ﬁ water

Article

Study on Pollution Characteristics of Perfluoroalkyl Substances
(PFASs) in Shallow Groundwater

Sunhwa Park t, Deok-Hyun Kim ¥, Jong-Hyun Yoon, Jong-Beom Kwon, Hyeonhee Choi, Sun-Kyoung Shin,
Moonsu Kim and Hyun-Koo Kim *

check for
updates

Citation: Park, S.; Kim, D.-H.; Yoon,
J.-H.; Kwon, J.-B.; Choi, H.; Shin,
S.-K.; Kim, M.; Kim, H.-K. Study on
Pollution Characteristics of
Perfluoroalkyl Substances (PFASs) in
Shallow Groundwater. Water 2023, 15,
1480. https://doi.org/10.3390/
w15081480

Academic Editor: Stefano Polesello

Received: 2 March 2023
Revised: 31 March 2023
Accepted: 3 April 2023
Published: 10 April 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

National Institute of Environmental Research, Hwangyong-ro 42, Seo-gu, Incheon 404-708, Republic of Korea
* Correspondence: parksu@korea.kr; Tel.: +82-32-560-8360
t These authors contributed equally for first authorship.

Abstract: Perfluoroalkyl substances (PFASs) in shallow groundwater are increasingly being studied
due to the global occurrence, environment persistence, bioaccumulation, and potential human health
risk. In this research, 16 PFAS (11 perfluorinated carboxylic acids and 5 perfluorinated sulfonic acids)
concentrations in groundwater were quantified to obtain information on geographical distribution
and PFAS detection pattern for 4 years in South Korea. In the results, groundwater PFAS concentration
ranged from non-detectable to average 45.2 ng/L (sum of PFASs). The major PFAS compounds were
perfluorooctanoic acid (PFOA), perfluoropentanoic acid (PFPeA), perfluorohexanoic acid (PFHxA),
perfluorohexane sulfonate (PFHxS), and perfluorooctane sulfonate (PFOS). The short chain (C < 8)
PFASs were more prevalent than long chain (C > 8) PFASs in shallow groundwater. However, the
detection patterns of 15 PFASs were different for each aquifer. Subsequently, through a health risk
assessment, a non-carcinogenic risk level through ingestion, inhalation, and dermal contact for PFOA
and PFOS was determined at 1071, and it presents the need for PFAS management of groundwater.

Keywords: perfluoroalkyl substances (PFASs); shallow groundwater; perfluorooctanoic acid (PFOA);
perfluorooctanesulfonic acid (PFOS); groundwater pollution; risk assessment

1. Introduction

Among the basic backbone of hydrocarbon, perfluoroalkyl substances (PFASs) have
a combined structure with a hydrophobic carbon chain that has hydrogen replaced with
fluorine and hydrophilic interaction (e.g., carboxyl group, sulfonic group) [1]. In 2018,
the Organization for Economic Co-operation and Development (OECD) and the United
Nations Environment Programme (UNEP) released the PFASs list [2], which includes
over-CpFyn-interaction as a “global PFC group”. Due to its structural characteristics, which
include both hydrophilic and hydrophobic interaction similar to surfactants, PFASs have
been widely used in various areas such as outdoor products, coating agents for items
including frying pans, fire extinguishing foaming agents, and carpet since 1947, when 3M
started manufacturing it [3]. Moreover, the powerful C-F covalent bonds of the hydrophobic
carbon chain allow PFASs to have tolerance to biological degradation as well as having
chemically stable and thermal-resistant characteristics [4,5]. However, that can also become
a cause of environmental pollution, as PFASs leave residues for decades once they are
exposed to the environment [6]. PFOA in the environment can be absorbed into the human
body through oral exposure, skin contact, and inhalation of dust [7]. In particular, [8]
(775-781) reported that over 90% of PFOA in the body is estimated to be bound to serum
albumin in human blood.

Several studies in humans have examined PFOA as a carcinogen, according to the
international agency for research on cancer (IARC by WHO), and PFOA can increase
one’s chances of having kidney cancer and testicular cancer [9]. In 2017, IARC assigned
PFOA to group 2B, which is classified as possibly carcinogenic to humans [7,10]. Further-
more, potential mechanisms for PFOA-induced toxicity and carcinogenicity in the liver
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include PPAR«x activation, involvement of other molecular pathways (i.e., constitutive
androstane receptor, pregnane X receptor, estrogen receptor), and cytotoxicity [7,10]. Simi-
larly, the US Department of Health and Human Services (HHS) reported through animal
and epidemiological studies that PFOA and PFOS pose immunological risks to humans
and suppress antibody responses [11]. In addition, some perfluorinated carboxylic acids
(PFCAs) (e.g., perfluorooctanoic acid or PFOA) and perfluorinated sulfonic acids (PFSAs)
(e.g., perfluorooctane sulfonic acid or PFOS, perfluoroheptane sulfonate of PFHpS) have
been found to permanently exist in the environment. Some PFASs show toxicity for which
the livers of rodents and monkeys are the target organ [12]. In particular, PFOA and PFOS
are some of the PFASs that are often found in the environment [13], and these PFASs are
easily shifted from location to location once they are exposed to the aquatic environment.
As it is difficult to eliminate PFOA and PFOS by using the existing method of wastew-
ater treatment [14,15], there has been vibrant international research that has presented
management tips and purification methods. South Korea has designated PFOA, PFOS,
and PFHXS as the targets for drinking water quality monitoring by amending the “Public
Notice on the List of Drinking Water Quality Monitoring” in 2018 (Notice by the Ministry of
Environment No. 2018-124), which allows for consistent monitoring. The United States has
set the recommended level of PFOA and PFOS in drinking water to less than 70 ng/L [16].
The European Union (EU) identified PFOA and PFOS as prioritized hazardous substances
according to its Water Framework Directive [17] and later designated PFOS and PFOA as
persistent organic pollutants (POPs) in the EU in order to restrict the use of them [18,19]. In
2019, the EU included perfluorododecanoic acid (PFDoDA) and perfluoroundecanoic acid
(PFUnDA) as the target of voluntary monitoring for ground water in what is called the
“groundwater watch list” (GWWL) [20]. The Swedish National Food Administration set the
action limit for 11 items, including PFOA and PFOS (7 PECAs, 3 PFSAs, and 1 precursor),
at 90 ng/L by considering the potential risks that can affect the human body in the case of
intaking PFASs in drinking water [13,21]. Several researchers have developed an analytical
method which involves solid phase extraction (SPE) and liquid chromatography-tandem
mass spectrometry (LC-MS/MS) in order to quantify PFASs [22,23].

There have been recent news reports regarding PFASs detected in the groundwater at
the US military bases in South Korea, car wash places, and places where there were fires,
which aroused the public’s concerns regarding the use of groundwater. Therefore, this
study conducts an analysis of the status of groundwater quality for 15 substances of PFASs
including PFOA in order to find out some characteristics of PFASs (e.g., detection level by
item, distribution characteristics of aquifer, variation characteristics by year). Furthermore,
the study finds why PFASs in groundwater need to be managed through the risk level
assessment for the human body by taking the exposure route of groundwater regarding
the detected level of PFAS concentration into consideration.

2. Materials and Methods
2.1. Selection of the Location of Survey Items

The present study conducted a background water quality survey starting in 2018 at
groundwater monitoring wells nationwide in order to ascertain the distribution of PFASs.
Based on the survey results, the study started an in-depth search for places with high
concentration rates and their neighboring wells in 2019.

2.1.1. Selection of the Location and Survey Interval of Water Quality Status

For the status survey of PFASs, the study selected about 100 non-drinking groundwater
wells. When selecting wells, the study considered whether there were pollutants in order to
evaluate the characteristics of the groundwater contamination caused by PFAS-related pol-
lutants. The study considered gas stations, car wash places, and factories that manufacture
fluoropolymer as some of the major pollutants and selected 70 wells to measure contamina-
tion within an area with a 3 km radius by pollutant. In reverse, 30 background monitoring
wells were selected by evenly considering regions where there were no neighboring pollu-
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tants in order to establish the background water quality. Those 100 monitoring wells for
the water quality status survey underwent the survey for 4 years between 2018 and 2021
with a twice-a-year survey every year. This was to find out the variation characteristics by
season and year.

2.1.2. Selection of the Location for the In-Depth Survey

The location was selected by reviewing the results of 2 surveys on water quality
status from 100 monitoring wells in 2018. The surveys were conducted around where
the concentration was relatively high, with some considerations including geographic
conditions such as the status of the distribution of neighboring monitoring wells of ground
water, and the flow direction of groundwater. In the end, a total of 40 monitoring wells
at 4 sites was selected: 15 Site-1, 10 Site-2, 7 Site-3, and 8 Site-4. To study the variation
characteristics of PFASs by item and the distribution characteristics in the aquifer, a series
of water quality surveys were carried out for three years between 2019 and 2021, with a
quarterly survey every year (Figure 1).

Industrial
Estate

Site-4(8)

1 1

Industrial
Estate

Figure 1. Locations of detailed monitoring wells.

2.2. Sample Collections of Groundwater and Analysis on Site Measuring Items

Groundwater samples (830 samples, 2018~2021, twice a year) were collected from
100 groundwater wells, and 480 samples in 40 groundwater wells around 4 sites were
collected 4 times a year to evaluate the perfluorinated chemical (PFC) pattern change in
groundwater. These samples were collected according to the method of sample collection
and storage (ES 04130.1e) of the Water Pollution Standard Method, and water temperature,
pH, EC, Eh, and DO were collected on site. Cations and anions were separately collected
into 125 mL polyethylene bottles after filtering the water through the membrane filter
(0.45 um, mixed cellulose ester, AdvanTec). For cations, 6-7 drops of HNO3 were added
to adjust the pH level to 2 for storage. PFASs were collected into 1 L polypropylene (PP)
bottles, and the collected samples were sealed to prevent any contact of the atmosphere.
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All the collected samples were stored in iceboxes at the temperature of 4 °C before being
transferred.

2.3. Analysis on Major Cation and Anion

A total of four cations and three anions in groundwater was analyzed among some
of the major cations and anions: the four selected cations include Ca?*, Mg2+, Nat, and
K* and the three anions are HCO3;~, SO42~, and Cl~. The cations went through Standard
method 3120 for the analysis, and the analysis tool that was used was ICP-OES (Optima
8300&7300DV, PerkinElmer, Waltham, MA, USA; 720-ES, Varian Inc., Palo Alto, CA, USA).
Among the three anions, SO42~ and Cl~ went through ion chromatography as a part of the
Water Pollution Standard Method for the analysis, and the analysis tool that was used was
IC (850 Professional, Metrohm, Switzerland; ICS-5000+, Dionex Thermo Fisher Scientific,
Waltham, MA, USA). HCO;~ was analyzed through 0.05 N HCl titration on site for the
analysis. The analysis results from the selected cations and anions were used to classify the
groundwater quality by using a piper diagram. This study concludes the classification of
groundwater quality by comparing various data such as the ratio by groundwater quality
at the survey areas. The classification includes the Ca-HCOj3 type, which indicates shallow
groundwater; the Na-HCOj3 type, which shows the reaction between groundwater and
water quality; the Ca-Cl type, which can prove that there has been artificial contamination;
and the Na-Cl type, which is influenced by seawater [24].

2.4. Analysis on PFAS Samples

In total, 16 PFASs (11 carboxylic items such as PFOA and 5 sulfonic items) underwent
the method called US EPA 537 (Rev. 1.1) by using the solid phase cartridge for extraction
and enrichment before analysis. The collected samples for the PFAS analysis were filtered
through the membrane filter (0.45 um, mixed cellulose ester, AdvanTec) and were used as
the initial samples by extracting 200 mL of the leftover fluid.

The product called PFAC-MXB and EPA-5371S by Wellington, Guelph, ON, Canada,
was purchased as the standard and internal standard substances for PFAS analysis after the
dilution process. For the solid phase cartridge, Oasis HLB Cartridge (6 cc) by Waters was
used for sample extraction and enrichment. To activate the cartridge, 18 mL of methanol
and 18 mL of distilled water were injected. After the cartridge activation, 200 mL of the
initial sample that was previously filtered went through another filtering, which allowed
PFASs to be collected in another cartridge. The cartridge was left for drying for about
30 min, followed by another 2 rounds of injection of 4 mL of methanol (total of 8 mL) in
order to flow out PFASs that were collected in the cartridge. A nitrogen gas evaporator to
enrich the flown-out liquid was combined with some of the internal standard substances
and methanol, which finally became 0.4 mL in volume. All the laboratory glassware
that was used during the pre-processing stage was composed of PP, and LC-MS/MS (LC-
MS 8030, Shimadzu, Kyoto, Japan) was used to analyze the pre-processed samples. The
following tables (Tables 1 and 2) describe the instrument and MRM conditions.

Before the analysis on PFASs in groundwater, a quality control method called ES
04001.b in the Water Pollution Standard Method was applied to see whether analysis
methods can be applied. To calculate the method detection limit (MDL) and the limit of
qualification (LOQ), 7 samples were created in the 200 mL purified water at the level of
10 ng/L each for analysis. For the accuracy and precision assessment, five samples at the
low concentration (20 ng/L) and another five samples at the high concentration (50 ng/L)
were created. For the accuracy assessment, the mean values of the test concentration
(20 ng/L, 50 ng/L) and the analysis concentration were calculated in percentage, and the
precision was calculated by the standard deviation for the mean value of the analysis
concentration in percentage. As a result of the quality control by the item, the level of
precision was between 0.6% and 11.6%, and the accuracy was between 90.3% and 108.0%.
The LOQ by item ranged between 0.3 ng/L and 1.6 ng/L, and the reporting limits for all
items were set to be 5.0 ng/L in order to conclude the survey result.
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Table 1. Instrument conditions.
Parameter Condition
Column ACE 5 C18-PFP 150 x 2.1 mm
Mode Binary gradient
Mobile phase A: 5 mM Ammonium acetate B: Methanol
. Time (min) 0 14.00 18.00 18.01 21.00

Gradient Solvent B (%) 25 85 100 25 25
Column flow rate 0.2 mL/min
Injection volume 5uL

Column temp 40°C

Ionization mode Negative ion electrospray
Capillary voltage 4.00 kV
Gas temperature 280 °C

Gas flow 9 L/min (Nj)

Table 2. MRM Conditions.
Retention . .
Compound Carboxyl Target Time Precursorion, Production,
/Sulfonyl /Internal . m/z m/z (CE)
(min)

PFBA 5.620 213.0 169.05 (10)
PFPeA 8.770 262.9 219.10 (8)
PFHxA 10.868 3129 269.05(9)  119.00 (21)
PFHpA 12.332 362.9 319.10(9)  168.95 (17)
PFOA 13.501 4129 368.75 (11)  168.85 (19)
PFNA Carboxyl Target 14.457 462.9 418.80 (10)  218.90 (18)
PFDA 15.277 513.0 469.05 (10)  218.90 (18)

PFUnDA 15.228 563.0 519.00 (13)  319.05 (19)
PFDoDA 16.574 612.9 568.90 (12)  169.00 (25)
PFTrDA 16.544 663.0 619.00 (14)  169.10 (32)
PFTeDA 17.074 712.9 668.95 (13)  168.90 (35)

PFBS 9.435 298.8 98.80 (32) 79.80 (27)
PFHXS 12.562 398.9 79.85 (45) 98.80 (34)
PFHpS Sulfonyl Target 13.580 449.0 79.90 (42) 98.80 (41)

PFOS 14.558 499.0 79.90 (46) 98.80 (37)

PFDS 15.912 598.8 98.80 (55) 80.00 (48)

M2PFOA Carboxyl In 1 13.704 415.0 370.40 (13)  170.40 (36)
MPFOS Sulfonyl terna 14.841 502.7 98.80 (44)

2.5. Risk Assessment of PFASs for Human Body

A risk assessment was conducted for three items (PFOA, PFOS, PFHxS) that are part of
the monitoring items of drinking water defined in South Korea. The exposure scenario con-
sists of the drinking (ingestion) and non-drinking (e.g., dermal contact, inhalation) water
parts, based on a review of reports regarding risk assessment, as well as the total exposure
volume of PFASs in groundwater to the human body through multiple routes; academic
papers; and other references regarding the use of groundwater in South Korea [25]. House-
hold chores (e.g., doing dishes), showering, and indoor/outdoor agricultural activities are
set as the exposure scenario for dermal contact and inhalation routes. For risk assessment,
the concentration of the 95th percentile that was drawn from the in-depth survey was
applied as the standard concentration. A concentration of the 95th percentile is regarded as
a high-end risk within the entire distribution of risk assessment, which can affect 68% of
receptors once it is exposed [26,27], which was drawn by using Crystal Ball ver. 11.0 (Oracle,
Austin, TX, USA). The Guidelines for the Creation of the Risk Assessment Report were the
reference to proceed with non-detect (ND) data depending on the detection frequency by
item [28]. For the process, the study looked into physiochemical parameters and reference
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dose (RfD) by item (Table 3). Table 4 indicates the risk assessment formula by route and
related factors.

Table 3. Physicochemical parameters for human risk assessment of PFASs.

Henry’s ) Vapor
No. Compound ( %:Zl) Constant :;“’Z“I/tse; (rlr?za;rs) log Kow Pressure (rrslgqu) (cnSl/I;r)
8 (atm-m3/mol) (Pa, 25 °C)
1 PFOA 414.07 8.88 x 1077 81'8’215 1.30 x 107> 5.30 421 9500 5.52 x 1072
2 PFOS 500.13 296 x 107° 81'3% 1.30 x 1072 6.43 0.27 570 -
3 PFHxS 400.11 1.96 x 10~10 81.54_11§ 1.31 x 107> 5.17 5.17 2300 -

Note(s): Reference: US EPA RSLs, 2020, https://www.epa.gov /risk/regional-screening-levels-rsls-generic-
tables, accessed on 20 February 2022; PubChem, 2020, https://pubchem.ncbi.nlm.nih.gov/, accessed on 20
February 2022.

Table 4. Risk assessment formula considering ingestion, dermal contact, and inhalation.

Drinking .
(1% Exposure Pathway Equation Reference
o Ingestion LADD\yges. = IRp,,,, x E5E2 x Cq,., [29]
LADD _ SA;xSP . ET;xEExED;
Dermal contact ) Dermal, i B x AT X CGunter [30]
[i: Water use (Washing, Shower, Farm, etc.)]
X
LADD . = BRi 5 ETiXERXED: o v x C
Inhalation [nhal. = BW AT Guunter (31]
[i: Water use (Washing, Shower, Farm, etc.)]
: LADD;
Total non-cancer risk HQ; = L R7D [29]
Total cancer risk ECR; =Y LADD; x CSF [32]

Note(s): LADD (lifetime average daily dose), IR (ingestion rate), EF (exposure frequency), ED (exposure duration),
AT (averaging time), Cgwater (chemical concentration in groundwater), SA (skin surface area), SP (skin permeability
coefficient), BW (body weight), ET (exposure time by water using in exposure space), BR (breathing rate), VF
(volatilization factor), HQ (hazard quotient), ECR (excess cancer risk), CSF (cancer slope factor).

3. Results and Discussion
3.1. Survey Results of Water Quality Status

The order of the elements detected from the survey on groundwater quality status
regarding PFASs (average, detection rate) is as follows: PFOA (0.025 nmol/L, 28.8%) >
PFPeA (0.020 nmol/L, 20.1%) > PFHxA (0.013 nmol/L, 19.6%), which shows a similar
pattern of the PFAS detection overseas (Figure 2). In the results of PFAS monitoring in
groundwater in 2014 and 2015 in China, the major detection compounds were PFOA,
PFPeA, PFHxA, PFOS, etc. [5,33], and, in other research, the major detection compounds
were perfluorobutanoic acid (PFBA), PFOA, PFPeA, PFHxA, and perfluorobutane sulfonate
(PFBS) according to the result in a groundwater sampling from in Italy in 2018 [34]. Fur-
thermore, the European Union (EU) identified PFHxS, perfluorononanoic acid (PFNA), and
perfluorodecanoic acid (PFDA) as substances that are required to be monitored as per the
groundwater watch list [20].

There was no significant difference in the detection frequency and the average con-
centration depending on the survey period (e.g., year, season). However, seven items
with short chains of carbon (8 or less) except PFBS showed a yearly decrease in their av-
erage detection rates year after year, while there was a constant increase in the average
detection rate of PFBS. The contamination monitoring well shows 4.1 times higher average
concentration ([Contamination] 0.189 nmol/L, [Background] 0.046 nmol/L) than that of
the background monitoring well (Figure 3).
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Figure 2. Detection frequencies and average concentration of PFASs.
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Figure 3. Mass-based average concentration by each of the PFASs.

When comparing the distribution of PFASs depending on the existence of pollutants,
only seven items (e.g., PFOA, PFOS) with short chains of carbon (5-8 carbon) were de-
tected from the background monitoring well, while four items (PFNA, PFDA, PFUnDA,
perfluorotridecanoic acid (PFTrDA)) with long chains of carbon (9 or more carbon) were
additionally detected on top of those seven items from the contamination monitoring well.
This result suggests that PFASs with long chains of carbon (e.g., PENA, PFDA, PFUnDA) are
detected as the artificially produced poly-type PFASs and precursor (e.g., 10:2 fluorotelomer
alcohol (FTOH)) are detected from the monitoring well near the contamination sources.
The reason that PFASs with short chains of carbon (e.g., PFPeA) exist in the background
monitoring well is that either precursors with long chains of carbon become those with
shorter chains of carbon due to environmental impacts while moving around as those
precursors move further from the contamination sources, or the soil there has relatively
weaker absorption, and that leads to a wider range of mobility [33,35-38].
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3.2. Results of In-Depth Survey
3.2.1. Analysis Results of Groundwater Quality Classification

As a result of the analysis on groundwater quality classification (2019-2021), 56% of
the groundwater was classified as Ca-HCOj3, which indicates that shallow groundwater is
not contaminated, and 44% were found to be the Ca-(Cl1+NO3 ™) type, which seems to be
affected by artificial pollutants (Figure 4).

2019year
2020year
2021year

Ca¥ «—— Nat+K* HCO;, ——> NO,+CI
Figure 4. Groundwater type in monitored sites.

3.2.2. Results of In-Depth Monitoring

The following information is the result of in-depth monitoring of 15 PFASs 4 times a
year from 40 monitoring wells at 4 sites for 3 years between 2019 and 2021.

Analysis Results from Site-1

The following information is the result of the monitoring of 15 monitoring wells near an
industrial complex (size: approx. 2.7 km?) ([between 2019 and 2021] average, detection rate):
PFOA (0.119 nmol/L, 75.0%) > PFHxA (0.058 nmol/L, 68.9%) > perfluoroheptanoic acid
(PFHpA) (0.052 nmol/L, 55.0%) > PFHXxS (0.020 nmol/L, 50.0%) > PFPeA (0.040 nmol/L,
42.2%), which are the PFASs with relatively short chains of carbon. Among the PFASs,
relatively more of the carboxyl type (88.5%) were detected than those of the sulfonyl type
(11.5%). The PFAS detection rate did not show a meaningful difference depending on the
survey period (Figure 5).

Analysis Results from Site-2

The following information is the result of the monitoring on 10 monitoring wells
near an industrial complex (size: approx. 9.4 km?) ([between 2019 and 2021] average,
detection rate): PFOA (0.425 nmol/L, 71.8%) > PFHxA (0.212 nmol/L, 68.9%) > PFHxS
(0.028 nmol/L, 52.4%) > PFHpA (0.123 nmol/L, 51.6%) > PFPeA (0.079 nmol/L, 37.9%), of
which the pattern is similar to that of Site-1 (carboxyl: 95.9% > sulfonyl: 4.1%) (Figure 5).

Analysis Results from Site-3

The following information is the result of the monitoring on 7 monitoring wells near
an industrial complex (size: approx. 4.3 km?) ([between 2019 and 2021] average, detection
rate): PFOS (0.033 nmol/L, 57.1%) > PFHxS (0.020 nmol/L, 48.8%) > PFOA (0.015 nmol /L,
47.6%) > PFHxA (0.012 nmol/L, 25.0%) > PFHpA (0.006 nmol/L, 21.4%). Among the PFASs,
carboxyl type and sulfonyl type were detected at a similar rate (carboxyl: 49.8% = sulfonyl:
50.2%) (Figure 5).
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Figure 5. Distribution of PFASs in each intensive monitoring site. x Site-1, -2, etc.: PFBA, PFNA,
PFDA, PFUnDA, PFDoDA, PFTrDA, perfluorotetradecanoic acid (PFTeDA) PFBS, PFHxS, PFOS,
perfluorodecane sulfonate (PFDS). s Site-3, -4, etc.: PFBA, PFHpA, PFNA, PFDA, PFUnDA, PFDoDA,
PFTrDA, PFTeDA PFBS, PFDS.

Analysis Results from Site-4

The following information is the result of the monitoring on 8 monitoring wells near
an industrial complex (size: approx. 2.4 km?) ([between 2019 and 2021] average, detection
rate): PFOA (0.044 nmol /L, 65.6%) > PFHxS (0.061 nmol/L, 52.1%) > PFHxA (0.044 nmol/L,
47.9%) > PFHpA (0.026 nmol/L, 46.9%) > PFOS (0.072 nmol/L, 40.6%), of which the pattern
is similar to that of Site-3 (carboxyl: 50.8% = sulfonyl: 49.2%) (Figure 5).

Results of In-Depth Monitoring (4 Sites)

The following information is the result of the in-depth monitoring ([between 2019
and 2021] average, detection rate): PFOA (0.165 nmol/L, 67.6%) > PFHxA (0.086 nmol/L,
55.6%) > PFHXxS (0.029 nmol/L, 50.8%), which are the PFASs with relatively short chains of
carbon (Figure 5).

In particular, a high concentration level of PFASs with relatively short chains of carbon
was detected near the selected industrial complex. The concentration tended to reduce
depending on the flowing direction of groundwater. At Site-1 and -2, there were relatively
more carboxyl-type PFASs (e.g., PFOA) detected, and Site-3 and -4 showed relatively more
sulfonic PFASs (e.g., PFOS) detected. It is difficult to let PFASs in groundwater be reduced
in a natural manner, and that is why they were detected in similar patterns without drastic
changes, regardless of the years when the research was conducted. Those PFASs have also
been a potential contamination source in aquifers [39]. Therefore, there should be more
series of studies, as well as constant monitoring regarding the management and reduction
methods for the contamination source of PFASs (Figure 6).



Water 2023, 15, 1480

10 of 14

100 - 100
Short Chain(C5~C8) R 02019yr 02020yr O2021yr
g 80 - = r_ 80
@ A ;
] A | T g
g 60 B— . o] feseees - 60 =
= — M . Long Chain(>C8) S
£ g
= 40 o . . . - . 40 Um
S A Qo
2 M ~ | | >
5 20 4 M " . - E J A HAL - 20
_
o iR OB o] Al 5 o g o
F & T T TIPS YT TS
L & N OSSP E

Figure 6. Detection frequencies of PFASs in groundwater.

3.2.3. Assessment on Contamination Sources of PFASs in Groundwater

Environmental forensics is defined as evaluating physical, chemical, and historical
information in a systematic and scientific manner with the purpose of developing scientific
and legal grounding to discover where pollutants are discharged in the environment or
how long the pollution has been present. Refs. [40] (208-217), [41] (101-113), and [42]
(1-13) stated that it is possible to estimate a potential origin of pollutants by reviewing
the ingredient ratio of PFASs. Regarding this, ref. [43] (8678-8683) reported that the
ratio assessment on PFHpA /PFOA may help ascertain point contamination sources/air
pollution sources. The correlation is possible because PFHpA is mainly related to a form of
gas FTOH in the course of contacting the surface by rain [44]. Ref. [45] (1-10) announced
that a relatively high level of PFOA/PFNA (same as low level of PFNA /PFOA) can be
a sign that PFASs used for manufacturing various products are directly discharged into
the environment. Alternatively, this high level can be an index regarding the creation of
PFASs such as PFOA and PFHpA, which are created by the precursor of PFASs that exist in
the environment.

This study is designed to compare and evaluate the correlation between the back-
ground monitoring well, contamination monitoring well, and the monitoring well for an
in-depth survey with the contamination impact due to industrial activities by extracting the
ratio of PFNA /PFOA-PFHpA /PFOA. As a result, Figure 7 from the monitoring well for
in-depth survey and the contamination monitoring well show relatively high gradient and
correlation (R?) compared to those from the background monitoring well. In other words,
there was more of an impact from artificial contamination sources (e.g., manufacturing
process of PFASs) for the monitoring well for the in-depth survey and the contamination
monitoring well compared to those from the background monitoring well. In addition,
when comparing the correlation (R?) between the in-depth monitoring well and the con-
tamination monitoring well, the R? from the contamination monitoring well was relatively
low (0.0353). This suggests that there are some monitoring wells that are affected by the
neighboring contamination sources within a 3 km radius, although some monitoring wells
are not affected by the contamination sources.
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ratio.
3.3. Results of Assessment of Risk to Human Body (2018-2022)

As below, Table 5 describes the results of the assessment of risk to the human body
via the route of exposure based on the 95th percentile concentration extracted from the
background survey on PFASs.

Table 5. Risk and exposure assessment results of PFASs in groundwater monitored from 2018 to 2020.

Functional

95th Percentile

Lifetime Daily Dose (ng/kg-Day) Hazard Quotients (HQ)

Group Compound Cancer Drinking Non-Drinking Drinking Non-Drinking
. Dermal . Total . Dermal . Total
Ingestion Contact Inhalation Ingestion Contact Inhalation

PFPeA X 0.56 0.4 5.4 x 107° 0.96 ® ® O ®

PFHXA X 0.63 42 x 1077 8.41 x 10°° 0.63 ® @) o ®

Carboxyl PFHpA X 0.63 87x107% 114 x107° 0.64 ® @) O ®
PFOA (@] 1.52 314 x 107 380 x10°° 1.53 . O O .

PFNA X 0.3 1.09 x 1077 1.02 x 1073 0.3 ® O (@] ®

PFDA X 0.7 521 x 107 3.04 x 107° 0.7 ® o o ®

PFBS X 0.2 731 x107° 247 x 10°° 0.2 © O O ®

Sulfonyl PFHXS X 0.38 1.77 x 1077 9.35 x 10°° 0.38 ® @) @) ©
PFOS X 1.09 6.86 x 107® 514 x 107° 1.09 . O O .

Note(s): Risk level of non-carcinogen (HQ):  [0.1 1], ® [0.01~0.1], ® [0.001~0.01], O [0.001 J].

As a result of risk assessment by item, the route of ingestion shows relatively high risks
to the human body for all the surveyed items compared to dermal contact and inhalation.
Meanwhile, PFOA that contains the confirmed carcinogen shows less than 107° of the
carcinogenic risk level from all the exposure routes. With regard to the non-carcinogenic
risk level, PFOA and PFOS show a level above 0.1, which is a part of the current monitoring
list for drinking water. Other than that, there were more non-carcinogenic risks confirmed
at a level that is not ideal to ignore (between 0.01 and 0.1). This suggests that it is necessary
to secure some measures to manage PFASs. This result of risk levels is similar to the level
suggested by the Interim recommendation of the US EPA [46], of which the HQ level of
PFOA or PFOS is 0.1, and the screening level of ground water is 40 ng/L. Moreover, [47]
has proposed a national primary drinking water regulation (NPDWR) to establish legally
enforceable levels, called maximum contaminant levels (MCLs), for six PFAS in drinking
water about PFOA (4 ng/L) and PFOS (4 ng/L) as individual contaminants.
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4. Conclusions

This study suggests the initial methods of using LC-MSMS for the simultaneous anal-
ysis of 16 PFASs in groundwater. In addition, we obtained the distribution characteristics
and major detection compounds for 16 PFASs in the shallow aquifer by groundwater moni-
toring in wells nation-wide or around locations with high PFAS concentrations. Along with
the human risk assessment with the consideration of the exposure route of groundwater
and the PFAS characteristic pattern assessment on temporal variation, this research has
concluded the following observations:

1.  As aresult of the assessment on possibilities of the simultaneous analysis on PFASs
in ground water, the accuracy (0.6-11.6%) and precision (90.3-108.0%) of each item
meets both Korean and international standards of the analysis methods for PFASs in
water. The LOQ by item ranges between 0.3 ng/L and 1.6 ng/L. The reporting limit
for all the items were set with 5 ng/L of the LOQ, which is suggested by the Korean
Water Pollution Standard Method (ES. 04506.1).

2. Asaresult of the status survey on PFASs in groundwater PFOA (0.025 nmol /L, 28.8%),
PFPeA (0.020 nmol/L, 20.1%) and PFHxA (0.013 nmol/L, 19.6%) were detected in
the aforementioned order. As a survey result of the distribution rate, depending on
different types of PFASs, there were relatively more carboxyl-type PFASs detected
than sulfonic PFASs. In addition, PFASs with relatively short chains (8 or less) of
carbon showed relatively higher concentrations and frequencies than those with
longer chains (9 or more) of carbon.

3. Asaresult of the human risk assessment of PFASs in groundwater, PFOA and PFOS
show relatively higher levels of risk (non-carcinogenic risk level: 10~!) compared
to other PFASs. When it comes to the assessment of risk contribution to the human
body by exposure route, the route of ingestion contributed to risks to the human body
among all the items detected from PFASs more than other routes (e.g., inhalation,
dermal contact).

This study confirms that PFASs in the groundwater in South Korea are detected in the
range of dozens to hundreds ng/L at some locations. In particular, the level of PFOA and
PFOS turned out to be not ideal to ignore according to the assessment of risk to the human
body (non-carcinogenic risk level: 10~1). Therefore, this study concludes that some further
studies are needed regarding the assessment of the movement characteristics of PFASs and
how to eliminate them in the environment in order to secure measures to manage those
that are often detected from groundwater and are harmful to the human body, such as
PFOA and PFOS.
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