G Lt
) University

DETERMINATION OF PER- AND POLYFLUORINATED ALKYL SUBSTANCES
(PFAS) IN MUNICIPAL WASTEWATER IN VIETNAM

An analysis of four PFAS in wastewater from three wastewater treatment plants (WWTPs)

in the South Vietnam

Lappeenranta—Lahti University of Technology LUT
Water Technology program and Master’s thesis
2023

Khanh Linh Nguyen

Examiner(s): Professor Amit Bhatnagar

Professor To Thi Hien



ABSTRACT
Lappeenranta—Lahti University of Technology LUT
LUT School of Engineering Science

Chemical Engineering — Water Technology

Khanh Linh Nguyen

Determination of per- and polyfluorinated alkyl substances (PFAS) in municipal

wastewater in Vietnam

Master’s thesis

2023

71 pages, 14 Figures and 11 Tables

Examiners: Professor Amit Bhatnagar
Professor To Thi Hien

Keywords: wastewater; WWTP(s); PFAS; PFOA; PFOS; PFHxA; PFBS; LC-MS/MS;

activated sludge; Vietnam

Per- and polyfluorinated alkyl substances (PFAS) are well-known for their unique
characteristics. PFAS are extremely chemically and thermally stable in the environment,
making them resistant to any natural processes. With current wastewater treatment design,
PFAS have not been removed properly from wastewater and released into the environment
at an alarming level. That could cause potential risks to human health, plants, and ecosystem.
This study was performed to investigate the PFAS concentrations in wastewater from three
WWTPs in Southern Vietnam. PFHxA, PFOA, PFBS and PFOS were four targeted
compounds. The analysis was done using solid phase extraction (SPE) method and LC-
MS/MS instrument. The results showed high recovery percentages (70%< %R <150%)
including acceptable relative standard deviations (<30%). Four interest PFAS substances
were detected in all samples from three WWTPs over four sampling days in a week. The

highest median concentrations in influent and effluent were detected in WWTP2 at 14.74



ng/L and 14.16 ng/L, respectively. WWTP3 had the median concentration of total PFAS at
9.26 ng/L in the influent and 7.76 ng/L in the effluent. Long-chain compounds
(PFOA+PFOS) were identified as dominant constituents at these two facilities. Even though
PFOA and PFOS have been restricted, they are not totally phased out yet. Meanwhile, in
WWTP1, the median concentration of four PFAS in influent and effluent were 5.68 ng/L
and 7.99 ng/L, respectively with short-chain compounds (PFBS+PFHXA) as dominant
compositions. The removal/degradation rates varied differently among three plants. The
effluent concentration of PFAS in WWTPL increased notably after chlorination while the
PFAS loads in effluent from WWTP3 were slightly reduced by UV radiation. At WWTP2,
the PFAS was rarely removed by the aeration ponds and lagoons. It was observed that higher
PFAS concentrations were detected during the weekend when people stay at home more than
weekdays. Compared to EPA and ECHA advisory limits and the levels detected in some
studies around the world, PFAS concentrations in municipal wastewater in Vietnam were at
very low levels. It is recommended that longer studies of PFAS in sludge and during
treatment process should be done to understand the variations over time as well as the impact

of wastewater treatment technologies on PFAS transformation.
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%R
%RSD
C
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Cospike
Kow

=

Recovery percentage of each analyte

The percent relative standard deviation
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Environmental Protection Agency
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Fluorotelomer Carboxylic Acids
Fluorotelomer Alcohols
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Liquid Chromatography - Mass Spectrometer
Limit Of Detection

Perfluoroalkyl Acids

Per And Polyfluoroalkyl Substances
Perfluorobutane Sulfonic Acid

Perfluorocarboxylic Acids

%
%
ng/L
ng/L
ng/L

ng/L
ng/L
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ng/L



PFHpA
PFHXA
PFNA
PFOA
PFOS
PFPeA
PFSAs
POPs
RSD
SOM
SPE
WWTPs

Perfluoroheptanoic Acid
Perfluorohexanoate
Perfluorononanoic Acid
Perfluorooctanoate
Perfluorooctane Sulfonic Acid
Perfluoropentanoic Acid
Perfluoroalkane Sulfonic Acid
Persistent Organic Pollutants
Relative Standard Deviation
Soil Organic Matter

Solid Phase Extraction
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1 INTRODUCTION

Per- and polyfluoroalkyl substances (PFAS) are a very large class of manufactured
chemicals that have been used in a wide range of industrial and consumer products. They
are found in non-stick coatings on cookware, textiles (e.g., fabric protectors on carpets,
furniture, and clothing, such as waterproof jackets), pharmaceuticals, personal care products
(e.g., waterproof mascara and sunscreen), as well as a variety of food packaging (e.g.,
microwave popcorn bags, take-out containers, pizza box wrappers, etc.) (WHO 2023).
Especially it is a very common constituent of firefighting foams. PFAS acts as a surfactant
creating a thin film that covers the fuel surface to minimize the fuel vapor so that the fire can
be extinguished (Dauchy et al. 2017). PFAS are called “forever chemicals” as they are very
chemically, thermally, and biologically stable in the environment, which makes them non-

biodegradable and these can be bioaccumulated in humans and animals (Pinto et al. 2021).

Until now, more than 4000 PFAS chemicals have been produced and raised concern as a
group of emerging contaminants due to the increasing evidence of harmful effects on humans
as well as on the environment (O’Connor et al. 2022). Recent studies have shown that
exposure to PFAS can lead to human health issues such as kidney and testicular cancer,
diabetes, high cholesterol, issues with liver and immune systems, and reduced fertility
(Caniglia et al. 2022; Yadav et al. 2022).

PFAS have been found all around the world. Their presence is reported in water, soil,
sediment, air, rain, ice. Particularly, increased levels of PFAS have been found in drinking
water due to the contamination of groundwater or surface water. It is believed that
wastewater treatment plants (WWTPs) are the largest and most spreading pathway of PFAS
into the environment (Fredriksson et al. 2022). Since PFAS are not removed properly by
traditional treatment technologies, they spread easily in water cycle such as groundwater,
surface water and even in drinking water. With conventional treatment technologies such as
coagulation-clarification-filtration or biological methods, the removal of PFAS seems to be
very low (Fredriksson et al. 2022; Ahrens et al. 2009; Yadav et al. 2022).

In Vietnam, the information on the PFAS level in the inlet wastewater as well as the amounts
emitted to the environment has not yet been studied. Also, the efficiency of the treatment

methods on PFAS removal is unknown.
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Therefore, this study aims to investigate the PFAS concentration in three municipal
wastewater treatment plants in the South of Vietnam. In addition, the efficiency of

wastewater treatment methods for PFAS removal is also included.
The goals of this study were:

1. To determine the concentration of PFAS in three municipal WWTPs influent and
effluent and compare the results with other WWTPs or international regulatory

limits.

2. To examine the concentration and composition of PFAS in influent and effluent and

the most dominant compounds.
3. To observe the variation of PFAS levels in wastewater in research time.

4. Toinvestigate the impacts of wastewater treatments on removing PFAS and compare

the PFAS level in different processes.

To achieve these goals, a comprehensive literature review was conducted, followed by the
analysis of PFAS in wastewater. The PFAS analysis was carried out firstly by sampling
collection at three WWTPs, then the samples were pre-treated before PFAS were extracted
from the wastewater using solid-phase extraction method. Lastly, PFAS content was
quantified by LC-MS/MS instrument.
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2 BACKGROUND

2.1 PFAS definition and classification

Per- and polyfluoroalkyl substances (PFAS) are over 4000 man-made chemicals classified
as aliphatic compounds (EurEau 2021). They contain one carbon chain with different lengths
where fluorine atoms replace the hydrogen atoms. Polyfluoroalkyl substances are substances
where one or more fluorine atom takes the place of hydrogen in a carbon chain, whereas
perfluoroalkyl substances are substances where all fluorine, instead of H atoms, are present

in a carbon chain (O’Connor et al. 2022).

PFAS family can be divided into polymeric and non-polymeric compounds with many
subfamilies as described in the Figure 1 (Tavasoli 2020). In the non-polymeric group, there
are two major categories: perfluoroalkyl substances that is fully fluorinated and
polyfluoroalkyl substances that is partly fluorinated (Goodrow & Schlosser 2022). About
the perfluoroalkyl substances, their basic chemical structure is a tail of two or more carbon-
fluorine bonds attached with a charged functional group head at the end (Lundgren 2014;
Goodrow & Schlosser 2022). Perfluoroalkyl acids (PFAAS) are the most popular subgroup
of perfluorinated category which is most studied in the environment. PFAAs have two main
classes: perfluorocarboxylic acid (PFCAs) and perfluoroalkane sulfonic acid (PFSAS).
PFCAs and PFSAs structures can be written as CnF2n+1R, where n is the number of carbon
atoms and R is the group head including a carboxylic or sulfonic acid. These compounds
represent the non-degradable or “terminal” PFAS as they do not naturally degrade in the
environment (EurEau 2021). Polyfluoroalkyl substances are the other subgroup of non-
polymer PFAS. These compounds are formulated as CnF2n+1 With at least one carbon bond
to hydrogen or oxygen instead of fluorine atom (Tavasoli 2020). The carbon-hydrogen bonds
make the carbon chain weak that is vulnerable to natural degradation in the environment
(EurEau 2021). The polyfluoroalkyl substances are degraded biologically or chemically into
perfluoroalkyl substances which is fully fluorinated as PFAAs. Hence, polyfluoroalkyl
substances are called PFAAs’ precursors as they are broken down to form PFAAs (Goodrow
& Schlosser 2022).
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]

Perfluoroalkyl Substances Folyfluoroalkyl Substances
| |
| 1 I
Perfluoroalkyl acids (PFAAS) Fluorotelomer-based substances Fluoropolymers
R Perfluaroalkane Perflucropolyethers (PFPE)
Perfluoroalkyl carbaxylic acids/ :
Perfluoroalkyl carboxylates (PFCAs) sulfonamido substances
Side-chain flucrinated polymers
Perfluoroalkane sulfonic acids/ Polyfuaroall elhar carbonylic acis
Perfluoroalkane sulfonates (PFSAs)

Perluoralkane sultonamides (FASAs)

Figure 1: PFAS family and classification based on (Goodrow & Schlosser 2022)

Polymeric compounds are the formation of large molecules which combines many identical
units of carbon and fluorine bonds. Fluoropolymers, perfluoropolyethers and side-chain
fluorinated polymers are different PFAS polymeric subgroups. Side-chain fluorinated
polymers can be seen as PFAAS precursors because PFAAS are created when the connection
points of fluorinated side-chain are broken (Goodrow & Schlosser 2022; Forsberg 2022).
Some polymeric PFAS are considered to have less impact on people and the ecosystem.
Hence, in this study, most interested compounds are non-polymers and are listed as shown
in Table 1.

2.2 Physicochemical properties of PFAS

PFAS are either in solid form as crystalline solids or powder or in the liquid form depending
on the length of carbon chain. PFAS have the strongest C-F bonds making them extremely
chemically and thermally stable in the environment (Meegoda et al. 2020). PFAS can be
characterized by two functional groups: sulfonic acid (—S020H) and carboxylic acid
(—COOH) at the end. While functional group is hydrophilic (attracted to water), the tail (C-
F bonds) is hydrophobic (water repellent) (Cai et al. 2022). It means PFAS substances can
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be splitted among different interfaces, for instance between air and water with the functional

group dissolving in water and the tail being volatile in the air (KEMI 2023).

PFAS are also divided into long-chain and short-chain. For perfluorosulfonic acid group,
long-chain substances contain more than five carbons, and for perfluorocarboxylic acids,
long-chain substances have more than seven carbons (Coy et al. 2022). Depending on the
functional group and the length of carbon chain, they can be either water soluble or water
insoluble. Short-chain PFAS are more soluble in water leading to better interaction with
water molecules while long-chain PFAS are prone to be adsorbed to solid particles, like soil
(Tavasoli 2020). The carbon chain length also affects the volatility in which longer

precursors PFAS are more volatile (Meegoda et al. 2020).

The octanol-water partition coefficient (Kow) is used as an indicator to measure the water
solubility of a compound (Guardian et al. 2021). It is a unitless value and expressed as
logKow. The lower the Kow is, the more water-soluble the compound is (Lundgren 2014).
Gagliano et al. (2020) reported that increasing C-F chain length of both PFCAs and PFSAs

would increase the logKow value, which means water solubility is low in those substances.

Due to these properties, most PFAS can resist the heat, the oxidation, reduction, or any
natural processes. These unique characteristics of PFAS make them widely suitable in many
different applications for instance: paints, non-stick cooking pans, plastic packaging,
aqueous film forming foams, plastic, rubbers, coatings, carpets, and cleaning products.

(United States Environmental Protection Agency 2021)
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Table 1: Characteristics of interested PFAS in this study from database of PubChems

website.
Compound Acrony Structure | Chemical Molecular | Water Log
m formula weight solubility at Kow
(g/mol) 25°C (mg/L)
PFCAs
Short-chain
Perfluorohexanoate PFHxA F CsF11COH 314.05 NA 348
F—t—F
F—1—F
F—t—T1
F——t—F
i
H()/:““‘\U
Long-chain
Perfluorooctanoate PFOA C7F15CO.H 414.07 3300 4.81
—
—F
—1—F
—
—3—F
R
——
P:JK%L‘.
PFSAs
Short-chain
Perfluorobutane sulfonic | PFBS C4F9SOsH 300.1 344 1.82
acid n
=e—3
I
Long-chain
Perfluorooctane sulfonic | PFOS CgF17SOsH 500.13 3.2x1073 4.49

acid

s_ll_.
.
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2.3 PFAS sources and uses

The sources of PFAS can be categorized into two types: direct and indirect. According to
Ehsan et al.(2023), the main direct sources involve firefighting foams and manufacturing
facilities while the main indirect sources can be landfills and wastewater treatment plants
(WWTPs).

2.3.1 Firefighting activities

In firefighting application, high concentrations of PFAS in the environment are found due
to the extensive use of aqueous film forming foams (AFFF) which cool the fire and prevent
it from contacting with oxygen (Reinikainen et al. 2022). They have been widely used in
emergencies, training in military facilities, airport and municipal fire departments (Anon
2022). PFOS is often used as an active ingredient in AFFF with many other PFAS. As AFFFs
have been continuously and repeatedly released into the environment in considerable
amounts, increasing level of PFCA and PFSA have been found in ecosystems (Reinikainen
et al. 2022). More importantly, they can spread widely without degradation once released
into the environment (Environmental Health Program 2017). They can contaminate the soil,
surface water and groundwater (Environmental Health Program 2017). 179,348 ng/L of total
PFOS and PFOA was detected in groundwater in a Marin Corps Base in North Carolina,
USA (Ehsan et al. 2023). PFAS concentration of 70 ng/L was found in drinking water due
to fire training activities in USA. Millions of habitants in China are exposed to greater levels
of PFAS in their drinking water compared to the safe limit in the US (1 ng/L) (Cornelsen et
al. 2021). Firefighting foam used for training is the most significant reason of this high PFAS

level.

2.3.2 Industrial facilities

Industrial operations include manufacturing facilities where PFAS are produced and used to
produce goods. Those facilities include textile and leather, paper mills, metal plating, wire
manufacturer, industrial surfactants, plastics, and semiconductors, non-stick cookware,

pesticides, personal care products (Anon 2022). During the manufacturing, PFAS can be
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discharged into the nature via disposal waste, accidents like leaks and spills, waste
discharges. Until July 2012, thousands of industrial sites in USA that are producers of PFAS
are suspicious of being a PFAS source (Hayes & Faber 2020). It may have resulted in nearly
two-third of American population consuming drinking water contaminated with PFAS
(Cordner et al. 2021). The industrial sites have been polluting the nearby fresh water bodies
with a concentration up to 1000 ng/L (United States Environmental Protection Agency
2021). Meanwhile in Europe, soil and water have been PFAS-contaminated by over 17,000

industrial sites with at least 10 ng/L up to hundreds and thousands ng/L (Dagorn et al. 2023).

2.3.3 Landfills

Landfill leachate is known as a huge source of PFAS due to many products containing PFAS
that end up in landfills (Ehsan et al. 2023). Those products can be kitchenware, food
packaging, cosmetics, sunscreen, textile protection, household cleaning agents, carpets, etc
(Lu et al. 2023; Eggen et al. 2010). After their use, they usually are thrown away and
collected by municipal solid waste facility and sent to landfills, which generates leachate
mixed by different waste containing a large amount of PFAS. It leads to significant
contribution of landfills to the PFAS-contaminated surrounding area, particularly water
sources. In one study, twelve PFAS had total concentrations in the range of 33 ng/L to 780
ng/L in water bodies (Ehsan et al. 2023). In another research, it was reported that PFOS and
PFOA concentration can be end up to 82 000 ng/L in the landfills (Huset et al. 2011). In
China, the total concentration of 11 PFAS was detected in the range from 7280 to 292 000
ng/L (Yan et al. 2015). The level in the landfill leachate is much higher compared to other
sources and it can be explained by the PFAS accumulation and complex nature of the

leachate.

2.3.4 Wastewater treatment plants (WWTPS)

Wastewater treatment plants (WWTPSs) acts as a sink of PFAS and as a conduit for many
harmful contaminants like PFAS into the environment through effluent discharges (Tavasoli
2020). PFAS are present in all stages of treatment process including influent, effluent and

sludge worldwide (Yan et al. 2015). It was reported that the PFAS concentration in the final
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effluent was increased compared to that in the influent (Zhang & Liang 2021; Coggan et al.
2019). As a result, PFAS-contaminated effluents are released into the receiving water
leading to the pollution of the water system, the nature and wildlife (Figure 2). The PFAS
observed in the WWTPs and the transformation of PFAS during the wastewater treatment
will be discussed in more details in section 2.7.
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Figure 2: PFAS sources and pathways released into the environment (Tavasoli 2020).

2.4 PFAS in the environment

Detection of PFAS in different environments containing air, soil, surface water, and
groundwater has been recognized due to their resistant degradation and wide spreading. A
lot of research has been conducted to have a more insight of PFAS fate and distribution in
different environments. For instance, PFAS can be found in many household items like
carpets, clothing, floor waxes, stain guards, food packaging which can cause the indoor air
pollution (Morales-McDevitt et al. 2021; Perkins 2021). If PFOS and PFOA are present with
high levels in dust, certain PFAS like fluorotelomer alcohols (FTOHSs) are usually identified
in indoor air due to its high volatility (MICHIGAN DEPARTMENT OF ENVIRONMENT
2019). The average concentration of FTOHSs can be at least 100 ng/g of dust (Ehsan et al.
2023). Another report found that the FTOHs concentration in schools, homes and offices can
be in the range of 9 000 - 600 000 pg/m? (picograms/cubic meter) while PFOA and PFOS
can be about 1 - 440 pg/m? (The Interstate Technology & Regulatory Council (ITRC) 2020;
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Morales-McDevitt et al. 2021). Many researchers found that higher PFAS levels can be
found in indoors than outdoors due to the presence of consumer products containing PFAS
(The Interstate Technology & Regulatory Council (ITRC) 2020; MICHIGAN
DEPARTMENT OF ENVIRONMENT 2019).

PFAS-contaminated soil has also received a lot of attention due to their transformation in
soil, which leads to pollution in the surrounding sources such as rivers, lakes, drinking water
posing harmful impacts on the human as well as the biota. It was found that the protein in
soil is a favourable spot for sorption of PFAS, which makes soil organic matter (SOM) be a
large tank for PFAS collection and storage from many places (Jha et al. 2021). Once it is
present in soil, PFAS substances are soluble and can spread into groundwater, surface water
and even drinking water. This leads to the bioaccumulation and biomagnification in animals,
plants, and human. Long-chain PFCAs like PFOA and PFOS are dominant in total PFAS
found in soil and sediments while shorter-chain PFAS are stored more in plants because of
their higher water-solubility, higher mobility and lower sorption to soil (Wang et al. 2023;
Bowman 2015; Ateia et al. 2019). As a consequence, these can travel further from the
original source, more widespread in the environment, impacting more communities in
further areas. In Norway, PFAS concentration in ten landfill sediments was recorded at a
considerably high level ranging from 8.5 to 120 pg/kg, equivalent to 8500 - 120 000 pg/g
(Knutsen et al. 2019). In another study, total PFAS concentration in soil was recorded
between 36 and 17 570 pg/g at 62 locations in six continents excluding Antarctica.
Especially, the PFAS levels in Northern hemisphere were monitored to be higher than in

Southern hemisphere (Knutsen et al. 2019).

PFAS in water is also a hot topic in scientific research in many countries. Carbon chain
length and functional groups play crucial roles in PFAS behaviour in groundwater and
surface water. While the carboxylic and sulfonic groups allow PFAS be soluble in water, the
chain length affects its sorption ability to soil (Knutsen et al. 2019). Even though the
detection rate of short-chain PFAS is higher, PFOA or PFOS is usually the main component
in total measured PFAS in water (Koch et al. 2019; Xu et al. 2021). For instance, in China’s
river, PFOA released from fluoropolymer factories was identified as the prime compound in
total PFAS measured with concentrations from 1 to 4534 ng/L (Lam et al. 2017). In Sweden,
the PFAS concentration was determined at 1920 ng/L averagely at three freshwater sites
with PFOS as the main compound (Koch et al. 2019). Surface water, river, and groundwater
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from different regions across Vietnam were investigated with a high concentration of 53.5
ppt PFOA and 40.2 ppt PFOS (Lam et al. 2017). All these PFAS levels are above the US
advisory limits and PFAS can be transported easily and widely. These contribute to the
pollution in drinking water source, leading to many detrimental impacts on the ecosystem as
described in more details in section 2.5. PFAS have also been found in ice and snow, which

proves the fact that PFAS can travel long distance and pose risks to many areas.

2.5 Biological exposure and toxicity of PFAS

Over time, PFAS leaked into air, soil and water can make people exposed via consumption
of food and water containing PFAS, inhalation of air and dust particles and dermal
absorption (Concawe 2016). Exposure to PFAS most likely occurs via food and water
consumption. However, determination of these chemicals in food is quite challenging due to
the changes in PFAS when it comes to contact with other materials and processed in different
ways of cooking (De Silva et al. 2021). Compared to information about oral route, the data
on other paths are also available but quite limited such as dermal absorption, inhalation of
indoor/outdoor air due to its extensive variation in physicochemical properties which makes

the analysis very difficult (Pinto et al. 2021).

2.5.1 PFAS levels in humans

Due to slow break-down characteristic, repeated PFAS exposure can cause bioaccumulation
in human leading to adverse effects such as metabolic toxicity (liver damage, increasing
cholesterol levels), reproductive and developmental toxicity (decrease in birth weight,
increasing time to pregnancy), endocrine disruption (thyroid disease), and tumour (testicular
cancer, kidney cancer) (Division of Cancer Epidemiology and Genetics n.d.; Fenton et al.
2021). It was reported in a study that different PFAS compounds like PFOS, PFOA, PFNA,
PFBS, and PFHpA were found at high levels in women from two big cities, Hanoi and Ho
Chi Minh, in Vietnam (Tao et al. 2008). In particular, PFOS concentrations in their
breastmilk (11.8 ng/kg body weight per day) were much higher than the advisory limit for
these total five compounds in the Vermont State of USA. It also might cause a 7 to 12 times

higher daily intake of PFOS in Asian infants compared to dietary intakes for adults in Europe



22

like Germany (1.4 ng/kg body weight per day) and Spain (1.07 ng/kg body weight per day)
(Tao et al. 2008). Typical long-chain compounds PFOA and PFOS tend to be bind to proteins
(not to lipids) (Concawe 2016). They are usually found in blood, liver, lung, kidneys and
breast milk (Concawe 2016). Many studies have also found that the PFAS level in human
blood can range from tens to thousands ng/mL depending on location, population, potential

exposure, duration and time (Olsen et al. 2005).

Different health effects related to PFAS exposure have been studied. However, it is still
limited for over 4000 PFAS substances. The main focus is particularly on PFOA and PFOS.
Because short-chain PFAS are excreted slower than long-chain PFAS, they are less detected,
which leads to less epidemiological information available for short-chain PFAS (Olsen et al.
2005). Moreover, because exposure history is unavailable, there are many uncertainties in
health impacts’ evidences (Olsen et al. 2005). With current available data, it shows that
elimination half-lives of long-chain PFAS in humans take some years for example, PFOS of
3 to 27 years, PFOA of 2 to 10 years; meanwhile, short-chain PFAS takes days like PFBS
of 27 days (United States. Agency for Toxic Substances and Disease Registry 2018).

2.5.2 PFAS levels in animals

PFAS toxicity has also been reported in animals. PFOA and PFOS are the main target PFAS
that has been investigated in laboratory scale in a more controlled environment with rats,
mice, and monkeys. The main effects caused by PFAS toxicity in animals are on the
reproduction and development system, on the liver, thyroid hormone levels, and
gastrointestinal system (Concawe 2016). In particularly, PFOS has been considered as
slightly toxic to aquatic animals and become a predominant compound in fish (De Silva et
al. 2021). A study found that PFOS content in fish from Vietnam was determined at a level
of 10 ng/g wet weight and that was higher than in other Asian countries like Japan, Thailand
and Malaysia (Murakami et al. 2011). Near a fluorochemical production site, the PFOS
concentration in fish can be up to 263 till 348 ng/g wet weight as reported in one study in
China (De Silva et al. 2021). Despite some differences, the toxic effects observed in animals
due to PFAS exposure often align with the health issues seen in humans and more studies

are required for a better understanding.
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2.6 Regulations and legislations concerning PFAS

The danger of PFAS to people as well as the environment has raised significant concern due
to their resistance to biodegradation, which can cause biomagnification. The degree of
biomagnification increases with the length of perfluorocarbon chain (Concawe 2016).
Hence, the regulated restrictions have more focused on long-chain PFAS.

In Europe, many PFAS groups are already banned, and they have suggested a gradual ban
on these chemicals in firefighting foams. The EU’s Persistent Organic Pollutants (POPs)
Regulation has banned on using PFOS and its derivatives since 2009 and PFOA since July
2020 (ECHA European Chemical Agency n.d.). According to the European Chemicals
Agency (ECHA), PFOA and its derivatives have been considered of very high concern. As
a result, from February 2023, long-chain PFCA (9 - 14 carbon atoms) will be restricted as
proposed by German and Swedish government (KEMI 2023). Starting from 2021, the limit
level for all PFAS for European drinking water quality is 0.5 pg/L, which is similar to the
standard value for drinking water guideline for PFOA and PFOS in Canada (Government of
Canada 2019; ECHA European Chemical Agency n.d.).

Meanwhile, in the United States, currently no national drinking water standards for PFAS
are available. In 2009, EPA established a healthy advisory level of 400 ppt for PFOA and
200 ppt for PFOS in drinking water. In 2016, these levels were changed to 70 ppt of PFOA
and PFOS separately or combined. Some states and organizations in US like Environmental
Protection Agency (EPA), Agency for Toxic Substances and Disease Registry (ATSDR)
have set advisory levels for PFOA, PFOS or even other PFAS. Their guideline values range
from 8 to 70 ppt. The regulatory concentrations of PFAS set by some organizations, mostly
in USA, are described in Table 2 (Christy A. Barlow 2019; The Interstate Technology &
Regulatory Council (ITRC) 2020).
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Table 2: International and US standards for drinking water quality for PFOA, PFQOS, and

other PFAS (in ppt) (Christy A. Barlow 2019).

Agency Standard/Guidance PFOA PFOS PFNA PFHxS PFHpA PFDA PFBA PFBS

WHO Health-Based Guideline 4000 400

EPA Health Advisory 70 70
cT Action Level 70 70 70 70 70

MA Proposed Health Advisory 20 20 20 20 20 20 2000
MI Screening Criteria 8 16 6 51 420
MN Health-Based Guidance 35 15 47 7000 3000
NH Proposed MCL 12 15 11 18
NJ Proposed MCL 14 13 13

NY Proposed MCL 10 10

NC* Health Goal
VT Health Advisory 20 20 20 20 20

*NC adopted EPA health advisory levels for PFOA and PFOS.

Shaded cells indicate the value for which the sum of the shaded PFAS are not to exceed.

MCL = Maximum contaminant level

In Asia, some countries become a part of the Stockholm Convention and PFOS is restricted

in line with the convention listing. But PFAS are poorly regulated in Asia like Indonesia,

Japan, Malaysia, Thailand, and Vietnam. Vietnam has become a member of the Stockholm

Convention since 2004. PFOS was listed to restrict its production and use by the treaty in

2009 and it went into legal force in Vietnam in 2010. However, like many other Asian

countries, most PFAS substances are unregulated in Vietnam (Anon 2019).

2.7 PFAS in wastewater treatment plants

The presence of PFAS in influent and effluent of different WWTPs has been studied around

the world. Moreover, the influence of different wastewater treatment technologies on PFAS

degradation or removal have also been evaluated.
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2.7.1 Occurrence of PFAS in wastewater

PFAS have been extensively detected in inlet wastewater and treated water of many WWTPs
around the world. They are known as one of the main origins of PFAS releasing into the
water bodies. PFAS concentrations are also directly related to PFAS discharged from
WWTPs. By identifying the PFAS composition in both influent and effluent, the degradation
or removal rate of different PFAS compounds were observed. It was found that short-chain
PFAS dominated total PFAS content in dissolved phase due to their higher water solubility.
PFOA, PFOS, PBS were the main components in the discharge of the plants (Tavasoli 2020).

It has also been reported that PFAS are released at WWTPs, and the concentrations
considerably increase due to the higher volatility in aeration tank compared to in other steps.
The levels of total PFAS in air at WWTPs were assessed 3 to 15 times higher than the nearby
areas. (Reth et al. 2011)

Many studies have reported that PFAA concentrations increase after treatment process
(ECHA European Chemical Agency 2023; Clara et al. 2009; Martin et al. 2004). They found
that the PFAS concentration in the treated water was elevated compared to the influent
(Zhang & Liang 2021; Coggan et al. 2019). It could be because the PFAS precursors were
broken down by treatment method to create PFAAS, which causes higher PFAS levels in the
effluent (Lenka et al. 2021). The biodegradation of PFAS precursors may occur, for instance
from perfluorooctane sulfonamido acetate to PFOS, or from Fluorotelomer alcohols
(FTOHs) to PFOA (Barisci & Suri 2021). Table 3 shows some examples of precursors and

their terminal products detected in wastewater samples.

Table 3: Precursors and their terminal products (Phong Vo et al. 2020).

Precursors Main products

6:2 FTSA PFPeA , PFHXA , 5:3 FTCA
8:2 FTOH PFHXA, PFPeA, PFOA, PFHpA
FTSA PFHXA, PFOA, PFHXS, PFOS
FOSA PFHXxA, PFOA

6:2 FtITAOS 6:2 FtTP
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In China, a study was done testing 16 PFAS from municipal wastewater. PFOA accounted
for the highest concentrations, followed by PFOS and both levels in the effluent (1-107
ng/L) showed higher than in the influent (1-91 ng/L) (Zhang et al. 2013). Another
investigation in a WWTP in Lincoln, Nebraska showed similar pattern. The PFAS
concentrations increased after treatment and the PFAS in treated water was observed four
times greater than the concentration detected in the influent (Caniglia et al. 2022). Past
research in eight municipal WWTPs in USA reported the same results. The concentration of
PFCAs like PFBA, PFHXA increased more in the effluents due to the precursors of PFAS
(Houtz et al. 2016). Due to their persistent characteristics, the current wastewater treatment
processes cannot remove PFAS properly from the final effluent. It has been found that less
than 5% of PFAS are removed by the conventional WWTPs (Yu et al. 2009).

2.7.2 Treatment technologies for PFAS removal from wastewater

a. Biological methods

Conventional treatment techniques like biological activated sludge cannot effectively
remove PFAS because of their persistent characteristics. Besides PFAS properties, system
parameters are also important factors influencing PFAS removal such as pH, sludge
composition, retention time. It is indicated that low pH 2 is more favourable for PFAS to
adsorb to sludges than pH 8 or higher (Forsberg 2022). Also, sludge containing more protein
adsorbs PFAS better than sugars and oil (Concawe 2016). It was recorded that some PFAS
are negatively charged causing the sorption of PFAS on to the sediment and the sorption
increases when there are certain divalent cations like Ca?*, Mg?" (Zhang et al. 2013).
Hydraulic retention time is also an important parameter affecting how long PFAS are
exposed to attach to sewage sludge. The adsorption of PFAS to solids grows with longer
retention time, resulting in PFAS removal from aqueous phase because PFAS are attached

to sludge and were eliminated with the sludge (Forsberg 2022).

According to Zhang et al. (2013), short-chain PFAAs are more frequently determined in
effluent while long-chain PFAAs are usually found in sludge. It can be caused by the water

solubility of PFAAs because the water solubility depends on the chain lengths. Long-chain
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PFAAs are prone to sorb to solid particles while short-chain PFAAs are dominant in the

water.

b. Physical/Chemical methods

Membrane filtration is a typical physical treatment of PFAS and is considered as an
extremely efficient method (Phong Vo et al. 2020). Microfiltration (MF), ultrafiltration (UF),
reverse osmosis (RO) and nanofiltration (NF) are main four processes in which RO and NF
are high-pressure membrane and most favourable for removing PFAS (Phong Vo et al.
2020). The removal rate of PFOS was reported to be able to achieve almost 100% and the
rougher surface would be more efficient for PFAS adsorption than the smooth surface
(Saawarn et al. 2022). Meanwhile, NF270 membranes in nanofiltration can remove 99%
PFAS including both short-chain and long-chain substances such as PFHXA, PFOA, and
PFOS. Nevertheless, both processes face one crucial issue which is fouling. It can impact
the system’s performance greatly. In addition to their high cost maintenance, these
weaknesses makes them difficult to be applied in large scale (Saawarn et al. 2022).

Several chemical treatments have been studied for removal or degradation of PFAS. In
Advanced Oxidation processes (AOPs), powerful oxidant (-OH) are generated to degrade
PFAS. Some processes have been found effectively degrading PFAS substances such as
Photo-Fenton, ozonation, catalyst-supported UV. With UV/ozone combined treatment, 73-
79% of PFAS can be removed (Dai et al. 2019). Or under UV radiation with gallium oxide
(Ga203) and peroxymonosulfate (PMS) catalyst, 100% PFOA can be transformed into short-
chain compounds like PFHxA, PFHpA (Phong Vo et al. 2020). Photo-Fenton oxidation
could also achieve more than 90% degradation efficiency for PFOA with the support of UV
system (Saawarn et al. 2022). However, large chemical consumption as well as production
of secondary contamination like chlorine gas are drawbacks of these advanced processes to

be used in real applications.

Advanced reduction processes (ARPs) are another chemical treatment for PFAS
degradation. They use UV radiation, ultrasound, microwave with chemical catalysts such as
ferrous, sulfite, aqueous iodide to generate strong reductive radicals to breakdown PFAS in
water (Nzeribe et al. 2019). Using aqueous iodide (KI) under UV light has shown a
promising result with 98% PFOA degradation. On the other hand, catalysts like sulfite
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(SO3%" ) and dithionite (S204 >~ ) under UV radiation poorly treated PFAS with efficiencies
less than 10% and 36%, respectively (Saawarn et al. 2022). ARPs, thus, still need further
investigations to optimize the operation conditions, increase the degradation performance
and identify the optimal catalysts. Additionally, secondary pollutants from processes are also
an important issue that should not be ignored.

Plasma is a high-voltage treatment which generate reactive oxygen species like OH, Ha, O,
H20- and aqueous electrons (e—q) to degrade PFAS (Nzeribe et al. 2019). It was found as a
more effective treatment than AOPs and can breakdown PFAS precursors in 1 minute to
levels below US EPA standards (Phong Vo et al. 2020). This method can degrade PFOA and
PFOS into short-chain compounds and those substances are continually degraded into non-
fluoride products. Even though high degradation efficiency was achieved in large-scale
study, high voltage requirement and high operation cost for maintenance and safety are main

drawbacks of this technology to be employed in real cases (Saawarn et al. 2022).

c. Comparison the efficiency of different methods for PFAS removal

In general, biological treatment techniques have the lowest treatment efficiency as
mentioned in many previous studies (Coggan et al. 2019 ; Fredriksson et al. 2022; Ahrens et
al. 2009; Yadav et al. 2022). With physical treatment, PFAS can almost 100% removed but
it would face fouling problem, and this requires expensive replacement and maintenance.
Meanwhile, with chemical treatment, high percentage degradation of PFAS can be achieved
but under certain operational parameters. Chemical treatment for PFAS is still challenging
due to many drawbacks of these methods such as high voltages, large chemical
consumptions, production of secondary pollutants, dependence on various parameters like
temperature, catalyst dosage, pH, etc (Saawarn et al. 2022). Hence, it needs further studies

for optimal systems to be used in full-scale as well as real applications. (Table 4)

Table 4: PFAS degradation /removal efficiency by five wastewater treatment technologies
(Fredriksson et al. 2022; Saawarn et al. 2022; Phong Vo et al. 2020).

Treatment technologies Specification Efficiency

Biological Activated sludge low



Membrane
AOPs

ARPs

Plasma

RO and NF

UV/ozone

Ga203/PMS (UV supported)
UV-Fenton system

Aqueous iodide under UV light
S,04> under UV light

SO3%" under UV light

99%
73-79%
99%
90%
98%
36%
10%
55-100%

29
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3 MATERIALS AND METHODS

In this chapter, the details of wastewater samples collection from the wastewater treatment

plants, PFAS extraction in wastewater and PFAS analysis are given.

3.1 Sampling sites

The first WWTP (WWTPL1) applies activated sludge method for treated wastewater and has
a capacity of 141 000 m®/day. It starts with screening to remove trash and coarse matter, then
aeration tank where the bacteria or microorganisms break down the organic matter using
oxygen and consuming contaminants as food. As they grow, they form particles that clump
together and settle to the bottom of sedimentation tank. Lastly, the water is disinfected with

Javen before releasing it into the environment.

The second WWTP treats wastewater and sewage from the nearby canal called the Den canal
with a capacity of 30 000 m3/day for about 120 000 residents. At the second facility labelled
as WWTP2, Aerated lagoon and stabilization pond technology was used to treat municipal
wastewater. It starts with a screening to remove coarse matter, then a pumping station
transferring water to the aeration lagoons. Next is sedimentation ponds where the solids and
particles bind pollutants produced from the aeration lagoons settle to the bottom of the pond.
And last is the maturation pond which stores the final effluent before discharging into the

canal.

WWTP3 is the last wastewater treatment plants in this study. The treatment process includes
screening, sequencing batch reactors (SBR), then UV disinfection. The capacity of this
facility is about 9000 m3/day. Sequencing batch reactor is mainly based on an activated

sludge wastewater.

3.2 Sample collection

Wastewater samples in each WWTP was taken in the morning and afternoon on the same

day, every two days in a week (from 21st of April till 17th of May 2023). Samples (n=24)
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were taken after the screening for trash removal and after disinfection right before discharge
to the environment (Figure 3). Grab samples from influent and effluent were collected in 2L
High density polyethylene (HDPE) bottles pre-rinsed with MiliQ water, methanol, and site
water (the bottles were completely dried before collecting samples). The samples were
refrigerated until extraction.

WWTP1
Influent Effluent
: 5 The
: The first Aeration i ; f
Input \ Screening o secondary Disinfection Discharge

WWTP2

Influent Effluent
WWTP3

Influent Effluent

The
Input Screening SBR secondary Disinfection Discharge
clarifier

Figure 3: Sampling points of influent and effluent during wastewater treatment processes in
three WWTPs.

In each wastewater treatment facility, a field blank and a field replicate sample was collected
to evaluate the possible PFAS contamination during sampling procedure. The tools and
equipment used during sample collection was described in more details in Appendix A.
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3.3 Chemicals and reagents

The compounds determined in this study were perfluorocarboxylic acids (PFCASs): (1) acid
perfluorohexanoic (PFHxA), (2) acid perfluorooctanoic (PFOA); the perfluorosulfonic
acids (PFSAs): (3) acid perfluorooctane sulfonic (PFOS), (4) perfluorobutane sulfonic
(PFBS).

Methanol (Supelco, Germany) was used for rinsing equipment, in experiments requiring
methanol. MiliQwater was used for rinsing equipment and solid extraction. Acetone (Merck,
Germany) was used for experiments and rinsing equipment. Ammonium acetate (Merck,
Germany) was used for experiments. The solid phase extraction (SPE) cartridges were from

Waters, USA and used to concentrate samples.

The surrogate standards (SR), $3Cs-M8PFOA and *3Cs-M8PFOS, were added to each sample
right before solid phase extraction procedure to monitor the extraction performance as well

as quality control. Both standards were from Wellington Laboratories, Canada.

Internal standards (IS) (Wellington Laboratories, Canada), **C4-PFOA and 13C4-PFOS, were
added before instrumental analysis. They were used to correct any possible losses during
instrumental analysis (Shoemaker & Tettenhorst 2018). A mixture of 4 native PFAS with a
concentration of 25 ppb was prepared in methanol for spiking and measuring the recovery
of each PFAS analyte. It was purchased from Welling Laboratories, Canada. A 0.025M
ammonium acetate buffer in the pH range of 4 was prepared for removing interferences in
further purification procedure. Ammonium acetate, acetone (Merck, Germany), methanol
(MeOH) and acetonitrile were obtained from Scharlau, Spain.

3.4 PFAS extraction — Solid phase extraction (SPE)

Before the extraction of PFAS in water, all wastewater samples (500 mL) were filtered to
remove suspended solids through 47 mm glass fiber filter according to US EPA Method 533
and 537.1.

Extraction of PFAS was performed through solid-phase extraction (SPE) using Oasis Wax
cartridges and a SPE workstation. The cartridges were rinsed with 8 mL methanol followed

by 8 mL MiliQ water. All samples were prepared with a volume of 100 mL with an addition
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of 20 pL of 10 ppb surrogate standard. For spike sample, 10 pL of 25 ppb mix solution was
added to calculate the recovery and quality control. Water samples were then loaded in 60
mL syringes with a flow speed of one drop per second. The vacuum pump was used if
needed. When all water passed through, 4 mL ammonium acetate buffer was used to wash
the cartridges, followed by 4 mL MiliQ water before the cartridges were dried for 2 to 3
hours. Next, the PFAS in cartridges were eluted with 4 mL acetone and 4 mL methanol at a
rate of one drop per second into a centrifuge tube. The samples were concentrated to 0.5 mL
using a gentle nitrogen stream. Finally, 200 pL MiliQ water was added, followed by an
injection of internal standard. Methanol was finally added to all samples until the volume
reached 1 mL. The final eluate was vortexed for about 30 seconds before filtered through a

0.2 um nylon membrane.

3.5 Instrument

PFAS were analysed by liquid chromatography - mass spectrometer (LC-MS/MS 3500
TripleQuad, Sciex, USA). Chromatographic separation of PFAS was performed on a Luna
Omega C18 column (100 x 2.1 mm, 1.6 um) and a guard column (Phenomenex, USA).
PFAS were separated with the mobile phase of 20 mM ammonium acetate in MiliQ water
(A) and acetonitrile (B) under a gradient elution program. The program run as follow: 0-0.5
min, 30% B; 0.5-2 min, 60% B; 2-3 min 80% B; 3-10 min 95% B; 10-14 min 10% B with
flow rate 0.1 mL/min; 21-30 min, 5% B with flow rate 0.2 mL/min. The column temperature
was 45°C, and the flow rate was 0.2 mL/min. The injection volume was 10 pL. The

instrument parameters were set as described in Table 5.

Table 5: lon source parameters.

Parameters Values
Curtain gas (CUR) 40 psi
lonSpray Voltages (1S) (-) 4500 V
Temperature 450°C
lon source Gas 1 40 psi
lon source Gas 2 50 psi
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Table 6 shows analytical parameters for all PFAS compounds in LC-MS/MS.

Table 6: Analytical parameter for each PFAS analysis in LC-MS/MS.

PFAS m/z DP (V) CE (V) CXP (V)
PFHXA 312.7/269.1 -40 -15 -9
PFHXA 312.7/118.8 -40 -30 -9
PFOA 412.9/368.9 -50 -16 -15
PFOA 412.9/168.9 -50 -24 11

PFBS 298.8/79.8 -100 -60 -7

PFBS 298.8/98.9 -100 -52 -7

PFOS 498.8/79.9 -140 -98 -7

PFOS 498.8/98.9 -140 -86 -5

MPFOAL 417.0/372.0 -60 -16 -15
MPFOS1 503.1/80.0 -140 -100 -7
M8PFOAL 421.0/376.0 -45 -14 -20
M8PFOS1 507.1/80.0 -80 -100 -20

3.6 Quality control

Calibration curves were established by six points for each PFAS. Each point was prepared
by diluting the mix solution of native PFAS with the addition of internal standard and
surrogate standard in methanol:water (4:1, v/v) at concentrations in the range from 0 to 2
ppb. Calibration curves of 4 interested PFAS in this study were shown in Appendix B. To
monitor the matrix loss and extraction efficiency of samples during the experiments, the
blanks, replicate samples and spike sample (as described below) were performed and

monitored in each sample batch (maximum 20 samples).
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- Field Blank Sample — FBS: To monitor the possible contamination during sample
collection.

- Field Replicate Sample — FRS: To monitor the quality of the sampling technique.

- Method Blank Sample — MBS: To monitor any possible contamination from the
laboratory facilities like tools, chemicals during analysis.

- Laboratory Replicate Sample — LRS: To evaluate the reproducibility (precision) of
the laboratory's analytical ability.

- Spike Sample — SP: To calculate the analyte recovery, monitoring the extraction

performance.

3.6.1 Analyte recovery, Relative Standard Deviation (RSD) and Limit of Detection
(LOD)

During analysis, the analyte compounds could be lost due to the analytical procedure and/or
interferences in the water samples. The analyte recovery was determined in spike samples
to evaluate the extraction efficiency as well as the accuracy of the method using the

following equation:

%R - Cmeasured — C X 100 (1)

Cspike
Where: %R = recovery of each analyte (70-150%)
Cmeasured = Mmeasured concentration in the spiked sample (ng/L)
C = measured concentration in non-spiked water sample (ng/L)
Cspike = Spike concentration (ng/L)

To verify the precision of results, relative standard deviation (% RSD) of the replicate

samples were calculated using Excel Microsoft Word based on the equation below:

- /M
5= n—1 2)

%RSD =<+ 100  (3)

KRl w

In which: s =sample standard deviation (ng/L)
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xi = individual values in sample (ng/L)

x =sample average (ng/L)

n = number of individual values in sample

%RSD = the percent relative standard deviation (< 20%)

The recovery percent for each analyte must be in between 70 and 150% while the %RSD of
replicate samples must be less than 30% (Rosenblum 2019; Shoemaker & Tettenhorst 2018).

The limit of Detection is the minimum concentration of a PFAS compound in a sample that
can be consistently and reliably detected (Shoemaker & Tettenhorst 2018). It was calculated
by analysing seven replicates of one sample on the same day with the same method and
procedure (Rosenblum 2019; Shoemaker & Tettenhorst 2018). To determine the LOD value,
the equation followed was used according to US EPA Method 533 with a minor

modification:
LOD=3*s (4)
Where: s = standard deviation of replicates using equation (2)

LOD = limit of detection value of an analyte
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4 RESULTS AND DISCUSSION

4.1 Quality control

Four PFAS (PFHXA, PFBS, PFOA and PFOS) were determined in influent and effluent

samples from three Vietnamese WWTPs. Four target PFAS were not found in any of blanks.

Table 7: Recoveries % and summary of quality control of the target PFAS substances.

PFHxA PFOA PFBS PFOS

LOD (ng/L) 0.15 0.16 0.1 0.08

WWTP1
Recovery (x RSD %) 106+6 104+1 146£12 72+3
RSD % Frs 1 3 3 9
RSD % vrs 0 1 22 4

WWTP2
Recovery (x RSD %) 87+11 108+2 11245 7242
RSD % rrs 2 1 9 2
RSD % vrs 17 9 3 9

WWTP3
Recovery (x RSD %) 7242 85+13 149+12 7418
RSD % Frs 3 4 3 0
RSD % vrs 0 1 25 3

Wastewater samples were spiked with 25 ppb of a native PFAS mixture which contained
four studied compounds. The recoveries of four PFAS in all samples were between 72% and
149% with %RSD < 25% (Table 7). The relative standard deviations of field replicate
samples and laboratory replicate samples were in the range of 1 — 9% and 0 — 25%,
respectively. This suggests that the reliable results were achieved with this quality of

sampling technique as well as the analytical procedure.
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4.2 PFAS concentrations in WWTP1

All four PFAS compounds were detected in WWTP1 water samples in which the highest
and lowest concentrations were detected in the effluent at 9.81 ng/L and 5.13 ng/L,

respectively. (Figure 4)
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Figure 4: Total concentration of four PFAS in influent and effluent from WWTP1.

Specifically, in the influents, PFHxA and PFBS had the highest concentration range while
PFOA had the lowest concentrations. PFOA and PFOS concentrations from the influents
ranged from 0.79 to 1.37 ng/L and from 1 to 1.53 ng/L, respectively. While PFOA and PFOS
levels did not change dramatically over the study period, the concentrations of PFHXA and
PFBS fluctuated relatively over four sampling days. PFHxA was detected in a range from
0.99 to 2.40 ng/L while PFBS concentration showed the highest levels between a range of
1.64 — 2.32 ng/L. It can be seen that PFOA and PFOS (long-chain PFAS) were found less
than PFHXA and PFBS (short-chain PFAS). This might be due to the properties of short-
chain substances PFHxA and PFBS which are more attracted to water molecules than long-
chain substances PFOA and PFOS. Additionally, PFHxA varied to a wider extend than

PFBS. Different functional groups might be the cause of this occurrence. PFHXA had a
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carboxylic acid (—COOH) functional head, which is a weaker acid compared to sulfonic acid
head (—S020H) of PFBS. That might make PFHxA more mobile as well as affected by
external factors compared to PFBS (The Interstate Technology & Regulatory Council
(ITRC) 2020; Meegoda et al. 2020).

In the effluent, PFBS not only showed the highest concentrations in all the samples but also
varied mostly between a range of 2.35 — 6.39 ng/L. Meanwhile, PFHXA was recorded with
the lowest concentrations in all study events ranging from 0.67 ng/L to 1.60 ng/L. PFOA
and PFOS concentrations were recorded in a range from 0.81 to 1.43 ng/L and from 1.11 to

1.63 ng/L, respectively. (Figure 5)
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Figure 5: Concentration of each PFAS in influents and effluents from WWTPL.

While PFOA and PFOS concentrations varied in a low and small range, PFBS and PFHxA
fluctuated considerably from the influent to the effluent throughout the study period. After

treatment process, PFBS increased significantly among four target compounds. The effluent
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Figure 6: PFAS concentrations in four days (6AM and 6PM) from influent and effluent of

WWTP1.

concentrations of PFBS were elevated by 3 to 205% compared to the influent. PFOA and
PFOS were also increased slightly in the effluent by 1 — 31% and by 2 — 66%, respectively.

The increase in PFAS content can be caused by the transformation of PFAS precursors into

terminal compounds (PFCAs and/or PFSAs) during treatment process, leading to higher

concentrations ending up in the treated water. On the other hand, PFHXA concentrations in

the effluent were generally decreased by 37 — 66% compared to the influent. The short chain
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with a carboxylic functional group head of PFHXA makes it easier to degrade and/or remove
than a short-chain sulfonic-head compound, PFBS.

Similar reasons explained for the insignificant change of PFOA and PFOS in both influent
and effluent. Because they are long-chain substances, they are more persistent and less
mobile than short-chain compounds (PFHxA and PFBS) (Chambers et al. 2021). That makes
them more resistant to any treatment processes for degradation and removal even though

they are detected at a very low concentration.
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Figure 7: Percentage (A) and the median concentration (B) of each compound in total
PFAS detected in influent and effluent in WWTPL.
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It can be seen that PFBS has the largest contribution to total PFAS in both influent (35%,
1.99 ng/L) and effluent (60%, 4.82 ng/L). In the influent, PFBS was 1.2 to 1.9 times higher
than PFHXA, PFOS and PFOA. After treatment, it increased by 5.7 times of PFHXA, 4.3
times of PFOA and 4 times of PFOS. Even though in the effluent PFHxA was detected least,
the dominance of short-chain compounds (PFBS and PFHXxA) in total target PFAS still

remained. (Figure 7)
4.1 PFAS concentrations in WWTP2

Four PFAS were all detected in WWTP2. In general, total PFAS loads input at the facility
were not much different from the PFAS loads discharged from the treatment plant (Figure
8). The highest PFAS concentration was found in influent (17.22 ng/L) and the lowest was
in effluent (12.36 ng/L).
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Figure 8: Total concentration of four PFAS in influent and effluent from WWTP2.

PFOA had the highest influent concentrations in between 4.65 and 5.60 ng/L, followed by
PFOS with a range of 3.27 — 4.48 ng/L. The concentration of PFBS and PFHxA were
determined in a range from 3.02 to 3.93 ng/L and from 2.02 to 3.46 ng/L, respectively.
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Figure 9: Concentration of each PFAS compound in the influent and effluent of WWTP2.

Similar pattern of PFAS in the influent was observed in the effluent. PFOA accounted for
the highest contribution to the total PFAS detected with a range from 4.08 to 6.29 ng/L.
Followed is PFBS with concentrations between a range of 3.59 — 4.85 ng/L, PFOS ranging
from 3.04 to 3.48 ng/L and last is PFHXA ranging from 1.35 to 2.42 ng/L.

The effluent concentrations of four substances were generally decreased compared to
influent, except for PFBS. The concentrations of PFOS were reduced by 4 to 26% in the
effluent. The effluent concentrations of PFHXA also decreased by 12 to 57%. Interestingly,
lower concentrations of PFOS were observed in all effluent samples compared to influent
samples while PFOA concentrations fluctuated greatly in the effluent (Figure 9). In contrast
to the decrease, PFBS concentrations increased significantly in the effluents by 4 to 56%
higher compared to the influent. The increase in effluent concentrations of PFBS compound

can be caused by the transformation of PFAS precursors.
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Figure 10: Percentage (A) and the median concentration (B) of each compound detected in
influent and effluent in WWTP2.

In WWTP2, the main components detected in both influent and effluents are long-chain
substances, PFOA and PFOS, with PFOA as the largest constituent. Followed is short-chain
substances PFBS and PFHXA. After treatment, this distribution was almost the same with
PFOA (35%), PFOS (24-26%), PFBS (22-28%) and PFHXA (13-17%).

4.2 PFAS concentrations in WWTP3

Generally, sum concentrations of four PFAS in the effluent at WWTP3 were lower than in
the influent. The highest load was found in the influent (19.80 ng/L) and the lowest was in
effluent (4.59 ng/L). (Figure 11)
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Figure 11: Total concentration of four PFAS in influent and effluent from WWTP3.

The concentration of each PFAS in influent and effluent dramatically fluctuated as shown in
Figure 12. The influent concentrations of PFOA and PFHxA varied in a wide range from
1.74 t0 5.88 ng/L and 1.43 to 5.86 ng/L, respectively while PFOS and PFBS ranged from
1.78 to 4.88 ng/L and from 1.78 to 3.18 ng/L. On the other hand, in the effluent, PFBS
concentrations were the highest among all target compounds with a range of 1.87 — 3.39
ng/L, followed by PFOA ranging from 0.91 to 3.34 ng/L and PFOS ranging from 0.93 to
2.27 ng/L. The effluent concentration of PFHxA were noted between 0.64 and 1.49 ng/L.

After treatment, three out of four compounds were reduced, except PFBS (Figure 12). PFOA
and PFHXA were decreased by 43 — 76% and 2 — 76%, respectively. PFOS was decreased
by 2 — 64% in effluents compared to influents. In contrast to the decrease, higher effluent
concentrations of PFBS were observed with an increase ranging from 3 to 26%, which makes
PFBS account for the largest distribution to total PFAS.
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Figure 12: PFAS concentrations in four days (6AM and 6PM) from influent and effluent of
WWTP3.
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Figure 13: Percentage (A) and the median concentration (B) of each compound in total
PFAS detected in influent and effluent in WWTPS3.

Even though PFBS accounted for the largest distribution to total PFAS detected in effluent
(33%) compared to influent (24%), PFOA (27-29%) and PFOS (25-28%) still dominated the
total PFAS loads before and after treatment. PFHxA (15-19%) was the least component in

both influent and effluent.

4.3 Weekly pattern

In WWTP2, no significant difference in the PFAS level over 4 days in a week was observed.
This may suggest that the PFAS release may not be related to the day of the week. On the
other hand, in WWTP1, the total PFAS concentration varied considerably between Friday
and Sunday where the highest influent and effluent loads of total PFAS were recorded.

Particularly, in the afternoon the PFAS loads from both influent and effluent were usually
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higher compared to that in the morning. These can be because of the increasing frequency
of using PFAS-containing products by humans during the weekend as well as in the
afternoon/evening such as cookware, packaging, cosmetics, plastics. Similar to WWTP1, in
WWTP3, total PFAS concentrations fluctuated greatly at the weekend. Interestingly, PFAS
loads were observed to be higher mostly in the morning than in the afternoon. In particular,
the PFAS concentration in the Friday morning was recorded at a very high level, 2 to 3 times
higher than on other days during the week. This may imply a source discharge of PFAS

causing extremely high concentrations to end up at WWTP3.

4.4 Comparison among three WWTPs

As shown in the Figure 14A, WWTP2 had the highest median concentration of total PFAS
from both influent and effluent while WWTP1 and 3 received and released less PFAS in the
water. Considering the whole study period, the PFAS levels at WWTP2 before and after
treatment did not show any significant difference, which means the wastewater treatment
method (aerated lagoon and stabilization pond technology) showed no effectiveness in
removing PFAS from wastewater. Meanwhile, in WWTPL, the effluent concentration of
total PFAS was higher than influent and in WWTP3, the effluent concentration was lower
than the influent concentration but at an inconsiderable amount. In WWTP1, the
conventional activated sludge was applied for wastewater treatment using chlorination to
disinfect water before discharge. It is shown that this method was not effective in removing
PFAS, similar to the results in many studies mentioned in section 2.8. On the other hand, in
WWTP3, ultraviolet (UV) light was used in the treatment process. PFAS were reduced in
the treated water by 21%, which means UV light alone can destroy PFAS in water. However,
the efficiency was very low, similar to the results in some studies by Cao et al. (2010); Dai
et al. (2019); Wang et al. (2017).
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wastewater of all WWTPs, and (B) PFAS relative distribution in inlet wastewater and treated
wastewater of all WWTPs.

It can be seen that short-chain compounds (PFHxA+PFBS) are more dominant in only
WWTPL (62% in influent and 71% in effluent) while in other two facilities, long-chain
compounds PFOA+PFOS dominates the total PFAS detected (WWTP2: 61% in influent and
60% in effluent; WWTP3: 57% in influent and 52% in effluent) (Figure 14B). And the
percentage stayed at similar levels after treatment. This can be because of the persistent

characteristics of long-chain PFAS as mentioned earlier.
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Interestingly, all three WWTPs shared the same pattern of PFBS and PFHXA behaviour: the
increase in PFBS concentration and the decline in PFHXA loads after treatment. It can be
explained by the characteristics of the length of carbon chain and functional group heads of
PFAS compounds. The short-chain substance PFHxA with a carboxylic head is a weaker
acid compared to PFBS, which makes them easier to degrade. At the same time, the
increasing level of PFBS can be caused by the transformation of PFBS precursors. PFBS
salts are identified as direct precursors and their undergoing hydrolysis or photo-oxidation
(for instance UV) can result in the release of PFBS (Nielsen 2017; Bogdan 2019).

PFOA and PFOS are the two most popular compound used in goods production. However,
PFOS was banned according to Stockholm Convention, especially in Europe, PFBS and its
precursors have been found and widely used as an alternative for PFOA and PFOS (Moneta
et al. 2023; Yue et al. 2020). This can also be another reason for the higher concentration of
PFBS in the effluent. In the meantime, PFOA was still widely used and has been only
restricted since 2020. That explains for the substantial presence of this substance in the

environment until today like in WWTP1 and 3.

4.5 Comparison with global data

4.5.1 Comparison with international regulatory limits

With 0.5 pg/L (equivalent to 500 ng/L) as a new European legislation limit for the sum of
all PFAS compounds, the effluent median concentration of total PFAS at all three WWTPs
in the South of Vietnam was below the guidelines (WWTP1: 7.99 ng/L; WWTP2: 14.16
ng/L; WWTP3: 7.67 ng/L). In particular, with the guideline values established by some
organizations in the United States like EPA, the advisory levels are more specific for PFOA
and PFOS with a limit of 70 ppt (or ng/L) (Table 2). The detection levels of PFOA (WWTPL.:
1.11 ng/L; WWTP2: 5.03 ng/L; WWTP3: 2.1 ng/L) and PFOS (WWTP1: 1.22 ng/L;
WWTP2: 3.35 ng/L; WWTP3: 1.14 ng/L) from effluent in this study were much lower than
the advisory level (4 to 20 times lower). Even though PFBS has been becoming more
popular, information on the advisory levels is still limited. Some agencies in USA
recommend a limit range from 420 to 3000 ng/L, which means PFBS concentrations at three
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WWTPs were still safe to the environment. Meanwhile, standard values for PFHxA are not

available at the moment.

Even though all interest PFAS compounds in this study were detected at safe levels, it does
not mean they would be safe in general once they are released into the environment. PFAS
are persistent, can travel long ways and stay forever in water, which can accumulate at high
levels in environmental media (air, soil, and water) then be consumed by plants, animals,

and humans.

4.5.2 Comparison with other studies

Table 8 shows the comparison between the PFAS concentrations determined in this study
compared to those in previous studies worldwide. It shows that PFOS and PFOA are the
most analysed compounds in wastewater in all studies around the world while PFHXA and
PFBS concentrations are rarely available. PFAS concentrations in Vietnam were found much
lower than those reported in selected studies. For example, PFOS and PFOA concentrations
(1 -4.88 and 0.79 — 5.88 respectively) in influent measured in this study were much lower
than those found in China (PFOA: 1.8 — 176 ng/L and PFOS: 2.6 — 6.6*10%ng/L). Vietnam’s
PFOS level was only higher than Korea while the highest level of PFOS present in influent
was recorded in both Asian countries Singapore and China. Singapore, China, Kenya, and
Spain have extremely high values of PFOS up to hundreds of ng/L while USA, Canada,
Sweden and Korea have PFOS concentrations of less than 40 ng/L. Same for PFOA, the
highest levels were detected in China and Singapore. Maximum PFOA concentrations in
Vietnam was higher than means or ranges detected in USA, and Korea and below the means
or ranges measured in North America, Canada, Spain, Sweden, Singapore, China, and
Kenya. Maximum PFHXA levels in Vietnam were higher than levels reported in USA and
lower than Spain, Sweden, Korea, and Kenya. Range concentrations of PFBS in this study
were higher than Sweden and lower than USA.

Table 8: Comparison of PFAS loads in inlet wastewater and treated wastewater (ng/L)
from WWTPs around the world.

Location nWWTPs PFOS PFOA PFHxA PFBS Sources




North
America

Canada

USA

Spain

Sweden

Korea

Singapore

China

Vietnam

Kenya

North
America

Canada

USA

16

12

[y

6.9 - 33

20

11.1-14.6

78.1-118

4.2-27

0.8 (mean)

7.9-3745

1.8-176

1-4.88

146

8.7-6.1

9-210

15.6-205

INFLUENT (ng/L)

North America

9-24 19 (mean) NA
7 NA NA
0.239-0.381 0.477-1.15 3.56-5.67
Europe
19-22.4 1.07 - 1870
55-11 33-6 <1-15
Asia
2.8 (mean) 7.9 (mean) NA
214.1 - 638.2 NA NA
2.6 — 6.6 *10* NA NA
0.79-5.88 0.99-4.88 1.64-3.93
Africa
6.5 18.1 NA

EFFLUENT (ng/L)

North America

8.2-15 6.4 NA
7.0-55 NA NA
6.44-10.3 114-274 244-38.9

52

(Gallen et al.
2018)

(Caniglia et al.
2022)

(Ahrens et al.
2009)

(Forsberg 2022)

(Joo et al. 2021)

(Gallen et al.
2018)

Current study

(Kibambe et al.
2020)

(Gallen et al.
2018)

(Caniglia et al.
2022)



Austria

Finland

Spain

Germany

Sweden

Singapore

China

Vietnam

Kenya

ND: not detected; NA: not available

21

16

12

3

1

4340

7.8-14

76.7-91

5.5

35-24

7.3-461

11-74

0.64-3.48

8.9

Europe

10-220

149-16.4

16.9

6.2-12

Asia

15.8 -1057.1

2.8 -1.6*10°

0.81-6.29

Africa

24

ND — 280

25-49

4.87-17.5

10

3.9-6.5

NA

NA

0.67-2.42

6.1
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(Clara et al. 2009)

(Kibambe et al.

2020)

(Ahrens et al.
2009)

(Forsberg 2022)

(Gallen et al.
2018)

Current study

(Kibambe et al.

2020)

In general, effluent concentration of PFOS in Vietnam was a lot less compared to levels in

all other countries. For example, the maximum PFOS concentration in Vietnam was SiX

times less than in Sweden, 18 times less than in China and >100 times less than in Singapore.

The highest PFOS concentration was once again found in Singapore. Extremely high levels

of PFOS were detected around the world up to few hundreds of ng/L such as in Canada,

Austria, and Singapore. The ranges recorded in both municipal and industrial WWTPs may

contribute to this significant difference. The maximum PFOA level in this study was higher

than in Kenya and below the means or ranges detected in North America, European and
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Asian countries. For PFHXA and PFBS, not all countries have available information.
Maximum PFHXA in Vietnam was the lowest compared to those in USA, Germany, Austria,
Finland, Spain, Sweden, and Kenya while the maximum effluent concentration of PFBS was

higher than that in Sweden and much lower than values detected in USA and Germany.

It is shown that PFAS concentrations varied in an extremely wide range around the world
and can increase to a greatly high level. Singapore and China showed the highest PFOA and
PFOS in both influent and effluent. Meanwhile, Vietnam had the least PFAS loads released
by WWTPs.
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5 CONCLUSIONS

This study investigated the concentrations of four PFAS compounds: PFHXA, PFOA, PFBS

and PFOS in wastewater samples from three WWTPs in the South Vietnam using solid-

phase extraction and LC-MS/MS. The results showed that the recoveries percentage were
between a range of 70% and 150% with %RSD<30%, which demonstrates that the results

from this study are reliable. It can be concluded that:

All four targeted PFAS substances were 100% detected in 24 samples from three
WWTPs over four sampling days in a week. The highest median concentrations in
influent and effluent were detected in WWTP2 at 14.74 ng/L and 14.16 ng/L,
respectively. WWTP3 had the median concentration of total PFAS at 9.26 ng/L in
the influent and 7.76 ng/L in the effluent. Long-chain compounds (PFOA+PFOS)
were identified as dominant constituents at these two facilities. Even though PFOA
and PFOS have been restricted, they are not totally phased out yet. Meanwhile, in
WWTPL, the median concentration of four PFAS in influent and effluent were 5.68
ng/L and 7.99 ng/L, respectively with short-chain compounds (PFBS+PFHXxA) as

dominant compositions.

All three WWTPs applied activated sludge technology for wastewater treatment but
used different disinfection methods. The removal rates varied differently among
three plants. The effluent concentration of PFAS in WWTPL1 increased notably after
chlorination while the PFAS loads in effluent from WWTP3 were slightly reduced
by UV radiation. For the aeration ponds and lagoons without any chemical addition
at WWTP2, the PFAS were poorly removed which might be due to longer retention
time, leading to higher adsorption of PFAS onto solids, resulting in less PFAS
content in the discharged water but at an inconsiderable level and the level was still
high. At all three WWTPs, PFOA and PFOS before and after treatment had similar
levels because the extremely persistent properties of long-chain substances make
them resistant to treatment process. In the meantime, concentration of PFBS was
increased and PFHxA was decreased after treatment. It might be caused by the
transformation of precursors of PFBS. PFBS or PFBS precursors have been
consumed as alternatives to PFOA and PFOS (Moneta et al. 2023). This could be a
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reason for the increasing levels of this substance. And the reduction of PFHXA can
be caused by the treatment because the carboxylic functional group head of PFHXA
is weaker than sulfonic head of PFBS and make them easier to be degraded and/or
removed than PFBS.

All PFAS levels recorded at three WWTPs were below most of the regulation limits
of international organizations like EPA or ECHA and much lower than the levels

detected in selected previous studies around the world.

Because samples were municipal wastewater, it was predicted that PFAS were
mainly released from products such as outdoor textiles, plastics packaging, nonstick
pans, carpets. And the concentrations were observed higher during the weekend
(from Friday to Sunday) when people spent more time at home compared to

weekdays.
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6 FUTURE RESEARCH

In this study, PFAS concentrations were investigated from wastewater at three WWTPs over
four days a week. The results have contributed to the informative data of PFAS levels from
the wastewater released into the environment in the South of Vietnam. However, it is
recommended that more systematic studies for a longer period should be conducted to
understand the variations over time and over seasons (rainy season vs dry season). Moreover,
more samples from different treatment stages at each WWTP can help to have a better
understanding of PFAS behaviour during the treatment process. Particularly, secondary
treatment is a crucial factor in PFAS behaviour in WWTP. Understanding the impact of
secondary treatment on PFAS can give predictions of PFAS transport in the facility.
Furthermore, the identification of PFAS in sludge would expand our knowledge about the
effectiveness of different wastewater treatment technologies on PFAS transformations,
degradation, and removal. Those findings would help to gain sufficient information to better

understand PFAS level releasing into the water for a better and more sustainable monitoring.
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Appendix A. PFAS sample collection procedure at wastewater treatment facilities
Before sampling

Two 2 L HDPE bottles (1 for influent sample and 1 for effluent sample)

Two 5 L stainless steel buckets (1 for influent and 1 for effluent)

MiliQ water

Power free disposal nitrate gloves

PFAS free clothes

A container including ice block for shipment

Wastewater sample collection

1. Before use, all the HDPE tools were rinsed 3 times with distilled water, 3 times MiliQ
and leave them totally dried. After that, they were rinsed with Methanol and air-dried
completely.

2. Arrived at the facility at 5:45 AM

3. The bucketand 2 L bottles were rinsed with the wastewater at sampling points before
collecting samples. Empty out the bucket and bottles.

4. At 6 AM, the samples were collected using the bucket, then they were transferred
into the 2 L HDPE bottles.

5. Empty out the bucket and it was rinsed with MiliQ water before the next sampling
collection

6. HDPE bottles were rinsed outside with MiliQ water to avoid the cross contamination
of each other.

7. Sample bottles were wiped clean with PFAS-free clothes

8. Samples were chilled in the Styrofoam box and delivered to the laboratory for
refrigeration.

9. The procedure was repeated for the evening samples at 6 PM.



Appendix B. Calibration curves of four PFAS analytes.
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Appendix C. Detection of PFAS concentrations in all WWTPs.

Table 9: Detected PFAS concentrations in WWTPL.

FRI SUN TUE THU
6AM 6PM 6AM 6PM 6AM 6PM  6AM  6PM
INFLUENT
PFOS 1.02 153 111 115 117 104 100  1.26
PFOA 1.02 137 080 111 079 101 099  1.09
PFBS 227 197 207 232 164 201 168 184
PFHXA 140 240 152 099 157 235 146 164
ZPFAS 572 727 550 557 518 640 513 583
EFFLUENT
PFOS 113 163 126 116 154 118 111 132
PFOA 1.06 143 081 113 131 109 108 116
PFBS 235 464 332 639 501 508 415 541
PFHXA 072 081 067 113 088 079 160  1.04
ZPFAS 526 851 606 981 873 814 793 893

Table 10: Detected PFAS concentrations in WWTP2.

THU SAT MON WED
6AM 6PM  6AM 6PM  6AM  6PM  6AM  6PM
INFLUENT
PFOS 361 422 448 389 378 327 433 360
PFOA 542 494 548 473 560 480 550 465
PFBS 318 360 351 317 312 326 393  3.02
PFHXA 251 207 275 261 230 202 346 250
ZaPFAS 1471 1484 1622 1440 1480 1334 1722 13.78
EFFLUENT
PFOS 317 348 331 342 338 304 329 347
PFOA 428 522 629 485 476 408 540 527
PFBS 387 373 444 403 48 389 447 359
PFHXA 180 209 242 167 183 135 149 220
SIPFAS

13.11 1451 1646 1397 1482 1236 1465 14.53



Table 11; Detected PFAS concentrations in WWTP3.

PFOS

PFOA

PFBS
PFHXA
24PFAS

PFOS

PFOA

PFBS
PFHXxA
24PFAS

6AM

4.88

5.88

3.18

5.86
19.80

1.811
3.341
3.385
1.474
10.01

6PM

2.85
1.87
2.34
1.43
8.49

2.036
2.785
2.416
1.405
8.64

SUN
6AM 6PM

INFLUENT
3.07 2.56
2.50 2.93
3.09 2.08
1.65 1.78
10.31 9.35

EFFLUENT
2271  0.926
3.126  0.908
3.206 2.089
1.486  0.664
10.09 4.59

TUE
6AM  6PM
178 235
174 2.65
182 216
176  1.67
710  8.82
1952  1.438
2971  1.419
2287  2.675
1297  0.974
851 651

71

THU
6AM  6PM
229 267
392 262
279  1.78
378 180
1279  8.87
2237 1.168
0942  1.287
2801 1874
0924  0.635
690  4.96



