophilic and lipophilic characteristics, they
are extremely persistent, thermal and chemical durable as well as bioaccumulative (Buck et al., 2011; Niu et al., 2019; Foguth
et al., 2020; Stoiber et al., 2020). In a differentiation of PFAS, per�uorooctane sulfonate (PFOS) and per�uorooctanoic acid
(PFOA) have been under continual investigation globally in the environment, animal tissues, and human blood (Giesy &
Kannan, 2001; Kannan et al., 2004; Jantzen et al., 2016; Olsen et al., 2017; Awad et al., 2020).

Ever since then global public health and environmental concern involving PFAS have been increasing considerably, and their
large-scale production and uses have been restricted. In Thailand, although the usage and imported amounts of PFAS are
currently unknown, their occurrence has been investigated since 2007, and this investigation is being continuously carried out.
The presence of PFAS in Thailand has been reported in numerous environments, consumer products, and other materials:
river water, wastewater, raw water, tap water, bottled water, air, cosmetics, food packaging, and textiles (Boontanon et al., 2012;
Keawmanee et al., 2015; Kunacheva, 2009a; Kunacheva et al., 2009b; Kunacheva et al., 2010; Pattanasuttichonlakul et al.,
2014; Poothong et al., 2012; Shivakoti et al., 2010; Supreeyasunthorn et al., 2016; Vo et al., 2020; Shigei et al., 2020).

Groundwater is known as a precious fresh water resource and is being increasingly drawn upon in Thailand, particularly in
rural areas where surface water is insu�cient and polluted. Although groundwater is naturally puri�ed by soil and deep-rock
layers, nevertheless, groundwater pollution could be seriously affected by numerous sources of pollution. Furthermore, in
Thailand large amounts of municipal and industrial refuse has been improperly disposed of due to lack of effective
management and monitoring budgets. Several research studies have documented that one of potential sources of
groundwater contamination could be land�ll leachate derived from waste disposal sites. Land�ll leachate can contain a wide
range of compounds with environmental and human health concerns (Eggen et al., 2010; Brusseau et al., 2020; Menger et al.,
2020). Levels of PFAS reported in land�ll leachate were from the ng range up to several µg range in other countries (Benskin
et al., 2012; Busch et al., 2010; Lang et al., 2017; Wei et al., 2019; Solo-Gabriele et al., 2020; Wang et al., 2020; Cui et al., 2020;
Yong et al., 2020), while there is no data on the occurrence of PFAS in groundwater in Thailand. Therefore, this study aimed to
determine PFAS levels in groundwater, identify expected potential sources of the contamination, and study their spatial
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distribution. This study would be bene�cial for understanding their contamination in groundwater, for providing information
for further study, and for implementation of environmental standards and regulations.

Materials And Methods

Standards and reagents
Seven PFAS standards: per�uorohaptanoic acid (PFHpA), per�uorooctanoic acid (PFOA), per�uorononanoic acid (PFNA),
per�uorodecanoic acid (PFDA), per�uoroundecanoic acid (PFUnA), per�uorohexane sulfonate (PFHxS), and per�uorooctane
sulfonate (PFOS) were selected. High purity solvents: methanol HPLC grade (> 99.99%), methanol ACS grade, and acetonitrile
HPLC grade (> 99.8%); and ammonium acetate (98%) were purchased from Merck KGaA (Millipore, Germany). All the standard
solutions were prepared in methanol HPLC grade. Ultrapure water used in chemical analysis was produced by a RiOs-DI®
Water Puri�cation System (Millipore, Germany).

Sampling sites and sample collection
The groundwater sampling points were chosen in three cities in Thailand, which are given in Fig. 1. The groundwater was
collected from domestic groundwater wells nearby waste disposal sites in Bang Sai and Sena MWDS, Ayutthaya (n = 12),
Nong Nae IWDS, and Chachoengsao (n = 4), which have been in continual operation, and Map Pai IWDS, Chonburi (n = 15),
which has been completely closed. The samples were directly collected from faucets connected to the groundwater wells and
pumping systems by using 1.5-L PET bottles, which were rinsed with methanol and dried prior to use. The containers were
rinsed by the water samples three times to prepare the same conditions as the samples before collection. After sampling, the
samples were stored in a cooler box and brought back to the Water Quality Analysis Laboratory, Mahidol University. The
samples were �ltered by GF/B glass �lter. Glass bottles and glass equipment were avoided during the experiment due to the
fact that target compounds may adhere to the glass in aqueous solutions. Te�on equipment was also avoided because
interferences may be introduced to the samples of extracts (Hansen et al., 2002; Yamashita et al., 2004).

Sample extraction and instrumental analysis
PFAS were extracted by Solid Phase Extraction (SPE) technique. A 1500 mL of water sample was �ltered by 1 µm GF/B glass
�ber �lter and then loaded into PrecepC-Agri (C18) cartridges using concentrators at a �ow rate of 10 mL/min. Before loading,
the concentrators were washed by methanol at a �ow rate of 10 mL/min for 5 min, followed by milli-Q water at a �ow rate of
10 mL/min for 10 min and then the cartridges were preconditioned by 10 mL of methanol, followed by 2 times of 10 mL milli-
Q water. After that, target analytes were eluted by 4 mL of methanol, followed by 2 mL of acetonitrile. Eluents were gently
purged by nitrogen gas and reconstituted with 0.5 mL of 30% acetonitrile. Analysis of target PFAS was performed by using
Agilent 1200SL HPLC coupled with Agilent 6400 MS/MS, in negative mode of electrospray ionization (ESI). Mobile phases
consisted of (A) 10 mM ammonium acetate in ultrapure water and (B) 100% acetonitrile (HPLC/MS grade). The initial mobile
phase was 30% acetonitrile, and then ramped up to 60% acetonitrile at 16.5 minutes, and kept for 3.5 minutes. At 23 minutes,
acetonitrile went up to 70%, and then linearly ramped up from 70–90% at 26 minutes. After that, the mobile phase gradient
ramped down again to 30% acetonitrile for 4 minutes. The total running time was 30 minutes. The analytical parameters by
HPLC-MS/MS analysis are given in Table 1.
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Table 1
Analytical parameters by HPLC-MS/MS analysis and recovery rates (%) of PFAS in spiked water samples

Compound Parent ion
(m/z)

Daughter ion
(m/z)

Retention time
(min)

LODa

(ng L-

1)

LOQb

(ng L-

1)

  Recovery (n = 5)

  Rangec Meanc

PFHpA 363 319 10.6 0.13 0.45   92.19–
99.38

95.90

PFOA 413 369 13.9 0.11 0.37   99.77-
118.56

106.94

PFNA 463 419 16.4 0.09 0.30   97.18-
101.94

99.02

PFDA 513 469 20.7 0.07 0.23   87.65–
94.20

91.36

PFUnA 563 519 22.8 0.07 0.23   73.26–
92.02

83.82

PFHxS 399 80 15.0 0.02 0.07   99.73–
103.80

100.87

PFOS 499 80 22.2 0.11 0.37   88.04–
99.72

93.16

a Limit of detection

b Limit of quanti�cation

c Ten nano gram per liter of each PFAS standards were spiked into the samples

Quality control
Five points of a calibration curve comprising 0.1 to 10 µg L− were prepared with the determination coe�cients (R2) more than
0.999. Limit of detection (LOD) and limit of quanti�cation (LOQ) of the measurement method were de�ned as the
concentration with signal-to-noise ratios (S/N) equal to 3:1 and 10:1, respectively (Yamashita et al., 2004). The recoveries of
the seven PFAS in groundwater matrix were evaluated by spiking 10 µg L− of each of the PFAS standards into one liter of the
sample. A blank sample which used ultrapure water was prepared and the same procedure as the spike samples was
followed. The recovery rates of target compounds are shown in Table 1.

Statistical analysis
Source identi�cation was evaluated by hierarchical cluster analysis using IBM® SPSS® Statistics for Windows 20. The
Ward’s method (squared Euclidean distance) was used as an agglomeration technique. Cluster analysis is considered as the
multivariate statistical method for source apportionment of organic pollutants (Xiao et al., 2012) and normally is used to
identify groups of individuals or objects that are similar to each other. Similarity patterns of PFAS were agglomerated in the
same cluster. Before the analysis, concentrations higher than or equal to limit of detection (LOD) but less than limit of
quanti�cation were assigned with a concentration twice that of the LOD, and those at or below the LOD were assigned as zero
(Yao et al., 2014).

Results And Discussion
Concentrations of PFAS in groundwater around the municipal waste disposal sites (MWDSs) and the industrial waste
disposal sites (IWDSs) and their distribution patterns
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The concentrations of PFAS in all groundwater samples around the MWDSs and the IWDSs are summarized in Table 2. Six
target compounds: PFOS, PFOA, PFHpA, PFNA, PFUnA, and PFHxS were detected in all groundwater samples collected
around Bang Sai MWDS, while PFDA was undetectable from any of the groundwater samples around Bang Sai MWDS. Five
of seven PFAS: PFOA, PFOS, PFNA, PFUnA, PFHpA were observed in the groundwater around Sena MWDS, whereas PFDA and
PFHxS were absent. The concentrations of total PFAS in groundwater around both MWDSs ranged from 1.68 to 7.75 ng L− 1.
Among them, PFOS was the most abundant one in the groundwater around Bang Chai MWDS, followed by PFOA, PFHpA,
PFNA, PFUnA, and PFHxS, respectively, while PFOA was dominant in the samples around Sena MWDS. It could be noticed
that the PFAS distribution pattern varied among the areas although they were surrounded by the MWDS. This could be
affected by rain input and waste arrangement variations within a waste disposal site, which may impact the initial leachate
components before reaching the groundwater (Eschauzier et al., 2013; Hepburn et al., 2019; Yong et al., 2020). The levels of
total PFAS in the groundwater around Nong Nae IWDSs and Map Pai IWDS, where illegal industrial waste dumping has
occurred, varied from 4.43 to 10.80 ng L− 1 and 2.64 to 42.01 ng L− 1, respectively. It could be seen that the concentrations
were much higher than those around MWDS. Four target compounds: PFOA, PFOS, PFHxS, and PFHpA were measured in the
samples around Nong Nae IWDSs, while all PFAS were detected in those around Map Pai IWDS. Among the target
compounds found the dominant ones were PFOA and PFOS, which is similar to those found in other countries. It could be
con�rmed that PFOS and PFOA are still being used in industrial processes or are a part of chemicals used in consumer
products. Importantly, PFHxS was frequently observed in the groundwater samples around two IWDSs, which might indicate
that it has been used as a substitution of PFOS-based compounds due to it having a shorter chain length, or having resulted
from degradation of �uorotelomers. However, PFHxS may not be a good alternative because it has been determined that it
has long average half-lives (Li et al., 2018) and much more liver toxicity than PFOS (Lloyd-Smith & Senjen, 2015). Therefore,
this could be a greater human health concern if the water is used as a drinking water resource. In addition to total PFAS
concentrations around the IWDSs, it could be seen that total PFAS around Map Pai IWDS were noticeably higher than those
around Nong Nae IWDS; it might be caused by other factors besides sources, such as the effect of soil components which are
described further.
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Table 2
PFAS concentration (ng L− 1) in groundwater around the municipal waste disposal sites and

the industrial waste disposal sites
Sampling location PFHpA PFOA PFNA PFDA PFUnA PFHxS PFOS

Bang Sai MWDS              

MW_BS01 <LOQa 0.71 N.D.b N.D.b N.D.b <LOQa 2.54

MW_BS02 <LOQa 1.33 <LOQa N.D.b <LOQa 0.07 3.15

MW_BS03 0.54 1.23 <LOQa N.D.b <LOQa N.D.b 0.87

MW_BS04 <LOQa 0.65 0.30 <LOQa 0.29 <LOQa 1.06

Sena MWDS              

MW_SN01 <LOQa 3.89 0.80 <LOQa 0.40 <LOQa 0.58

MW_SN02 <LOQa 1.19 0.40 N.D.b 0.29 <LOQa <LOQa

MW_SN03 <LOQa 1.55 0.15 N.D.b <LOQa <LOQa 1.25

MW_SN04 0.58 3.76 <LOQa N.D.b <LOQa <LOQa 0.71

MW_SN05 0.91 2.07 <LOQa N.D.b <LOQa <LOQa 1.27

MW_SN06 <LOQa 1.09 0.40 N.D.b 0.34 N.D.b 1.18

MW_SN07 <LOQa 6.22 0.36 <LOQa 0.49 <LOQa 0.68

MW_SN08 <LOQa 0.97 0.36 N.D.b 0.34 <LOQa <LOQa

Nong Nae IWDS              

IW_NN01 <LOQa 7.32 <LOQa N.D.b N.D.b 0.39 3.08

IW_NN02 <LOQa 2.21 <LOQa N.D.b N.D.b 0.98 1.89

IW_NN03 <LOQa 2.16 N.D.b N.D.b <LOQa 0.20 2.08

IW_NN04 1.98 2.26 N.D.b N.D.b N.D.b 0.12 1.39

Map Pai IWDS              

IW_MP01 <LOQa 20.11 0.39 N.D.b 0.33 0.17 3.00

IW_MP02 1.97 7.90 0.43 <LOQa <LOQa 0.13 1.81

IW_ MP03 N.D. 24.31 0.31 <LOQa 0.47 0.14 3.33

IW_ MP04 <LOQa 0.83 <LOQa <LOQa 0.27 <LOQa 1.53

IW_ MP05 0.66 10.22 <LOQa <LOQa 0.24 N.D.b 1.85

IW_ MP06 1.42 4.38 1.58 0.61 0.24 0.15 2.88

a <LOQ refers to values less than limit of quanti�cation

b N.D. refers to not detected
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Sampling location PFHpA PFOA PFNA PFDA PFUnA PFHxS PFOS

IW_ MP07 1.76 8.91 2.14 1.25 <LOQa 3.73 13.84

IW_ MP08 N.D. 0.80 <LOQa <LOQa 0.26 <LOQa 2.33

IW_ MP09 <LOQa 24.57 0.45 <LOQa 0.73 N.D.b 3.87

IW_ MP10 0.59 34.96 1.22 N.D.b 0.28 0.12 3.13

IW_ MP11 1.34 5.71 1.45 0.82 <LOQa 2.54 8.21

IW_ MP12 N.D.b 17.82 <LOQa <LOQa 1.39 0.35 8.17

IW_ MP13 0.59 24.35 <LOQa N.D.b 0.24 <LOQa 5.61

IW_ MP14 0.92 13.97 0.46 0.26 <LOQa 0.52 25.88

IW_ MP15 1.51 20.37 1.56 <LOQa 0.45 0.09 3.99

a <LOQ refers to values less than limit of quanti�cation

b N.D. refers to not detected

Potential source identi�cation
The possible sources of PFAS were primarily classi�ed by a hierarchical cluster analysis using IBM® SPSS® Statistics for
Windows 20, based on analysis of their distribution patterns. The PFAS distribution patterns could be categorized into 3
clusters. The dendrogram result from the hierarchical cluster analysis of all groundwater samples is presented in Fig. 2.

Most groundwater samples around Bang Chai MWDS, Sena MWDS and Nong Nae IWDS were classi�ed into cluster 1, which
are surrounded by villages in rural areas. Although Nong Nae IWDS was represented as an industrial waste site category, the
concentrations found in this area were classi�ed into the same group with those around the municipal waste disposal sites. It
should be remarked that other than types of waste source, other factors may be involved.

In clusters 2, three wells: IW_CB07, IW_CB11 and IW_CB14 were classi�ed in the same group. This cluster presented unique
PFAS distribution patterns, with PFOS being the most predominant substance found, followed by PFOA, PFHxS, PFNA,
PFHpA, and PFDA. Surprisingly, these wells are quite far from Map Pai IWDS by 2.15 km, 1.5 km, and 3.4 km, respectively, but
the concentrations were high. This might be caused by other potential sources, because IW_CB07 and IW_CB14 are very close
to large abandoned ponds, and IW_CB11 is next to a pig farm. A map of these locations is presented in Fig. 2. It was di�cult
to pinpoint the pig farm as a potential source of contamination, because the contamination of PFAS is in animal feed, and the
absorption and elimination of PFAS from animals especially pigs is not commonly reported, but wastewater from the
livestock also could not be ignored. Lai et al. (2016) reported that wastewater from livestock industries are consider to be
potential contamination sources of PFAS in Kinmen Lake, Taiwan. Therefore, it is suspected that the pig farm might be a
potential source of PFAS contamination in sampling point IW_CB11, especially if there has been no appropriate wastewater or
pig manure management. In the case of well number IW_CB07 and IW_CB14, the potential source of PFAS contamination
could not be easily identi�ed because the use of the large abandoned ponds could not be determined.

Clusters 5 and 6 contained most of the groundwater samples collected around Map Phai IWDS. A similar pattern was
observed in clusters 5 and cluster 6, in which PFOA was the most abundant followed by PFOS; the total PFAS concentrations
in cluster 6 were obviously higher than for those in cluster 5. The greatest concentration was quanti�ed in the groundwater
samples around Map Phai IWDS, which is in an industrialized area. Consistent with previous studies, PFAS were detected in
industrialized or urbanized areas more than rural areas due to the presence of industrial activity (Wang et al., 2012; Chen et
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al., 2016). It should be remarked that the groundwater samples collected around both Nong Nae IWDSs, Chachoengsao and
Map Phai IWDS, Chonburi were classi�ed into different clusters, although they were representing IWDS. Therefore, their
contamination and transportation might involve other factors besides the sources, which is discussed in the next section.

Spatial distribution of PFAS in groundwater around the MWDSs and the
IWDSs
Regarding the results that have been discussed previously, it is clear that high concentrations of PFAS were detected in
groundwater around the IWDSs, indicating that IWDSs play a signi�cant role in the contamination of groundwater. However,
the difference in PFAS levels in groundwater around Nong Nae IWDSs and Map Pai IWDSs were remarkable, even though they
both represent similar sources of contamination. As mentioned previously, they might very well be affected by other factors.
Therefore, study on the horizontal distribution of PFAS could illustrate effecting factors and their possible behaviors.
Horizontal distribution was analyzed with geostatistical data (soil map) which was derived from the Land Development
Department (LDD) of Thailand. In order to study the horizontal distribution, the data were analyzed using ArcGIS 10.1.

From Fig. 3 (a, b), it can be noticed that the soil series in the Ayutthaya area where the sampling points are located is
comprised of soil series named Ayutthaya (Ay) and Sena (Se). The Ay and Se soil series mostly consist of clay, so the main
physical property is very low water permeability; in addition, major chemical properties are high acidity (pH 5.5 to 6 and 4 to
5.5, respectively), and high cation exchange capacity (CEC) (LDD, 2010). It could be assumed that low PFAS concentrations in
groundwater around the MWDSs might result from PFAS interaction with cation, which is consistent with the study reported
by Xiao et al. (2015). In addition, Wang and Shih (2011) also reported that adsorption increases when pH decreases, they also
found that Ca2+ and Mg2+ can form bridges with PFOA anions and PFOS can be bridged by Ca2+. Therefore, adsorption
seems to be the main mechanism of PFAS contamination in these areas.

In the case of the PFAS concentration around the IWDSs, the concentration and their distribution patterns plotted with soil
series in the areas are presented in Fig. 4 (a, b). It can be observed that PFAS concentration in groundwater around Nong Nae
IWDSs was quite lower than those around Map Pai IWDS. This might be because these two areas consist of different soil
series and soil properties. The soil series, named Klaeng (Kl) and Don Rai (Dr), are soil series around Nong Nae IWDSs where
the sampling points are located, whereas the soil series named Ban Bueng (Bbg) and Chonburi (Cb) are soil series around
Map Pai IWDS where the sampling points are located. The Kl and Dr soil series contain moderate CEC, low water permeability,
and pH of 4.5–6.4 which is similar to the soil properties in the Ayutthaya areas. In contrast, low CEC, high water permeability,
and pH of 5.5–8.5 were reported for Bbg and Cb soil series (LDD, 2010). Therefore, water permeability and the interaction of a
negative charged form of PFAS with level of CEC in the soil most likely play an important role in the distribution of PFAS
contamination.

Conclusions
There was variability in the distribution of PFAS in groundwater around the MWDSs and the IWDSs. PFAS were quanti�ed in
all groundwater samples. Total PFAS varied from 1.68 to 7.75 ng L− 1 and 2.64 to 42.01 ng L− 1 around MWDSs and IWDSs,
respectively. Per�uorooctanoic acid (PFOA) and per�uorooctane sulfonate (PFOS) were the most dominant ones found in all
samples. The occurrences of PFAS in groundwater around IWDSs were signi�cantly higher than those around MWDSs,
indicating more PFAS are intensively released from IWDSs. In terms of potential sources identi�cation, it was performed by
hierarchical cluster analysis. Classi�cation of groundwater samples was based not only on total concentrations, but also on
similar PFAS composition patterns. It should be remarked that not only direct sources of contamination in�uence the PFAS
contamination, but other factors could have been involved. Besides the impact of sources, interaction between soil
characteristics and PFAS properties plays an important role in PFAS contamination in groundwater. Additionally, a deep clay
layer which is a major soil characteristic around the two MWDSs in Ayutthaya and Nong Nae IWDSs in Chachoengsao, can
protect the aquifer, reduce movement, and adsorb the contaminants better than the sandy soil found around Map Pai IWDS,
Chonburi. Moreover, further study related to movement of PFAS in the soil column is recommended in order to illustrate and
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con�rm their transportation mechanism. In conclusion, we �rmly conclude that waste disposal site leachate could be a
signi�cant source of PFAS in Thailand groundwater.
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Figure 1

Groundwater sampling points in the selected study areas (1a) around Bang Sai MWDS, (2a) around Sena MWDS, (b) around
Nong Nae IWDSs, and (c) Map Pai IWDS. Note: The designations employed and the presentation of the material on this map
do not imply the expression of any opinion whatsoever on the part of Research Square concerning the legal status of any
country, territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This map has
been provided by the authors.
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Figure 2

The dendrogram results from hierarchical cluster analysis. Note: The designations employed and the presentation of the
material on this map do not imply the expression of any opinion whatsoever on the part of Research Square concerning the
legal status of any country, territory, city or area or of its authorities, or concerning the delimitation of its frontiers or
boundaries. This map has been provided by the authors.
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Figure 3

Map of PFAS concentration (ng L-1) around MWDSs, their distribution patterns and soil series around (a) Bang Sai MWDS, (b)
Sena MWDS
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Figure 4

Map of PFAS concentration (ng L-1) around IWDSs, their distribution patterns and soil series around (a) Nong Nae IWDS, and
(b) Map Pai IWDS. Note: The designations employed and the presentation of the material on this map do not imply the
expression of any opinion whatsoever on the part of Research Square concerning the legal status of any country, territory, city
or area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by the
authors.


