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ABSTRACT
This thesis explores the story of per- and polyfluoroalkyl substances (PFAS) in New England
wastewater systems. PFAS compounds, known for their environmental persistence, toxic nature,
and heavy integration into our daily lives, has recently become an infamous topic in environmental
engineering due to the discovery of contaminated agricultural lands, water resources, and food
systems. In response to these daunting discoveries, regulators have begun looking to reduce point
source pollution of PFAS, including that of wastewater systems and facilities. As conduits of
PFAS, wastewater systems funnel PFAS from industrial, commercial, and residential sources and
emit them into the environment via aqueous effluent and solid sludges. Considering potential
legislative pressure, there is increasing tension to understand PFAS trends and behaviors within
wastewater systems including identifying considerable source types in sewer sheds, fractionation
of PFAS into solids, transformations of precursor compounds within secondary biological
treatment processes, and effect of sludge processing on PFAS transformations and composition.
We look to explore these behaviors using a series of PFAS concentration data from wastewater
systems across New Hampshire and Vermont in a variety of statistical analyses looking at
concentration, composition, and mass flow comparisons. Further work from this analysis, looks to
develop a passive membrane sampler to understand PFAS transformations within wastewater
systems to better understand transformation pathways encouraged in certain wastewater settings,
knowledge vital to the development for PFAS mitigation and regulation strategies.

X

CHAPTER 1: LITERAURE REVIEW AND MOTIVATION
1.1 INTRODUCTION
Per- and polyfluoroalkyl substances (PFAS) encompass over 4,700 compounds on the global
market. Often referred to as, “forever chemicals,” they are known for their thermal stability 1,
resistance to biochemical degradation 2, environmental mobility 3, bioaccumulative effects

2,4,5

,

and toxicity 6–9. PFAS possess widespread applications in both industry and the household for their
thermal and chemical stability, as well as for their hydrophobic and lipophobic characteristics
12

10–

. These compounds are imported and manufactured in the United States and have been found in

urban, rural, and remote settings across the country and the planet 13–15. Since their introduction in
the 1950s, approximately 3,200-7,300 tons of total PFAS have been estimated to been discharged
globally indirectly and directly into our environment 16. Applications for PFAS have been observed
in textiles and paper products17, soil repellent and insecticides18, grease proofing10, and firefighting
foams 19. The most essential form of use for PFAS is historically in aqueous film forming foams
(AFFF), or in fire extinguishers

10

causing future contamination issues in military bases. These

compounds have received their notoriety in the last 20 years, in drinking water 20, in wastewater
treatment facilities 21, in agricultural setting 12,22,23, and interacting with biota in our environment
11

. Most recent concerns are derived from high concentrations of PFAS within human serum and

tissue samples especially in that of contaminated communities 24.

1.2 CHARACTERIZATION
Fluorinated substances are any compounds that contain at least one fluorine atom in replacement
of hydrogen atoms

10

. The fluoroalkyl tail formed in the fluorine replacement forms a very

hydrophobic and oleotrophic compound 25. In highly fluorinated compounds, all hydrogen atoms

1

are replaced with fluorine atoms, this forms a perflouroalkyl moiety (CnF2n+1-)

10

. If only some

hydrogen atoms are replaced with fluorine atoms, then the substance is a polyfluroalkyl substance
(Figure 1.1). A polyfluorinated substance can be degraded into a perfluorinated substance 10. The
stability of the C-F bonds make these compounds highly hydrophobic and lipophobic, both
qualities to which are important in surfactants and polymers 10.

2

Figure 1.1 The classification of PFAS based on nomenclature from Buck et al. 2011.

3

PFAS are often categorized by chain length and functional group (Figure 1.2). The two most
common functional groups are those of perfluoroalkyl carboxylic acids (PFCAs), and
perfluoroalkane sulfonic acids (PFSAs) 10,26. Both functional groups have respective toxicological
effects on biota. Long chain PFAS are characterized as any PFCA with eight or more fluorinated
carbons, and PFSAs with greater than six fluorinated carbons

10

. PFSA long chain requirements

are lower than PFCAs due to PFSAs higher bioaccumulation and bioconcentrations effects

10

.

Short chain PFAS have been found to possess lower sorption coefficients (Kd), increasing their
aquatic mobility potential and increasing their ability for more long-range transport in the
environment 27, all the while long chain possesses higher solids affinities and bio concentrative/
bio accumulative properties.
Number
of

4

5
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7

8
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Figure 1.2 Separation of short chain and long chain PFAS recognized by Buck et al. 2011
and used by this work.
Some long-chain PFAS are known as terminal PFAS, because their fully fluorinated nature
prevents any further anaerobic or aerobic degradation 14. Two very well studied 8-carbon PFAS,
perfluourooctane sulfonic acid (PFOS) and perfluourooctanoic acid (PFOA) are known to possess
strong molecular stability leading to elevated persistence in the environment, concerning
bioaccumulative properties, and well-studied toxic effects 7,10.

4

The final grouping of PFAS to acknowledge and discuss are the polyfluorinated PFAS, or those
compounds with only partial fluorination. Of the 4,700 PFAS compounds mentioned to be on the
global market, 90% of those are polyfluorinated compounds or precursors to perfluorinated
compounds

28

. Two significant groups of these compounds include sulfonamidos and

fluorotelomers (Figure 1.1). Fluorotelomers, which are common precursors to PFCAs, are often
found in the environment as fluorotelomer alcohols (FTOH) (found in acrylates), fluorotelomer
sulfonic acids (FTSA) (found in AFFF or landfill leachate), or fluorotelomer carboxylic acids
(FTCA) (FTOH degradation intermediates)

10

. These compounds are named by the ratio of

fluorinated carbons to that of hydrogenated carbons, for example, 8:2 FTOH 11. Pefloouroalkane
sulfonamido substances are precursors with fully fluorinated tails but with additional CH2
groups29. These compounds are either raw materials or degradation intermediates. Three important
classes of sulfonamido PFAS include n-alkyl perflouroalkane sulfonic acids (Ex. MeFOSA),
perflouroalkane sulfonamido ethanols (Ex. NEtFOSE), and perflouroalkane sufonamido amino
acids (Ex. NEtFOSAA) 29.
1.3 USE AND HISTORY OF PFAS
The history of PFAS dates back to 1938 when PTFE, polytetrafluoroethylene, was discovered by
Dr. Roy Plunkett, which became the base formula for the well-known product, Teflon™. This
compound was introduced in 1949 by Dupont, and Scotch Guard™, engineered by 3M 30,31. The
United States Food and Drug Administration (FDA) approved several of these organic fluorine
compounds including Teflon, in 1962, and Zonyl, a food packaging material, in 1967 30,32. Only a
year later were these organic fluorine compounds detected in human serum, followed by a
correlation to their use and creation five years later 30,33. 3M followed this influx of research with
an announcement that their workers blood contained concerningly elevated concentrations of
5

PFOA in their serum. This was also becoming the case in donated blood. These revelations became
the fuel pushing for the phase out of longer chain PFAS from 3M in 2000 30,34.
Not until 2002 did the EPA begin determining the adverse health effects from these fluorinated
compounds 30. These findings sparked advantageous goals by the EPA set to reduce terminal PFAS
emissions by 95% by 2010 and to completely eradicate their production by 2015 10,26,30. Soon after,
Canada and the European Union set similar expectations 10. In 2000-2002 there was an agreement
to move towards a phase out of PFOS and PFOA by their global manufacturer, 3M, to help move
towards global emission cuts

10

. In 2009, PFAS were included in Annex B of the Stockholm

Convention listed as a persistent organic pollutant (POP)35. This wave of regulation was also
followed by countless research adding up to almost 400 papers being published a year 10.
After additional legislation encouraging the phase out of longer chain PFAS, additional shorter
chain PFAS entered the market as exceptions to the already incumbent legislation

12,15,26

. These

exceptions include but are not limited to LVE and LoREX 15. The replacement short chained PFAS
being used in these exceptions are equally, if not more, aquatically mobile resulting in more
widespread water and soil contamination

12

. In the end, small releases of these chemicals have

lasting devastating effects 12,15,26. Despite the adverse health effects of longer chain PFAS, some
uses remain essential to society

26

. The United Persistent Organic Pollutant Review Committee

affirms this, “a transition to the use of short-chain per- and polyflouroalkyl substances for
dispersive applications such as firefighting foam is not a suitable option from an environmental
and human health point of view” 36.
The non-essential product transition from long to short chain PFAS can be observed in the
environment by looking at a range of studies beginning in the 2000s, when long chain PFAS
dominated landfill leachate and short chain PFAS were rarely detected 37. However, the mid-2000s
6

shift of industry to shorter chain PFAS increased respective concentrations in landfill leachate
especially in that of North America from 2006-2009 37,38. Concentrations have risen to a degree in
which short chain and precursor PFAS make up a larger ratio of PFAS found in leachate than that
of our regulated terminal PFAS 38.
PFAS were not listed in the US Toxic Release Inventory (TRI) until January 2020

15

. TRI is a

resource to all Americans educating people on the release of pollutants and their remediation
efforts in their community. Tardiness in their addition is of concern because past PFAS emissions
are affecting communities today, and to many still unknowingly

15

. Without future testing and

reporting of affected communities, a toxic concentration of PFAS could be entering the homes and
bodies of countless Americans 15.
1.4 HEALTH AND COMMUNITY EFFECTS OF PFAS CONTAMINATION
The Center for Disease Control refers to PFAS as, “one of the most seminal public health
challenges for the next decade” 30. By October 2019, 1,400 locations, in all but one US state, had
been affected by PFAS contamination 39. A study completed in 2007 predicted 99% of Americans
have PFAS in their blood

40

. Methods of exposure for all biotas include various ingestion,

inhalation, and absorption methods 10. What is still misunderstood about PFAS is their speed of
transport from their emission sources, into the environment, and into biota 10.
Acute and chronic long term PFAS health effects have been reported by extensive research at the
lab mice level to large community-based studies. PFAS health implications are listed by the
Agency for Toxic Substance and Disease Registry (ASTDR) to include, liver damage, high
cholesterol, thyroid disease, lowered antibody response to vaccines, asthma, decreased fertility,
and decreased birth weight

30

. According the ASTDR, sensitive targets of PFOA compounds
7

include, acute developmental and reproductive issues, immediate developmental, hepatic, and
immunological effects, as well as chronic reproductive issues. In a 2016 study using lab mice,
neurodevelopmental and skeletal effects were observed with high concentrations of PFOA present
in serum 8. As for PFOS, high concentrations are associated with acute developmental effects,
chronic immunological, developmental, neurological, and hepatic issues, and chronic hepatic
effects. Recent work has discovered a link between PFAS contamination and the reduced antibody
response to the COVID-19 virus 41. Other shorter chain PFAS are also associated with detrimental
health effects, for instance PFNA has been associated with decreased body weight and
developmental delays in mice 7, and PFHxS has been associated with thyroid follicular cell damage
in mice 6. Overall, most small-scale lab-based research completed on all PFAS have been looking
at the oral ingestion of the compounds and their effects on the hepatic system, developmental
issues, and body weight changes.
Community studies reveal large scale implications of PFAS on public health. Communities sharing
waterways with PFAS manufacturing plants face exposure via drinking water contamination,
potential contact via swimming, as well as via consumption of vegetation or animal product
bioconcentrative of PFAS. A study in the Cape Fear Region of North Carolina, USA, observed
PFAS, including fluorotelomers, in the serum of 20-year residents sharing their water resources
with a fluorochemical plant. This study also observed a decrease in serum concentrations (28-65%
decrease) during a six-month period of wastewater discharge controls not previously in place,
implying the importance of industrial discharge awareness 24 (Figure 1.3). Another study in 2016,
identified a correlation between concentrations of PFAS in drinking water to industrial and military
site proximity (20% increase in PFHxS, 10% increase in PFHpA and PFOA, and 35% increase in

8

PFOS), predicting six million US residents are consuming water over the EPA 70 ng/l PFAS health
advisory level 42.

Figure 1.3 Difference in serum PFAS levels of Wilmington, North Carolina residents before
and after industrial discharge controls. The difference implies the importance of industrial
discharge awareness and the implications they have on their community.
In 2017-2019, a community led health survey in Merrimack, NH, an area of recently observed to
have PFOA contamination in well water, revealed several concerning trends in medical histories
that have correlations to the recent well contamination43. This study identified a varied increase in
developmental, autoimmune, cardiovascular disorders, and kidney disorders in those younger than
18, in women, in those with occupational exposure to fluorochemicals, and in long-term residents
in comparison to new residents43. While there are limitations provided by this data, important
conclusions drawn from this study include the lack of attention this topic has in the region, the
limited access to blood testing and PFAS information, and the importance of community led survey
studies and their potential to reveal historic trends we cannot observe with diagnostic and
environmental data 43.

9

Not only are community dialogues revealing concerns about physical health effects of PFAS, but
a large community discussion in three regional Australian towns concluded that the new
information about PFAS are causing stress and anxiety of socio-economic fall out and future
generation health impacts, degrading trust between government agencies and their constituents,
and disbelief in precise PFAS quantification methods 44. An interviewee from the Banwell et al.
study began linking the idea of both physical and mental implications of PFAS contamination, she
states,

“My main concern is the long-term health of the people who are well above the average PFAS
content in their blood. And the second main concern is the mental health of the people that have
been subjected to extreme pressure. Not only of the blood tests, but also of their property values
and their lifestyle”

While these communities are a large, diverse array of individuals, there is a consistent feeling of
distrust forming between the government and their constituents due to the feeling of the past
downplay of the pressing concerns of PFAS. Not only are there pressing health concerns associated
with PFAS contamination, but there are also dangerous developing waves of disbelief forming
between communities and government threatening the possibility for future government led
mitigation techniques.
1.5 SYNTHESIS AND DIRECT SOURCES OF PFAS TO THE ENVIRONMENT
Sources of PFAS are divided into two categories; direct and indirect sources

10,16

. Direct sources

of PFAS are those that are created for commercial and industrial use and then released or emitted
from the source maintaining their structure. PFAS are created through one of two processes;
10

electrochemical fluorination (ECF) or telomerization

10,16

. During ECF, organic matter will

undergo electrolysis in anhydrous hydrogen flouride. This replaces all hydrogens attached to
carbons with fluorine, forming linear and branched isomers of known PFAS (70-80% linear, 2030% branched)

10

. During the telomerization process, a perfluoroalkyl iodide is reacted with

tetrafluoroethylene, then again reacted with a fluortelomer to create perfluroalkyl substances 10,16.
On the contrary, indirect sources of PFAS include those created through the transformation of
precursor compounds previously discussed.
There are several industrial, commercial, and household sources of PFAS to the environment. It is
predicted that industrial discharges are significant inputs of PFAS to wastewater municipalities.
These industries include but are not limited to electroplating and metal finishing, commercial
industrial laundries, chemicals manufacturers, centralized waste management, plastic
manufacturing, airfields, textiles and leather facilities, defense facilities, paint manufacturing, fire
training, pulp and paper facilities, and petroleum handing facilities

45

. An investigation into

industrial pretreatment programs by the Michigan department of the Environment Great Lakes and
Energy (EGLE) in 2021, identified critical sources of PFAS to the environment (Figure 1.4).
Specifically, samples from landfills accepting industrial wastes and two critical industrial users
(CIU), electroplating and metal finishing facilities, were especially concentrated with PFOS.
Elevation in electroplating and metal finishing facilities was predicted to be due to the use of older
fume suppressants using PFAS, over that of newer suppressants which utilized 6:2 FTSA as a main
ingredient45. The 2020 report also identified elevated PFAS concentrations within other sources
including centralized waste treaters (CWTs), paper manufacturing/packaging, commercial
industrial laundries, chemical manufacturers, and sewers contaminated with AFFF (Figure 1.4).

11

Figure 1.4 Number of contaminated PFOS sites identified by the Michigan EGLE 2020
investigation 45.
According to the Agency for Toxic Substances and Disease Registry (ATSDR), PFAS exposure
through household item use is minimal when in comparison to drinking water, however the use of
these items still introduces the compounds into our waterways 46. Grease proof paper, pizza boxes,
microwave popcorn bags, non-stick cookware, water resistant clothing, personal care products,
cleaning products, and paints/ varnished all consist of PFAS making them important sources upon
their use, wash, or waste46.
1.6 Indirect Sources and Biotransformation of PFAS
Past research has identified multiple biotransformation and degradation pathways for PFAS in the
environment, these biotransformations are considered secondary PFAS sources. These pathways
usually begin with raw materials, those usually made of precursor PFAS including fluorotelomers
12

or perflouoroalkane sulfonomidos. Abiotic and biotic degradation of larger functional derivatives
will often form PFOS or PFOA

10,16

. One example of this is the transformation of 8:2 FTOH to

PFOA, considering the source of 8:2 FTOH an indirect source of PFOA

16

(Figure 1.5).

Fluorotelomer alcohols have very similar commercial and industrial uses to PFAS
often used in paints, adhesives, waxes, polishes, metals, and electronics

47

11

. They are

. World-wide,

approximately 5 x 106 kg of FTOH products are produced a year, 40% being in North America
alone

48

. The compound, while possessing potential for biodegradation, are very persistent and

have even been found in the troposphere and concentrated around urban locations

49

. This

information on biotransformation becomes increasingly important while following concentration
fluctuations of PFOA and PFOS in the environment following the nationwide cease in their
manufacture. Elevated concentrations of long chain PFSA, like PFOS, may indicate the presence
of an indirect source, or biotransformation pathway, rather than a direct source. These indirect
sources are becoming more of an issue as industrial and commercial users turns to shorter chain
and precursor PFAS to evade regulatory restrictions. While these compounds are less of an
administrative threat after immediate creation, their transformation potential creates issues for the
receiving environment and communities, and regulatory agencies.
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Figure 1.5 Fluorotelomer and perflouroalkane sulfonomido biostransformation pathways
put forth by a number of past researchers 10,11.
If biodegradation of a precursor were to occur, literature indicates it would likely take place in the
non-fluorinated portion of the compound. Defluorination has been observed in PFAS precursors
in their C-F bonds, but it occurs only in polyfluoroalkyl substances, like FTOH, rather than
perfluoralkyl substances

37

. Once more fluorinated carbons are added to the compound,

biodegradation is very unlikely to occur. There is no evidence of complete mineralization of PFOA
and PFOS compounds 10,11.
In a study by Dinglasan et al. in 2004, it was observed that as concentrations of 8:2 FTOH
decreased in WWTF sludge, while concentrations of the intermediate metabolites 8:2 FTCA and
8:2 FTAL increased 11. This resulted in the concentration increase of another metabolite FTUCA.
PFOA was observed 16 days into the experiment at peak FTUCA concentrations. Aerobic
degradation of 8:2 FTOH was being observed in this study, and many studies have gone further to
attribute this biodegradation behavior to the considerable concentrations of PFOA and PFOS in
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sludge13. The implications of this study include the continued exploration of changing microbial
communities and other operational or environmental factors impacting precursor degradation11.
Bacteria possess the enzymes capable of executing the metabolic reaction schemed in this review,
indicating that anaerobic and aerobic reactions are driving the biotransformation of the
fluorotelomer alcohols into perfluoroalkyl substances

11

. For instance, the degradation of 8:2

FTOH to 8:2 FTAL is proposed to be oxidized by an alcohol dehydrogenase enzyme, which is
common in bacteria 11. The degradation of 8:2 FTAL to 8:2 FTCA is predicted to be completed by
an aldehyde dehydrogenase enzyme to take fluoroacetalaldehyde and turn it into a fluoroacetate
11

. This enzyme is often found in Streptomyces cattleya. The transition of 8:2 FTCA to PFOA is

proposed to be driven by a nicotinamide adenine dinucleotide (NAD+), in anaerobic conditions,
and cytochrome P450, in aerobic conditions 11. This evidence continues to suggest the importance
of microbial communities within wastewater treatment, and the environment to drive the indirect
source of perfluoroalkyl substances to the environment.
1.7 Wastewater Treatment Facilities as Conduits Of PFAS
Wastewater treatment facilities (WWTF) are considered important conduits for PFAS from
anthropogenic use to the environment

13,50

. Accepting waste streams from various industrial,

commercial, and household sources, PFAS are being found in every wastewater system globally.
As the last barrier between human waste and the environment, WWTFs present a unique position
to intervene in the battle against PFAS contamination.

There are two significant exit routes for PFAS from WWTFs, the first being wastewater effluent.
Wastewater effluent is the aqueous portion leaving the facility after undergoing biological and
physical treatment processes to reduce nutrient and pathogen levels. Effluent is highly monitored
15

and released into neighboring water bodies including rivers and estuaries. While there are
requirements set out for effluent characteristics in National Pollution Discharge and Elimination
Permits (NPDES) such as nitrogen, phosphorous, and dissolved oxygen, PFAS concentrations are
not currently controlled. In fact, effluent from WWTFs can be considered significant routes for
input of PFAS directly into the aquatic environment

51

. The trend baffling most environmental

engineers in PFAS wastewater science is the consistent increase of total PFAS concentration from
influent to effluent 21,52. In a study conducted in Australia in 2018, in a sample pool of 14 WWTFs,
only 3 were found to have reduced total PFAS concentration from influent to effluent 21. In a 2019
investigation, Vermont Department of Environmental Conservation identified only 3 out of 18
sampled facilities to experience decreasing PFAS concentrations through treatment. Two of those
three facilities are predicted to have over-estimated influent concentrations due to a large range in
influent PFAS measurements nullifying their exception. Tavasoli et al. utilized a total oxidizable
precursor assay (TOP) to identify significant concentrations of unmeasurable and unoxidized (nonbio transformed) precursor PFAS present in influent and effluent samples 52. A study completed
in 2016 determined mass flows of the most abundant PFAS in individual WWTF and assessed the
influence of different treatment phases 51. PFCA mass flow after oxidative conversion was higher
after the secondary clarifier implying PFCA precursors were transformed during the secondary
biological treatment process. A study conducted in 2021, identified differences in TOP PFAS
measurements based on the seasonal differences, discovering warmer months had significantly
lower precursor potential, than that of winter samples

52

. While there are preliminary studies

identifying environmental, design, and operational factors influencing PFAS, there is still much to
understand about using these trends for PFAS mitigation.
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The second exit route for PFAS from WWTFs is through sludges and biosolids. WWTF sludge,
the wasted solids produced by the plant primarily through biological treatment processes, has been
found to contain high concentrations of long chain and precursor PFAS. The composition and
concentration of PFAS in sludges are especially important to monitor for 51% of produced
biosolids are recycled through land application settings and 22% are disposed of in landfills 53. In
China, around 45% of agriculture land is fertilized with WWTF sludge further spreading PFAS
back to the environment50. While the solids are removed from waterways temporarily, the
contamination enters our environment through alternative seeping pathways (eg. groundwater,
surface water). Biosolids used in land applications have been found to leach into soils and
bioaccumulate into vegetation and livestock 22. While effluent based PFAS mass flows are found
to be greater than that of sludge, thickened sludge concentrations of PFCAs have been found to be
100-1000-fold higher than in effluent and should be considered key sinks for PFAS

51

. Another

important consideration with sludges in a wastewater treatment system is the affinity for certain
compounds to adhere to sludges rather than remain in the aqueous portion. PFAS with longer chain
lengths are more likely to adhere to the sludge due to their increased weight, therefore introducing
a theme of fractionation to change the effluent and sludge PFAS profile. For instance, a study
conducted in China in 2012 found dominance of PFOA in the effluent, while PFOS remained
dominant in the sludges 50. Due to PFOA’s reduced sorption coefficient compared to PFOS, the
compound is more likely to remain in the aqueous portion unlike PFOS.

Before use in agricultural or land spreading settings, WWTF sludges must be treated to reduce
pathogen and metal content through a process called stabilization. The stabilization of sludges, to
become biosolids, use a variety of physical processes including increased temperature, decreased
oxygen, or change in pH to ensure the safety of the biosolids. Key treatments used for this include
17

composting, anaerobic digestion, aerobic digestion, thermal drying, and lime stabilization. Past
studies have identified some trends altering the concentrations and compositions of PFAS after
stabilization. A study in 2017 identified an increase in PFCA concentrations and short chain PFAS
composition in municipal compost 54. Another found increases in PFAAs after thermal drying and
composting 55. In 2019, the state of Maine determined more biosolids treated by composting were
able to pass screening levels for PFOS and PFOA, than for that of untreated samples57. However,
all in all, it was concluded by Lazcano and coauthors, that PFAS sources are more important
drivers of final PFAS concentrations than that of stabilization treatment55.

1.8 PFAS POLICY AND SOCIO-ECONOMIC IMPLICATIONS
While PFAS standards for drinking water are becoming commonplace across the nation,
rulemaking for the other engineered systems is ongoing. Federal health advisory levels for PFAS
in drinking water are 70 ppt for PFOA and PFOS. However, federal health advisories are nonenforceable and non-regulatory, and therefore can be dismissed by state legislature. All this health
advisory does is provide information on effects of exposure, treatment for the exposed, and
methodologies for testing. Furthermore, PFAS regulation for both drinking water and wastewater
in the United States is primarily formed at the state level. For example, in 2020, New Hampshire’s
governor, Chris Sununu, set stricter drinking water levels for PFAS and set aside $50 million for
contamination site clean-up. Massachusetts, Vermont, Michigan, Connecticut, Maine, and more
have legislation in place to compliment the federal advisory (Figure 1.6).
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Figure 1.6 State set drinking water levels for PFOA and PFOS 56.
Since the emergence of numerous PFAS contamination sites found in New England, including that
of Pease Trade Port, NH, Bennington, VT, Somerset County, ME, and Fairfield, ME, the region
has begun an increasingly progressive stance on PFAS management for wastewater effluent and
biosolids. While there is increasing accounts of science focused on the toxicological effects of
PFAS driving the need for regulatory action, the public reaction and fear created by these
discoveries has also added to political pressure to respond. In 2019, the state of Maine was the first
state to put fourth state screening levels for PFAS levels within WWTFs and paper mill biosolids
including that for PFBS, PFOA, and PFOS. Interest of policy makers here lay in the regulation of
longer chain PFAS, specifically PFOS and PFOA, as well as their corresponding precursors and
anions 10. PFOS has become the leading driver for regulatory compliance for its prevalence and
high concentrations

45

. Screening levels for these compounds (2.5 and 5.2 ng/l for PFOS and

PFOA) were developed using the SeaSoil Model, an environmental fate model originally designed
for petroleum products. Through the Maine investigation, they found that 65% of all biosolids
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surpassed the screening levels for PFOA and 93% for PFOS 57. Further testing of biosolid applied
fields, found that 19% of sites exceeded levels for PFOA and an additional 57% exceeded PFOS
levels, indicating the significant transference of the contaminants from biosolids57. The state has
been looking to refine their modeling systems for the past two years, however, as of April 2022
the Maine legislature has just passed through their senate Maine House Bill 1911 (ME LD1911)
which looks to ban the composting and land spreading of all biosolids, eliminating the need for
ceiling concentrations all together. One step further, an additional bill, LD1639 looks to ban the
import of out of state waste to Maine waste facilities. These imported wastes often act as bulking
material in the digestion of WWTF sludges in landfilling settings. Without the added bulking
agent, the organic material brought into the landfill via wastewater sludge will struggle to be
broken down58. Furthermore, these bills have astronomic implications for the future of wastewater
operations.
Currently, the state of Maine does not limit the agronomic use of biosolids exceeding these
screening levels, however the waterfall effect from PFAS contamination in biosolids has already
greatly hindered the New England wastewater and biosolid industry. For Scott Firmin, the Director
of the Portland, ME Water District, these hinderances have been felt most economically. Methods
for the removal of biosolids from their facilities has been greatly limited to a single company
willing to landfill their sludges, limiting their ability to negotiate terms that work best for the
facility including prices, solids content, timing for trucking, and odor control59. Agriculturists
previously accepting processed biosolids from stabilization plants are now wary of the safety of
the biosolid and the fear it may provoke in its consumers. Due to the steady rate of biosolids being
produced by WWTFs, biosolids need to be sold and spread elsewhere to avoid build up. For
Resource Management Incorporated (RMI) in New Hampshire, the loss of New England
20

customers has caused a significant diversion of their product internationally to Canada to evade
the regulations and fear of PFAS. Instead of a 30 min commute for delivery trucks, RMI now sends
trucks habitually eight hours north to find release for these biosolids. Shelagh Connelly, the
President of RMI commented on the moral and sustainability concerns of this solution, saying that
it feels wrong to have someone else take care of our own waste 60. She continued to describe the
potential hypothetical implications if all beneficial reuse of biosolids was stopped due to PFAS
exceedances, referring to the extreme inflation of fertilizer prices with the absence of municipal
biosolids (already risen from $20,000 to $40-60,000 a year in response to the Ukraine Crisis),
limited crop fertilization, and possible crop yield decreases. Connelly further describes the impacts
of PFAS on the wastewater industry as including economic investment...and the taxpayer dollars
needed by municipalities to update infrastructure. The investment of these funds to municipal
wastewater systems will diverge funds away from other community resources for the next couple
years. While the future for PFAS policy is still unknown, the potential implications of regulations
on the state of the wastewater and biosolid industries are seemingly fragile.
The PFAS policy lies on a volatile landscape, juggling stakeholders that society can often take for
granted. As Firmin says, “No one likes us on a good day, so they are not going to like us on the
bad,” referring to the wastewater operations personnel image to society especially in the light of
the PFAS contamination issue 59. WWTF are conduits of PFAS, not producers, yet they are feeling
the repercussions of our PFAS use. The future of PFAS in wastewater will require sustainable
regulatory practices that support this vital infrastructure while protecting the community.
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1.9 FUTURE CHAPTERS
Understanding the fate, behavior, and transport of PFAS in wastewater systems is essential to
forming removal and regulatory strategies for responsibly and sustainably reducing PFAS
contamination in our communities. To further our knowledge in this field, this thesis considers a
variety of previously obtained PFAS measurements from the New Hampshire and Vermont state
agencies and the University of New Hampshire. The format below describes the outline of our
research.
Chapter 1. Literature Review and Motivation. Information covering PFAS characteristics and
background, previous research in wastewater, and the current PFAS policy landscape.
Chapter 2. Fractionation of PFAS in Wastewater and Biosolid Stabilization Systems. Data
analysis focusing on the composition changes of wastewater mediums through the wastewater and
biosolid stabilization processes.
Chapter 3. Going Upstream: Investigating PFAS in Vermont Wastewater Collection
Systems. Describes a case study looking at upstream sources of PFAS in two Vermont municipal
sewer systems and discusses methodological implications of this work on future PFAS
investigations.
Chapter 4. Development of in situ Bioreactors to Monitor Transformations of PFAS in the
Wastewater Environment. Begins exploring the possibility of using cellulose membranes
deployed in situ to actively observe transformations of PFAS in wastewater systems.
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CHAPTER 2: FRACTIONATION OF PFAS IN WASTEWATER AND BIOSOLID
STABILIZATION SYSTEMS
A portion of this chapter was published in the New England Water Environment Association
Spring 2021 Journal with contributions from additional authors including Cassidy Yates, Carmela
Antonellis, Jenna Luek, James P. Malley, Paula J. Mouser.
2.1 ABSTRACT
Produced through commercial, industrial, and residential uses and sources, per- and polyfluoroalkyl
substances (PFAS) are consistently being transported into the environment via wastewater systems.
Wastewater treatment facilities (WWTF) and biosolid stabilization systems, while designed for the
reduction of oxygen demand, viruses, nutrients, and metals, are highly inefficient in the removal of
contaminants including PFAS. Therefore, there is increasing demand for understanding the fate and
behavior of PFAS in WWTF and biosolid stabilization systems. Using PFAS concentration data from
various WWTFs across New Hampshire and Vermont, there is great evidence that PFAS are sequestering
out of wastewater into solid sludges based on functional group and carbon chain length of the compound.
While not changing the concentration, this sequestration behavior creates PFAS signatures significantly
dissimilar between influent, effluent, and sludge samples. Concentrated in long chain compounds (C>7)
and PFAS precursors, sludges across both NH and VT remain similar in signature but vary greatly in
concentration. This data set also revealed significant composition differences in biosolids stabilized by
composting (high concentration of short chain PFAS) and anaerobic digestion (high concentration of
precursor compounds). The signatures presented by the different stabilized solids suggest significant
dissimilarities in PFAS composition can potentially be influenced by stabilization treatment. This
implication, if explored further could have significant implications on the removal or reduction strategies
of PFAS in biosolids before application.
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2.2 INTRODUCTION
Wastewater treatment systems represent a key conduit and concentrator of PFAS from industrial,
commercial, and residential sources to the environment 1,2. Previous research has revealed that wastewater
treatment facilities (WWTF) are inefficient in removing PFAS from the waste stream, with very few
facilities observing any substantial removal of either regulated or unregulated PFAS from the influent to
effluent3. Additionally, there is some evidence that unintended reactions occur during secondary
(biological) treatment

2,4,5

number of PFAS detected

potentially increasing the concentration of specific PFAS and/or expand the
3,6,7

. For instance, microbial enzymatic activity has been associated with the

transformation of certain short chain PFAS, fluorotelomers, and precursors into terminal products,
including PFOA and PFOS, through incompletely defined biotransformation pathways

2,8–12

. Moreover,

chain length and functional group fractionation may also occur between the aqueous and solid phases,
further driving accumulation in wastewater residuals

2,5,13,14

. To this end, thickened sludge was found to

contain perflourinated carboxylic acids (PFCAs), PFAS containing a carboxylic functional group (ex.
PFHxA, PFNA, PFOA…), in concentrations 100 to 1000-fold higher than that of a municipal wastewater
treatment facility effluent

6,15

. WWTF residuals may be disposed in landfills or beneficially used after

stabilization representing a critically understudied conduit of PFAS release back into the environment 1,16.
Sludge handling represents a major cost to wastewater treatment facilities. Management fees in NH often
cost upwards of $60/ wet ton for beneficial use, and $120/ wet ton for landfilling. In 2019, 4.75 million dry
metric tons of biosolids were produced in the United States with only 22 % disposed in solid waste facilities
17

. However, because residuals contain valuable resources (e.g., 10% P, 4% N, 0.5% potash) they can be

diverted from landfills for other beneficial uses, including the improvement of soil health for residential or
agricultural purposes 18. In fact, in 2019, more than half of all residuals produced in the US (51%) were
land applied 17. However, the potential impacts from land application of biosolids containing PFAS that
were derived from both municipal and industrial wastewaters, have recently emerged as a community
concern in food systems

19–21

. PFAS concentrations of 111 parts per billion were found in blood samples
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from a dairy farmer in Arundel Maine, after years of raising cattle fed with crops grown on biosolid
fertilized land22. This event, among many others occurring presently, support the idea of PFAS
bioaccumulation through trophic levels via biosolid land application and dietary exposure is occurring at a
dangerous rate.
Beneficial use of wastewater residuals requires stabilization to reduce water content, pathogens, and metals,
and is regulated by the EPA with local enforcement

17

. The most common treatment methods include

composting, anaerobic or aerobic digestion, thermal drying, and lime stabilization (Appendix S2.1)18.
Treatment type and extent allows biosolids to be classified into one of two beneficial uses (Class A and B
Requirements in Appendix Table S2.1) in accordance with requirements set forth in the Code of Federal
Regulations (40 CFR Part 503). Concentrations of PFAS in biosolids have been found to increase during
thermal stabilization treatment processes, including thermal drying and composting

23

. However, it was

determined that PFAS sources themselves are more important drivers of concentrations over treatment 23.
Previous research also observed the effects of biosolid treatment processes on different contaminants of
emerging concern (CEC) concentrations including PFAS in residential compost 24, anaerobic digestion on
heavy metals

25

, and thermal drying on PAHs and PCBs

26

. Each study identifies trends of increasing

concentrations of each contaminant through treatment. To date, knowledge is limited on how differing
stabilization processes (e.g., pH manipulation, temperature modification, and microbial digestion) influence
the composition of PFAS in WWTF sludge. State agencies are therefore under increasing pressure to
understand and regulate PFAS concentrations in biosolids with limited knowledge on these complex
compounds. While drinking water legislation is common across the US, many state governments have only
recently begun efforts to reduce PFAS contamination via biosolid land application in states like Michigan,
Maine, New Hampshire, Minnesota, and Vermont. As of 2019, the Maine Department of Environmental
Protection required the screening of all land applied sludge. It was determined that 19% of sites exceeded
PFOA limitations, and 57% exceed that of PFOS, causing a vast reduction in field application licenses for
biosolid spreading and thousands of cubic yards of sludges wasted in landfills 22.
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Here we report patterns in the composition of PFAS in municipal wastewater systems and sludges of various
New Hampshire and Vermont WWTFs. This work was completed using a series of specified data collected
by the University of New Hampshire, then through a larger data set of WWTFs provided by the New
Hampshire Department of Environmental Services (NHDES) and the Vermont Department of
Environmental Conservation (VTDEC). We first look at the composition change of certain PFAS through
the wastewater treatment system of four seacoast NH facilities. We next compared the influent, effluent,
and sludge signatures from the two statewide datasets using multivariate statistical tools. Sludge sample
signatures and concentrations were compared across the states WWTFs. Finally, we evaluate how residual
management approach, may influence PFAS composition and concentration, in the context of Maine PFAS
residuals screening levels, additionally by using multivariate statistical tools to supplement this observation.
With several New England states considering the regulation of PFAS in both surface waters and biosolids,
this analysis has implications for solids handling within WWTFs, biosolids management, and monitoring
strategies to better understand factors influencing PFAS in municipal WWTF residuals.

2.3 METHODS
2.3.1 SAMPLING AND ANALYSIS OF UNH-COLLECTED SAMPLES 27

Initial samples were collected from five locations within four WWTFs in the seacoast NH region
in July 2019 using specific PFAS sampling precautions. Collection points included after primary
treatment/before secondary, after secondary treatment, after chlorination, after dechlorination, and
dewatered sludge (Figure 2.1). One field blank was collected at a treatment facility for quality
assurance and quality control. Samples were placed immediately on ice and held at 4˚C before
delivery to a commercial lab (Alpha Analytical Laboratory, Portsmouth, NH) within 48 hours of
sampling.
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Figure 2.1 Sampling points within the four Seacoast WWTFs sampled initially in 2019 by
UNH (RAS meaning return activated sludge and WAS meaning waste activated sludge).
Samples from each site were analyzed at Alpha Analytical Laboratory by liquid chromatography
tandem mass spectrometry (LC-MS/MS) using an isotope dilution analysis following a modified
EPA Method 533. At the time of the analysis, there was no EPA-certified method for the analysis of PFAS
in mixed matrix wastewater samples. Samples were analyzed by liquid chromatography tandem mass
spectrometry (LC-MS/MS) using an isotope dilution analysis following EPA Method 533 to compensate
for matrix interferences. Since the samples were wastewater of varying solids content, 250 ml was initially
centrifuged to remove solids. The decanted aqueous portion was acidified (acetic acid) and fortified with
an isotopic surrogate standard. Extractions were completed using a solid phase weak anion exchange
cartridge containing 500 mg of sorbent. The samples were then eluted using a solution of 2% ammonium
hydroxide in methanol. The extract solution was injected on a Waters Acquity UPLC BEH C18 column
(2.1 X 50 mm) with chromatography utilizing a gradient method, with methanol and ammonium acetate as
eluents. Samples were ionized with negative electrospray ionization, followed by tandem mass
spectrometry. The 24 compounds analyzed per EPA Method 533 are listed in the Appendix (S2.2).
2.3.3 METADATA ANALYSIS OF PUBLICLY AVAILABLE DATA

An analysis of publicly available sludge and biosolids data collected by or reported to state
regulatory agencies in New Hampshire, Vermont and Maine was conducted. New Hampshire data
corresponding to the period March 2017 through July 2020 were obtained from OneStop database
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with further details on sample type provided by NHDES personnel. Vermont data corresponding
to September through October 2019 was derived from recently published reports (2019 Summary
Report by Weston and Sampson) with raw data obtained from VTDEC personnel. Both NHDES
and VTDEC samples were analyzed by Alpha Analytical Labs using an isotope dilution and solid
phase extraction with LC/MS/MS analysis to analyze for 24 PFAS congeners (see methodology
above).
The concentrations found in both the aqueous and solid samples were converted into molar
concentrations to account for the total mass of the compounds when being analyzed as percent
abundance (Equation 2.1). Long chain, short chain, and precursor composition comparisons, as
well as concentration comparisons were analyzed in SigmaPlot using a Kruskal-Wallis ANOVA
(ANOVA with Ranks) with a Dunn’s Method for pairwise multiple comparisons.
𝑛𝑔

1(𝑔)
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Equation 2.1

To assess the similarities and differences of PFAS signatures between samples, nonmultidimensional scaling (NMDS) was used. Using R studio, the data was normalized and fed into
the metaMDS function within the vegan package. The 24 PFAS congener measurements were then
displayed on a two-dimensional scale. Dissimilarity was quantitatively assessed into dissimilarity
rankings using an analysis of similarity measurement using the anosim function. To assess
dissimilarity between each sample group the pairwise adonis function was used from the vegan
package. An indicator analysis then was used to identify congeners defining the dissimilarities
within each sampling group, completed using the multipatt function. To compliment the indicator
analysis, the DeSeq2 function was used to estimate variance mean dependence using a negative
binomial distribution. This function, while normally used for RNA sequencing comparisons, was
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used to rank the PFAS congeners in their ability to drive the signature dissimilarity between
samples.
2.4 RESULTS
2.4.1 PFAS FRACTIONATE THROUGH THE WASTEWATER TREATMENT
SYSTEM BASED ON FUNCTIONAL GROUP AND CARBON CHAIN LENGTH.
Initial investigation into the fractionation of PFAS in wastewater systems began with the UNH
sampling series, from WWTFs discharging into the Great Bay Estuary. These samples were
analyzed for 24 PFAS congeners seen in Table 2.1. The PFAS congeners are separated by chain
length and functional group because these characteristics are often drivers of their chemical
stability 6,28, mobility 29, and solubility 5,13. Previous studies have observed that short chain PFAS
are generally more soluble and mobile in aqueous systems over that of longer chain PFAS. In this
table, fluorotelomers and precursors (sulfonamidos) are shown in gray, short and long chain
perfluorocarboxylic acids (PFCAs) are shown in light and dark green, and short and long chain
perfluorosulfonic acids (PFSAs) are shown in orange and dark red. While 18 of the 24 constituents
were found in at least one sludge sample, only 13 were found in at least one aqueous sample
indicating the increased diversity of PFAS in solid samples. Four PFCAs (PFPeA, PFHxA, PFOA,
and PFDA), while only one PFSA (PFOS) were consistently found in all samples. Furthermore,
PFCAs were found more consistently between the two phases, while PFSAs and precursors were
found more rarely in all samples. Three species of PFCA (PFDoA, PFTA, and PFDS) and two
PFSA precursors (NEtFOSAA and FOSA) were only detected in sludge.
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Table 2.1 The diversity of PFAS detected in the effluent and sludge of four NH WWTFs.
Compounds are classified based on chain length and functional group. Detected compounds
are shown in gray, while compounds that were not detected are shown in white.

In perspective of the entire treatment train, we can more clearly see this step wise fractionation of
higher weight, long chain and precursor PFAS into solids and out of the aqueous phase (Figure
2.2). Short chain PFAS composition slowly increases from influent through de-chlorination in all
facilities, while sludges remained composed primarily of long chain and precursor PFAS (chiefly
sulfonamidos, NEtFOSAA and MeFOSAA). Average total PFAS concentrations in sludges were
878.4 to 1871.0-fold higher than average total PFAS concentrations measured in effluent. The
increased concentration is predicted to be driven by sorption mechanisms controlled by adsorptiondesorption coefficients (KD) of each compound. Increased KD values indicate a higher affinity for
solids, especially in sludges containing high carbon contents. Figure 2.3 illustrates the how KD
values influenced the abundance of each PFAS congener in the aqueous and solid phases; shorter
chain PFAS being prevalent in the aqueous portion, while long chain in the solids.
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Figure 2.2 A) Relative abundance (% of total molar mass) of short chain, long chain, and
precursor PFAS through the wastewater treatment process, and B) total PFAS for aqueous
and sludge samples. Bars and whiskers represent average and standard deviation for four
WWTFs.

Figure 2.3. Average percent abundance of each PFAS congener in aqueous and solid samples
organized from low to high sorption coefficients.
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2.4.2 PFAS FROM WWTF IN NH AND VT SLUDGE SAMPLES MAINTAIN
RELATIVELY SIMILAR SIGNATURES
The long chain and precursor dominance in solids was observed at the regional level across
facilities in Vermont and New Hampshire (Figure 2.4, Appendix S2.3). Total PFAS concentrations
across NH and VT ranged from 12 to 166 µg/kg. Total PFAS concentrations in the UNH Seacoast
samples were made up of 56-82% long chain compounds and 14-36% precursors (all based on
molar mass). Samples collected by Vermont and New Hampshire were found to be comprised of
84% long chain and up to 60% precursors/fluorotelomers. Being pictured in dark red, long chain
PFSAs were consistently found in higher relative concentration over PFCAs (light and dark green)
in most samples. Average PFOS concentrations (11 ng/kg) were also three-fold higher in sludges
over that of PFOA (3.9 ng/kg) 1,3,7,30,31.

Figure 2.4 PFAS concentrations in WWTF sludge in samples reported by UNH (A), NHDES
(B), and VTDEC (C). PFAS are classified into long chain and short chain compounds
belonging to PFCA or PFSA, and precursor/fluorotelomer compounds, as noted in the
methods. Dewatered sludge samples were collected from sludge cake while NHDES and
VTDEC were wet sludge samples.
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2.4.3

PFAS

SIGNATURES

OF

DIFFERENT

WWTF

MEDIUMS

ARE

SIGNIFICANTLY DISSIMILAR
As mentioned earlier, there were appreciable PFAS signature differences throughout the
wastewater treatment train in the Seacoast NH WWTFs. Figure 2.5 illustrates the significant
difference in PFAS signatures between the WWTF sample mediums (influent, effluent, and solids)
of the 18 Vermont WWTFs but now through non-multidimensional scaling (NMDS). The NMDS
takes all the congener measurements and transforms the data into a two-dimensional dissimilarity
matrix. Each point represents a sample, and distance between two sample points represents
dissimilarity in the sample PFAS signature. What is immediately evident, is the difference of PFAS
signatures in solid samples in comparison to the aqueous samples. Like previously discussed, the
higher weighted compounds, including long chain PFAS and some precursors have higher
tendencies to adsorb to solids. An additional indicator analysis adds information about which
compounds cause the greatest signature dissimilarity. For instance, NEtFOSAA, NMeFOSAA,
FOSA, PFDoA, and PFDA have been identified as indicators for PFAS signatures in sludge
samples, while PFBA, PFBS, PFHpA, 6:2 FTS, and PFHxS were all pulled out as aqueous sample
indicators (Figure 2.5 B). This indicator test reveals which compounds are most strongly exiting
the wastewater stream and sorbing to solids throughout the state of Vermont.
There is also significant separation seen in effluent and influent samples. The influent samples are
spread across the plot, while the effluent points are more confined to one region. We predict this
confinement of effluent points is due to transformations of unmeasured oxidized precursors during
secondary biological treatment (discussed in Chapter 4). While each treatment facility relies on a
unique microbial community for treatment, similar enzymes produced by these communities drive
literature defined transformations of precursors to certain terminal PFAS such as PFOS and PFOA.
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Furthermore, effluent samples have far less diverse PFAS signatures across the state in comparison
to influent samples hypothesized to be due to consistent encouraged PFAS transformations taking
place within the WWTF.

Figure 2.5 (A) Non-multidimensional scaling of influent
PFAS measurements for 18 Vermont WWTFs
(AOSIM, Figure S1, p<0.001, R=0.3234; Pairwise
ADONIS, INF & EFF p<0.001, INF & Sludge p<0.001,
EFF & Sludge p<0.001). (B) DeSeq2 Analysis indicating
differentially expressed PFAS congeners. (C) Venn
diagram illustrating indicator species reflecting the
dissimilarity of PFAS signature for each WWTF
sample medium.

Sludge
NEtFOSAA
MEFOSAA
FOSA
PFDA
PFDoA

PFDS

PFNA

Effluent

PFBA
PFBS
PFHpA
6:2
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PFHxS

Influent
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2.4.4 PFAS SIGNATURES IN BIOSOLIDS ARE MODIFIED BY STABILIZATION
TREATMENT
Although we understand more extensive sampling efforts are currently underway, limited data
exists in upper New England states on the concentration and diversity of emerging contaminants,
including PFAS in stabilized biosolids. Using sample data for biosolids processing facilities
operating in New Hampshire and Vermont between 2019-2020 (some which accept residuals from
Massachusetts), we applied the same PFAS categorical classification to the data (short chain, long
chain, and precursors/fluorotelomers). Data gathered included composted biosolids (n=9),
anaerobically digested biosolids (n=8), lime stabilized biosolids (n=5), and sludges with no
processes to significantly reduce pathogens or vector attraction reduction (No PSRP or VAR,
n=13). Samples for several other stabilization approaches were available but were not included in
our analysis due to insufficient sample size.
Significant differences were observed in the relative abundance of short chain compounds and
precursor/fluorotelomers for these biosolid samples (Fig 2.6B and Appendix S2.4). Composted
samples had a significantly higher percent composition of short chain PFAS relative to all other
stabilization treatment samples (one-way ANOVA, p<0.001); this predominance of short chain
PFAS was observed in seven of the eight composted samples. In the NMDS and indicator analysis
completed on the samples, you can distinctly see the how PFHxA and PFBS were key in driving
the dissimilarity of their PFAS signature from other stabilization types (Figure 2.7) Conversely,
the relative abundance of precursors in both lime stabilized and anaerobically digested samples
were significantly greater than that of composted samples (One-way ANOVA, p=0.012).
Specifically, the presence of 6:2 FTS was unique to lime stabilization. No significant differences
were observed in the abundance of long chain compounds or in the average PFAS by biosolids
treatment (Figure 2.6B Kruskal-Wallis ANOVA, p=0.270). The predominance of short chain
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compounds in compost is consistent with a recent study evaluating an increase in short chain PFAS
in municipally composted food and yard waste

24

and another identifying an increase in PFAA

concentrations for commercially available biosolid products undergoing thermal treatment23.

Figure 2.6 A), The relative abundance of long chain, short chain, and
precursor/fluorotelomer PFAS, B) average PFAS, and C) PFOS concentrations at each
sampling location for differing biosolid treatment, including processes to significantly reduce
pathogens (PSRP) or vector attraction reduction (VAR) processes.

Anaerobic
Digestion
Compost
PFHxA
PFHpA NMeFOSAA
PFBS
PFOA PFDA

Lime
Stabilization
6:2 FTS

No PSRP or
VAR

Figure 2.7 (A) Non-multidimensional scaling of sludges and biosolids PFAS measurements for 18
Vermont WWTFs (AOSIM, Figure S1, p<0.001, R=0.4478; Pairwise ADONIS, AD & CP p<0.024,
AD & LS p<0.298, AD & NPSRP p<0.001, CP & LS p=0.38, CP & NPSRP p<0.001, LS & NPSRP
p=0.015). (B-Right) Venn diagram illustrating indicator species reflecting the dissimilarity of PFAS
signature for each stabilization treatment.
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A number of variables within these stabilization processes may influence the PFAS composition
in biosolids products, including moisture content, temperature, pH, ORP, and biological activity
(Appendix S2.1)10,23,24,31. Controlled laboratory and field studies that characterize PFAS in all
sources used (e.g., residuals, compost inputs) and produced during stabilization (inc. biosolids,
condensates, gasses) would significantly improve our understanding of the factors influencing
these preliminary trends and overall mass balances. It is important to note that the sludge and
biosolids samples collected in this study were dewatered to some degree, but the efficiency of
dewatering in each WWTF or biosolids handling facility was not used as a normalizing factor in
reporting PFAS concentrations. Normalization could have an influence on reported concentrations
of PFAS but would be unlikely to alter the trends observed and their implications for WWTFs.
2.5 IMPLICATIONS
PFAS were consistently detected in wastewater effluent, sludge, and biosolids. Short chain PFAS
were dominant in effluent, while longer chain and precursor PFAS sequestered in sludge. In 2019,
the Maine Department of Environmental Protection placed a moratorium on biosolids intended for
land application unless samples contained less than 2.5 g of PFOA/kg, 5.2 g of PFOS/kg, and
1900 g of PFBS/kg (MDEP, 2019) in order to limit final soil concentrations to 200 parts per
trillion. PFOS was the dominant PFAS detected in sludge samples collected by our research team,
with both PFOS and PFOA frequently exceeding these screening levels in biosolids samples
collected in NH and VT regardless of biosolids stabilization approach. Among stabilized biosolids,
composted product contained a higher abundance of short chain PFAS, indicating compost
treatment influences PFAS composition to some degree. Oxygen, temperature, organic matter
content, and bacterial diversity are likely key factors that control the oxidation of undegraded
PFAS precursors into smaller/terminal products in these media. The diversity of physicochemical
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properties within the broad PFAS classification and corresponding environmental behaviors
influencing their fate are an ongoing challenge for regulators seeking to limit human and
environmental health impacts due to exposure to these “forever” chemicals.
Following land application of biosolids, uptake by agricultural products slated for human or animal
consumption, and percolation/runoff into groundwater and surface waters serving as drinking
water sources are important human and aquatic exposure pathways for PFAS. Considering the
preferential uptake of PFAS by vegetation32 and the increased leachability of short chain PFAS
compared to their long chain and precursor counterparts, it is important to consider PFAS
composition beyond the handful of analytes currently regulated and the potential for their transport
from applied lands.
Beneficial reuse of wastewater biosolids provides essential nutrients for agricultural lands globally
and is preferential to the costly alternatives of landfill disposal or incineration. However, the need
for recycled nutrients should not compromise soil, water, and food quality for the applied area.
While managing every known PFAS is unrealistic, it is important to quantify a range of compounds
in biosolids and track how wastewater treatment and biosolids stabilization approaches alter
compound degradation and distribution in final products. To support safe biosolid utilization and
avoid compromising human and environmental health, a subset of PFAS and PPCP analytes
representing a range of environmental fates should be identified for expanded effluent, sludge, and
biosolid monitoring before surface water and biosolids regulations are promulgated.
Research on this pressing topic in our region has been severely constrained by a lack of federal
and state investment in the analytical tools, expertise, and models for characterizing samples,
loads, and fate of these constituents. Municipalities and the private sector are currently bearing the
brunt of the cost for sample analysis - costs which will ultimately be passed along to the public.
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Although a handful of individual research labs at academic institutions in upper New England
states have the capability to measure these constituents in wastewater media and biosolids,
dedicated instrumentation is not broadly available across university or state analytical labs.
Investment in analytical instrumentation, personnel (e.g., environmental chemists and engineers),
and research dollars for both the public and private sector is needed for states to address this issue,
and could significantly expand: 1) characterization of wastewater samples, including known and
unknown congeners in these media, 2) lab- and field-based studies evaluating factors influencing
compound fate within facilities, 3) models predicting sources and sinks within facilities, and 4)
leaching studies combined with fate and transport models for lands receiving biosolids. This field
is ripe for public-private-academic partnerships and sorely needs research that could inform the
scope of the problem and regulatory action. Such an investment would provide an opportunity for
our region to lead knowledge development on this timely topic, as other states and nations begin
to grapple with emerging constituents such as PFAS in their own biosolids.
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CHAPTER 3: GOING UPSTREAM: INVESTIGATING PFAS IN VERMONT
WASTEWATER COLLECTION SYSTEMS
This section is in preparation for publication with contributions from additional authors including
Lindsay Guertin and Paula J. Mouser of the University of New Hampshire, and Eamon Twohig
and Nick Gianetti of the Vermont Department of Environmental Conservation.
3.1 ABSTRACT
While there is a growing resource of data covering concentration measurements of per- and
polyfluoroalkyl substances (PFAS) in wastewater treatment facilities (WWTF), there is little
research focused on mass loads of these compounds from various sectors within municipal sewer
systems. Valuable to understanding source contributions and developing mitigation strategies,
obtaining upstream samples is a difficult process considering complex sewer infrastructure,
various

source

types,

PFAS

transformations,

and

potential

sequestration

and

infiltration/exfiltration within sewers. In collaboration with two municipalities, Middlebury and
Essex Junction, Vermont, this study looked to characterize PFAS signatures, concentrations, and
mass loading from residential, commercial and industrial discharges to municipal collection
systems and WWTFs to further understand PFAS sources and behavior in wastewater. Our
analysis revealed greater mass loads of PFAS precursors coming from residential sectors in these
municipalities. While industrial facilities produced unique signatures of PFAS, due to the lower
discharge volumes, they accounted for less than 1% of the mass load to the WWTF. The
methodology used in this study may be a suitable model for characterizing PFAS sources to
municipal collection systems and WWTFs by placing emphasis on the use of total oxidizable
precursor assays (TOP) to quantify un-oxidized PFAS precursors and via the development of
sampling schemes to optimize mass loading across residential, commercial, and industrial sectors.
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3.2 INTRODUCTION
Wastewater treatment facilities (WWTFs), serving community watersheds, industrial users, and
commercial sectors, have become central points of collection and removal of per- and
polyfluoroalkyl substance (PFAS) from the environment, and therefore are potential key locations
for the planning of source reduction strategies 1–5. While technology for the removal of PFAS from
wastewater and WWTF biosolids are still in development, there have been several attempts to
understand sources of the compounds to WWTF systems4,6,7. Most attention by these studies has
looked to industrial and commercial sectors including automotive, aviation, aerospace and defense,
cable and wiring, metal finishing, construction, electronics, energy, firefighting, food processing
and packaging, household products, medical supplies, paper, textiles, leather goods, and apparel
1,8–11

. While the PFAS contribution is apparent from the effluent of the specific source, PFAS

signatures are often mixed and transformed by the time it reaches a WWTF making it difficult for
municipalities to locate and understand the intensity of sources within their watershed.
There is ample data quantifying PFAS concentrations at WWTFs, but very few have estimated
mass flows from sources within the sewer sheds due to a series of complexities introduced by the
upstream infrastructure

7,12

. Concentration data alone, while valuable for understanding PFAS

contributions from a source, make it difficult to determine the significance of various sources to a
wastewater system. For instance, a site exhibiting elevated PFAS concentrations may not
necessarily produce a large mass flow or be a significant source to the WWTF due to low flow
volumes and, conversely, a site producing low PFAS concentrations but discharging a large
volume may be a significant source. Mass loading of PFAS to and from WWTFs is easily
attainable but can be difficult to quantify upstream depending on reliability of flow measurements.
Throughout the sewer shed, sanitary lines tend to form a convoluted branched system before
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joining at the WWTF. Upstream sources can contribute to downstream concentration
measurements but must consider flow volume increases. Additionally, PFAS compounds and their
precursors are subjected to conditions encouraging unmonitored oxidation and reduction
transformation in the sewer lines further complicating the concentration and mass flow
measurements 13–16.
While much PFAS regulation is predicted to be through WWTF discharge and pretreatment
permits 15, consumer and producer based regulation is potentially a more effective method of PFAS
mitigation especially in sewer sheds with no major industrial inputs. In light of this new challenge,
understanding PFAS contributions throughout a sewer shed can be very important. Understanding
what sources contribute the greatest mass loads can help municipalities focus reduction efforts in
certain source sectors. Large mass loads of PFAS from specific sources could direct mitigation
and regulatory efforts. Designing a methodology to isolate and understand significant PFAS
contributions within a large municipal sewer system can be challenging due to the complexity of
the sewer shed, PFAS transformation nature, and accurate flow determination. A feasible design
for all municipalities to quantify and understand PFAS contributions within their sewer structure
has not yet been established.
The objective of this work was to characterize and understand PFAS sources, signatures,
concentrations, and mass flow throughout two municipal sewer sheds: Middlebury and Essex
Junction, Vermont. Using a series of strategically chosen sampling sites throughout both systems,
we were able to identify major sources of PFAS to the sewer system. Measurements were taken
with both an isotope dilution and total oxidizable precursor (TOP) assay to understand the amount
of unoxidized and uncharacterized precursors in the system. And finally, the concentrations and
mass loads were visualized in a series of figures useful for outreach scenarios including industrial
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users and local wastewater operators. Optimally, the methods and recommendations forged from
this work will be used by other municipalities looking to characterize PFAS contributions in their
sewer systems. While the results produced an understanding of PFAS distribution and fate within
the sanitary lines, the project also shed light on methodological successes and criticism for future
projects looking to assess PFAS sources in other municipalities.
3.3 METHODOLOGY
3.3.1 SITE SELECTION AND SAMPLING
Two municipalities in Vermont (Essex Junction and Middlebury) were chosen for detailed PFAS
source loading. Sample sites purposefully included several PFAS sources known in the sewer shed
representing industry, commercial entities, and residential areas (Table 3.1). A total of 24 samples
were collected from Essex Junction (8 sites, 3 temporal sampling events), and an additional 28
were collected from Middlebury (7 sites, 4 temporal sampling events) for LC MS/MS analysis
using an isotope dilution modified from EPA Method 533. An additional sample was collected
from each site during the first temporal event for parallel analysis using a total oxidizable precursor
(TOP) assay.
Important details on system infrastructure, connections, and performance, including sample access
points, flow rates, and sources, were provided by wastewater system personnel most
knowledgeable of the studied systems, including the Chief Operator, Water and Sewer
Superintendent, and/or Public Works Engineers and Directors. Sources potentially contributing
PFAS into sampling sites were estimated using geographic information system (GIS)-based sewer
maps provided by the municipalities 17, Vermont Department of Environmental Conservation

18

wastewater permitting records, and from stakeholder and municipal partner input. The sampling
series included a four 1-to 1.5-hour interval composite sample from both the influent and effluent
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of each receiving facility for every sampling event. The remaining sites throughout the sewer
system were sampled three to four times over a one-month period, on varying days and times of
the week. Samples were obtained from manholes and pump stations using either a bailer (HDPE
sample bottle lowered on twine) or dipper sample method. Samples were collected into HDPE
bottles provided by the laboratory, and delivered to Alpha Analytical Labs (Mansfield,
Massachusetts) for analysis.
Table 3.1 Sampling sites in Middlebury and Essex Junction, VT municipalities. Sources
listed are based on online search alongside sewer system schematics.

3.3.2 EXTRACTION AND ANALYSIS OF PFAS
At the time of the analysis, there was no EPA-certified method for the analysis of PFAS in mixed
matrix wastewater samples. Samples were analyzed by liquid chromatography tandem mass
spectrometry (LC-MS/MS) using an isotope dilution (ID) analysis following EPA Method 533 to
compensate for matrix interferences19. Since the samples were wastewater of varying solids
content, 250 ml was initially centrifuged to remove solids. The decanted aqueous portion was
acidified using acetic acid, then fortified with an isotopic surrogate standard. Extractions were
completed using a solid phase weak anion exchange cartridge containing 500 mg of sorbent. The
samples were then eluted using a solution of 2% ammonium hydroxide in methanol. The extract
52

solution was injected on a Waters Acquity UPLC BEH C18 column (2.1 X 50 mm) with
chromatography utilizing a gradient method, with methanol and ammonium acetate as eluents.
Samples were ionized with negative electrospray ionization, followed by tandem mass
spectrometry. The 24 compounds analyzed are listed in the Appendix (S3.1.1).
For each site, one split sample was analyzed using the total oxidizable precursor (TOP) assay 20 .
Here, the samples were first heated in an 85℃ bath and supplemented with 60 mM potassium
persulfate in 125 mM sodium hydroxide for six hours. This addition introduces hydroxyl radicals
creating a high pH condition to oxidize PFAA precursors21. After being cooled, the samples were
extracted then analyzed with LC-MS/MS following the procedure above. This assay encourages
the oxidation of PFAS with carboxylic functional groups over that of sulfonate groups, often
producing results dominated by carboxylic oxidation intermediates22. Transformation products
from this process cannot be traced back to a precursor of a specific chain length21. The 18
compounds analyzed in the TOP assay are listed in the Appendix (S3.1.2).
For quality control purposes, a method blank, duplicate laboratory control sample, duplicate
sample, and matrix spike were analyzed alongside each extraction batch. Method Detection Limits
(MDL) varied depending on the analyte and matrix and can be found in Appendix S3.2. For the
ID analysis, MDLs ranged from 0.211 ng/L to 4.040 ng/L, while MDLs ranged from 0.200 ng/L
to 1.220 ng/L for the TOP assay. Laboratory reporting limits (RL) were between 1.73 ng/L to 9.81
ng/L for the methods. For this work, estimated values below the RL, but above the MDL were
used, but “J” flagged, indicating results may have greater analytical error.
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For summed analyses, values below the MDL and reported as non-detect (ND), were considered
to have zero values for calculation purposes. When PFAS were detected above reporting limits in
more than one sample for a given site, concentrations were averaged across all samples. At one
time point, both the ID and TOP assay were applied to all samples. In this instance, the ratio
between TOP and ID results were calculated based on sample data from that date, rather than
averaged data. In order to assess differences in the relative abundance of individual compounds
and their total PFAS mass, mass concentrations were converted to molar concentrations based on
their individual molar mass (Eq. 1). Daily mass flows were determined from multiplying mass
concentrations by volumetric flows provided by the municipality on the day of sampling (Eq. 2).
See the Appendix S3.3 and S3.4 for molar conversions and mass flow calculations.
[𝑃𝐹𝐴𝑆] 𝑛𝑔
1𝐿

[𝑃𝐹𝐴𝑆] 𝑛𝑔
1𝐿

∗

∗

1𝑔
9

10 𝑛𝑔

1𝑔
109 𝑛𝑔

1 𝑚𝑜𝑙𝑒

∗ 𝑀𝑜𝑙𝑎𝑟 𝑀𝑎𝑠𝑠 𝑜𝑓 𝑃𝐹𝐴𝑆 (𝑔) = [𝑃𝐹𝐴𝑆] (𝑚𝑜𝑙𝑒𝑠/𝐿)
∗

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑤𝑎𝑠𝑡𝑒𝑤𝑎𝑡𝑒𝑟 𝑓𝑙𝑜𝑤 (𝐿)
1 𝐷𝑎𝑦

Eq. 1

= 𝑃𝐹𝐴𝑆 (𝑔/𝑑𝑎𝑦) Eq. 2

3.4 RESULTS
3.4.1 ID CONCENTRATIONS VARIED MINIMALLY WHILE TOP
CONCENTRATIONS WERE CONSISTENTLY ELEVATED IN UPSTREAM
WASTEWATER SAMPLES
At least seven PFAS congeners were detected in all 54 samples collected for ID and TOP analysis
from the Middlebury and Essex Junction sewage collection systems and wastewater treatment
facilities in July and August of 2021. The Middlebury collection and treatment system represents
a typical Vermont village lacking significant industrial activities and serves ~9800 persons
including a small liberal arts college; a commercial district containing restaurants, a brewery, and
a fitness center; a medical facility; and residential developments. In order to determine the
54

contribution of individual congeners to the total measured PFAS concentration, we converted mass
concentrations to molar concentrations using Eq 1, then calculated its abundance relative to other
measured congeners. Middlebury PFAS signatures were consistently dominated (40-63%) by short
chain perfluorocarboxylic acids (PFCAs), including PFBA, PFPeA, and PFHxA which are typical
of residential sewage samples (Figure 3.1). Longer-chain PFCAs, including PFHpA, PFOA, and
PFNA made up another 11-26% of total measured PFAS across the sewer shed. Perfluorosulfonic
acids (PFSAs), including PFHxS and PFOS, combined with precursors such as N-EtFOSAA,
represented a minor fraction of total measured PFAS in Middlebury samples (14-28% and 1-10%,
respectively).
Despite having similar relative abundances of PFCAs, PFSAs, and precursors across most sample
locations, total PFAS concentrations in the Middlebury system were significantly larger when
measured using the TOP assay as compared with ID (Figure 3.1). Surprisingly, the highest
concentrations measured using the TOP assay were derived from residential sectors (Rogers Road
and Pump Station 9), as compared with the medical or commercial districts (Porter, Pump Station
3, North Sector). Moreover, the high concentrations of precursor compounds contributed from
residential areas were substantially diluted or removed through sequestration to solids before
reaching the WWTF as reflected in the greatly decreased TOP assay measurement taken in the
influent. Total PFAS concentrations in the WWTF effluent were equal to or larger than the facility
influent for both the ID and TOP analytical approaches.
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Figure 3.1. Relative abundance of 24 PFAS congeners measured in the Middlebury, VT
sewer shed. Total oxidizable precursor (TOP) assay results are shown in the larger pie, while
the isotope dilution (ID) measurement for the split sample is shown to the upper right in the
smaller pie chart. Circle size and sewer line thickness are scaled proportional to molar
concentration and flow, respectively. Location of WWTF relative to influent and effluent.
The Essex Junction system collects and treats a larger diversity of wastewater sources derived from
a population of ~28,000 residents. In addition to serving residential households, the sewer shed
collects from several commercial districts containing restaurants, gas stations, salons, automotive,
and other retail operations, as well as several industrial users including a valve manufacturer and
two pharmaceutical and personal care product manufacturing facilities. Despite having a higher
diversity of possible sources, PFAS signatures in the sewer shed were similarly dominated by short
chain PFCAs (25-63%), including PFBA, PFHxA, and PFPeA, while long chain PFCAs, including
PFOA, PFHpA, and PFNA made up another 9-28% (Figure 3.2). PFSAs including PFOS and
PFHxS contributed a variable 0% to 44% in the Essex system. Overall, precursors contributed
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from 0% to 34% of total measured PFAS concentrations, with concentrations in some samples
substantially higher than precursors measured across the Middlebury system.
Samples derived below from one pharmaceutical facility (PCP-1) contained the highest relative
abundance of 6:2 FTS, a fluorotelomer known to oxidize to PFCAs including PFBA, PFPeA,
PFHxA, PFHpA, and/or PFOA

13,14

. Another pharmaceutical facility (PCP-2) was located

upstream of a sample containing 20% N-EtFOSAA, a precursor known to transform to several
commonly detected terminal compounds in municipal wastewater, including PFOS 23,24.
The highest total PFAS concentration in the Essex Junction system, as measured using the ID
method, was collected downstream from the valve manufacturing facility (Industrial Valve-1). Not
only were total PFAS concentrations high at this location using the ID approach, but they also
represented some of the largest concentrations measured in the upper most sewage system using
the TOP assay. Total PFAS concentrations measured using the TOP assay were 12.9-fold higher
than those reported using ID, indicating considerable PFAS precursors existed in the sample. The
PFAS signature at this site was unique as short chain PFCA compounds made up 96.8% of the
total TOP assay concentration but only 64.9-88.9% of the TOP concentrations at other sites.
Despite the variety of commercial entities located in the Susie Wilson and Pearl Street areas, total
PFAS concentrations as measured with both the ID approach and TOP assay were lower relative
to the industrial sources. In contrast, the sample collected from the Cascade Street residential sector
deviated from the Middlebury system residential signatures in three ways. Firstly, characterization
of PFAS signatures in Essex Junction using the ID approach indicated, showed an abundance of
precursor, 6:2 FTS (40.1%,) concurrent with an abundance of PFOA, PFHxA, and PFPeA (36%).
Secondly, several long chain PFCAs were present in the Essex Junction residential sector
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(including PFTA, PFTrDA, PFUnA) based on the TOP assay, but were not found in any other
samples. Thirdly, total PFAS concentrations measured using the TOP assay were significantly
higher than those measured using the ID approach, suggesting a considerable source in this sector
not reflected when analysis was conducted using the ID method alone. Combined, these data
suggest a precursor source exists in this residential sector that deviates from a typical residential
sector fingerprint, and may generate longer-chain PFCAs when oxidized, and further investigation
may be warranted.

Figure 3.2 Relative abundance of 24 PFAS congeners measured in the Essex Junction, VT
sewer shed. TOP results are shown in the larger pie, while the isotope dilution measurement
for the same sample is shown to the right in the smaller pie chart. Circle size and sewer line
thickness are scaled proportional to molar concentration and flow, respectively. Location of
WWTF relative to influent and effluent.
We calculated total molar concentrations using both ID and TOP measurements, then took their
ratio to elucidate locations which might have precursors that go unmeasured with our current
analytical tools (Appendix S3.6). The TOP to ID ratio in the Middlebury sewer shed ranged from
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<2 to >350, while ratios in the Middlebury WWTF were 3.2 and 2.6 for influent and effluent,
respectively. Essex Junction sewer shed ranged from <2 to 67, with ratios at its WWTF of 9.7 and
1.4 for the influent and effluent, respectively. In this and other studies, the TOP:ID ratio decreases
as a result of wastewater treatment20, either through physical removal of PFAS in the sludge phase
(as in Chapter 2), or through biochemical oxidation, which results in similar precursor
transformations to that of the TOP assay itself (to be discussed in Chapter 4).
3.4.2 HIGH PFAS CONCENTRATIONS DO NOT NECESSARILY AMOUNT TO
HIGH MASS LOADS
It is evident based on Figures 1 and 2, and Table S3.5, that some sewer shed sectors contribute
higher concentrations of PFAS than others, and that total PFAS levels are more accurately
represented using the TOP assay. To determine whether high PFAS concentrations paralleled high
mass flow in the system, we estimated daily volumetric flows at each sample location, and
calculated mass loads based on Eq. 2. Assuming the mass load at the WWTF influent represents
an aggregate of sources characterized in the sewer shed, we calculated the relative portion that an
individual and all congeners contributed to the total influent mass load (Figure 3.3). Facilities with
high concentrations but low volume flow, such as PCP-1, PCP-2, or Industrial Valve-1, yielded
mass contributions less than 1% of the total WWTF influent mass load for both ID and TOP
analysis measurements. Residential and commercial branches with average ID and TOP analysis
concentrations, including Pump Station 3 and North Sector, experienced higher volume flows,
yielding far higher mass contributions from those sources. Based on these calculations, about 76%
of the total PFAS mass load in Middlebury is accounted for using ID approach, while the TOP
analysis accounted for ~146% of the total influent mass load. In contrast, only 16.6% of the total
PFAS mass was accounted for using the ID approach in the Essex Junction system, with TOP
analysis amounting to ~21% influent mass load.
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This lower yield for Essex Junction may indicate the sample locations did not represent a full
image of the PFAS distribution. The greater than 100% account for the Middlebury influent TOP
mass load sparks several questions about the behavior of PFAS in the sewer system, as well as
questions about the sampling methodology. It is very possible that there could be a plethora of
analytically measurable PFAS in the collection system in comparison to the influent. We
hypothesize multiple causes to this anomaly. The first, as wastewater moves through the sewer
system PFAS are sequestering to solids and surfaces along the sewer system causing the early
stream mass elevation compared to the influent. The second possibility could be that we are seeing
PFAS transform into compounds we cannot analytically measure by the time the wastewater
reaches the WWTF. We must also consider the possibility that we are losing mass load in the
system via exfiltration into ground water and acknowledge the methodology difficulties when
taking PFAS grab samples. Grab samples are representative of a single point in time and do not
capture the diurnal variation of PFAS throughout the course of a day. Measurements upstream
were not coordinated with downstream sites and we did not account for the detention time of water
through the collection system. All samples were taken at similar times on weekdays, but the
variable of time of collection could mean that all sources were not uniform throughout the
sampling.
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Figure 3.3 Percent of influent mass load from each sector based on average isotope dilution
measurements (top row) and TOP measurement (bottom row). Carboxylic compounds are
seen in shades of red, while sulfonate compounds are shown in green. Precursor compounds
measured in ID analysis are in gray scale.
Concentration data combined with flow data, produces an estimate for the mass loading of PFAS
at each site from both the isotope dilution and TOP assay analyses. Like mentioned earlier,
elevated concentrations at first sight may not mean it is a significant source of PFAS to the
wastewater system. To portray amplitude of site mass loads to the sewer system, each mass flow
was taken as a percentage of the total influent mass flow. In the Middlebury, VT series, Pump
Station 3, Rogers Road, and Pump Station 9 had the highest concentrations of both ID and TOP
measurements however the flow of wastewater from these three is not as great as the North Sector
which makes up over 40% of ID and TOP contributions to the influent mass load (Figure 3.4).
Rogers Road and Pump Station 3 however did have considerably high concentrations within their
TOP measurements to make up at least 35% of the total TOP mass flow in the influent. Essex
Junction, VT had three industrial manufacturers with high concentrations of both ID and TOP
measurements, however the flow was so low, the mass load from all three facilities was never
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greater than 1% for the ID or TOP influent mass flow. Cascade street was one of the more shocking
findings from this exploration. The concentration of the TOP measurement and the high flow from
the sector caused this branch to make up about 12% of the influent TOP load. These findings
suggest non-point sources, including residential systems, are more significant PFAS contributors
over industrial and commercial users in these two communities.

Figure 3.4 Average ID concentration measurement and TOP concentration measurement
(ng/L), average ID and TOP mass flow, and percent influent volume flow (%) for each site
in the Middlebury and Essex Junction sewer sheds.

3.5 DISCUSSION AND IMPLICATIONS
Quantifying and estimating PFAS loads, sources, and flow within a wastewater system provided
important insight to potential source reduction strategies and regulation applications within the
individual sewer systems. While one of the first studies of its kind, we believe there are helpful
applications for this methodology in other municipalities looking to understand and control PFAS
in wastewater systems. With the potential for federal surface water criteria for aquatic life in 2024
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16

, many states piloting PFAS standards in their NPDES and pretreatment permits (MA, CT, MI),

and the EPA following a PFAS Strategic Road map, there is already incentive for communities to
characterize PFAS sources to wastewater systems. Our work resulted in the identification of
residential/domestic wastewater as high contributors of PFAS mass loads to the wastewater
system, rather than industrial and commercial inputs. This result indicates that residential outreach
is going to be key for these communities. Outreach strategies might include identification of
activities likely to contribute to PFAS loading, products likely containing PFAS and potential
alternatives, and producing easily accessible information for the public to educate themselves on
PFAS. Despite relatively lower mass loads from industrial sources, this work resulted in
collaboration between industrial facilities, the municipalities, and the state protection agency,
including sharing of results, the willingness of the facilities to review products and practices
utilized by the facility, and potential technical assistance and funding opportunities aimed at
reduction strategies.
Knowing what potential PFAS sources to target, how much reduction is needed, and what
compounds to focus on is challenging with the current lack of regulatory guidance. In reflection
of our investigation, we are able to share our challenges and successes to potentially develop a
PFAS investigation and mitigation strategy in wastewater systems. Our greatest recommendation
is the utilization of the TOP assay, for it is a tool to understand how concentrated unmeasurable
PFAS compounds are in the system. The mass loads determined through ID were greatly
underestimated compared to that of the TOP assay, indicating without the TOP assay we are
missing major concentrations of potential PFAS precursors. Therefore, we emphasize and
encourage the use of TOP assays for wastewater investigations. Sample site selection is of high
importance not only for assuring representative locations but also for obtaining PFAS mass flows.
63

We recommend sampling at pump stations where flow measurements are more reliable and allow
for concentration data to be expanded to mass loads. Utilizing insight from community experts,
window surveys, planning/zoning records, state permitting records, industrial user/waste survey
records, and connection/billing records, are all important to creating a sampling scheme that is
diverse in source types, spread throughout the system, and incorporates a significant aqueous flow.
Our work did not optimize flow coverage through the system (Figure 3.4), but future work could
redevelop the sampling scheme to be representative of the entire sewer shed flow. This community
investigation may be more suited for smaller systems with fewer large industrial sources that do
not require targeted point source sampling. Sampling could be modified from our initial approach
to account for diurnal variation in PFAS concentration, diversity, and mass load 25. While damming
and passive samplers are viable solutions, we advise a composite sampling technique consistent or
similar to that used in the industrial pretreatment programs: seven consecutive days of composite
sampling and seven consecutive days of influent and effluent from WWTF 26. It is recognized that
these procedures are heavily based on source diversity, personnel, system size and complexity,
community and regulatory based support, and monetary backing.
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CHAPTER 4: DEVELOPMENT OF IN SITU BIOREACTORS TO MONITOR
TRANSFORMATIONS OF PFAS IN THE WASTEWATER ENVIRONMENT
4.1 ABSTRACT
One of the largest gaps in the research of per- and polyfluoroalkyl substances (PFAS), is in
biotransformation of precursor compounds (polyfluorinated) into terminal components
(perfluorinated compounds). In a wastewater setting, these transformations are important to
understand as concentrations of perflourinated compounds have been found to increase through
the wastewater treatment process, suggesting the transformations of precursor or polyfluorinated
compounds may be taking place. Here we explore the utility of cellulose membranes to track PFOS
measurements in an “in situ” bioreactor. The cellulose membrane is designed with a pore size
sufficiently small enough to theoretically retain PFOS, yet large enough to allow certain nutrients
to move through the membrane to support growth. Initial lab testing shows strong retention of the
PFOS within the membrane in both mill-Q and wastewater media. Future studies should better
quantify the sorption of PFOS to the membrane, in the presence and absence of wastewater. Upon
further development, these membrane systems could be useful to study PFAS transformation in
wastewater treatment facilities.
4.2 INTRODUCTION
The EPA recently released its roadmap for the research, restriction, and remediation of per- and
polyfluoroalkyl substance (PFAS)1. The restriction aspect of this plan will likely be implemented
through regulation, which will impact the collection, processing, and elimination of wastewater
and biosolids because they considered key conduits of PFAS to the environment. However,
transformations of PFAS within the WWTF are poorly understood and need further research.
While there is a growing body of knowledge on potential transformation pathways of PFAS under
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certain environmental conditions

1–9

, few studies to date have defined pathways in wastewater

systems specifically 5.
Recent studies suggest secondary treatment (typically biological) processes may facilitate or
catalyze the transformation of PFAS precursors to terminal metabolites, like PFOA or PFOS 5.
These studies have observed an increased in perfluroalkyl acids (PFAAs) after aerobic secondary
treatment from fluorotelomer alcohol degradation (FTOH) 8. Some of these biotransformations
have been confirmed under laboratory settings 6,7,10,11. While many transformations that take place
in the WWTF form measurable PFCAs (C>4), some studies have found that shorter PFAS
compounds may be produced through these biotransformation processes, with carbon lengths
below three 12.
Studying these transformations in a wastewater setting is difficult for a number of reasons
including: 1) the high volumetric flows of the facility, 2) the low concentrations of PFAS
congeners (ppt), and 3) the variability of PFAS through time and space in the facility, among many
other factors. Additionally, it is difficult to recreate operational and environmental conditions the
wastewater facility to study PFAS transformation mechanisms.
Here, we developed and tested a membrane system that could be deployed in a wastewater setting
to evaluate PFAS transformations in situ. Membrane systems have been used successfully in
ground water contaminant assessments due to their limited moving parts and ability to obtain
prolonged or averaged concentration measurements13, specifically for volatile organic
compounds14 and metals monitoring15. Instead, we look to use the membrane in a reverse direction,
where the inside PFAS mass is contained and influences by the immediate environment to some
degree The membrane is constructed of a semi-permeable cellulose membrane with a pore size
smaller than the polar surface area of PFOS, which has a polar surface of 62.8 Å16. If deployed in
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a wastewater setting the membrane should allow for the diffusion of key nutrients and gases
through the membrane provided they are smaller than its pore size, while limiting the movement
of PFAS out of the membrane. If successful this design could be applied in situ to understand the
conditions that catalyze oxidative or reductive transformations in wastewater facilities,
information vital to forming effective mitigation and regulation strategies to improve water
resource quality and protect community health.
4.3 METHODS AND EXPERIMENTAL DESIGN
4.3.1 EXPERIMENTAL DESIGN
The design of these projects looks to assess feasibility of using a cellulose dialysis membrane as
an in-situ bioreactor system. The preliminary proof of concept experiments are broken up into
three parts; 1) background leaching from components used in the system, 2) assessing retention of
PFOS in the membrane with mill-Q water media, and 3) assessing retention in the presence of
wastewater.
4.3.2 MATERIALS
The membrane used was a semipermeable dialysis membrane purchased from Medicell Membrane
(Greenwich, London, UK). The pore size of the membrane was 24 Angstrom. Two diameters of
tubing selected were selected: 2”and 4 ½” (DTV.12000.13 Size No. 13 (0.05mm, 2in, 15m); DTV.
12000.19 Size No.19 (0.12mm, 4 ½ in, 15m)). Clips used to close the membrane were made of
low-density nylon plastics (Spectrum™ Universal Dialysis Tubing Closures, Fisher Scientific
Catalog No. 08-671-55).
4.3.3 TRIAL 1: ASSESSING BACKGROUND CONCENTRATIONS OF PFAS IN
LAB MATERIALS
To understand if there was ambient PFOS in the mill-Q water or used materials, the first trial
involved submerging two eight-inch membranes closed with nylon clips in about six liters of milli70

Q. The membranes were submerged for 24 hours based on previous diffusion rates of other
constituents observed through Medicell cellulose membranes by previous projects

17

. The water

inside and outside the two membranes were sent to Alpha Laboratories for analysis of the NH-9
PFAS Analytes (Appendix S4.1). The sampling scheme is shown in Figure 4.1 in P1. This pilot
indicated whether the cellulose membrane or nylon clips could leach any PFAS, and if PFAS were
present in milli-Q water or other lab materials.
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Figure 4.1 Experimental setup for the background, leaching, and wastewater membrane
trials. Letters resemble locations of sampling with corresponding sampling names.
4.3.4 TRIAL 2: ASSESSING PFAS LEACHING IN MILLI-Q WATER
In the second trial, samples were spiked with PFOS to assess retention in the membrane. To spike
the water samples, a PFOS solution in water was used. The PFOS standard was purchased from
Sigma Aldrich (in 40% H2O). A stock solution was prepared at 416 mg/l by first diluting 1 ml of
the PFOS solution in one liter of milli-Q. A serial dilution was used to generate a 426 µg/l
concentration standard. The 416 µg/l standard was diluted by adding 1 ml to each 1-liter sample
for a final target concentration of 416 ng/l.
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This trial was used to assess how much PFOS was retained within the membrane and assess any
loss due to absorption to the cellulose membrane. The one-liter solution at 416 ng/L was split into
500 ml samples and added to the interior of two different the eight inches (4 ½ diameter) membrane
tubes. peated to form the low concentration standard. From the low concentration standard, 1 ml
of standard was added to each 1-liter sample that needed to be spiked (Figure 4.2). The tubing was
closed with nylon clips, and then completely submerged in approximately six liters of DI water a
HDPE container (one tube each container). After 24 hours, the concentration of the NH-9 PFAS
analytes inside and outside the tubing was measured (Figure 4.1 P2). We observed that a small
volume (<1ml) of interior solution escaped from tubing upon filling due to clip leakage, but
consider this leakage insignificant compared to the rest of the system.

Cellulose
Membrane
(Pore Si e 4 )

Nylon clips
NT

NT

E T

E T

D N, O ,
etc.

D N, O ,
etc.

PFOS

HDPE ins

Figure 4.2 Illustration of the set up and conceptual model for the membrane experiments.
The INT samples are PFOS spiked water while the EXT samples are un-spiked water.
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4.3.5 TRIAL 3: ASSESSING PFOS LEACHING IN WASTEWATER
The third trial used a similar PFOS spike, but in a wastewater matrix inside and outside the
membrane. Using a wastewater matrix introduces a new set of environmental conditions
potentially affecting PFOS diffusion across the membrane, and absorption to solids. Wastewater
samples were collected from the anoxic basin of a wastewater treatment facility. The same spiking
and handling methods were applied to the wastewater filled membrane, as described in trial 2
where milli-Q water was used. However, for the wastewater trial we collected a sample for initial
PFAS concentration. Additionally, one solid and one aqueous sample per tubing was collected for
PFAS analysis to assess PFOS absorption by solids.
4.3.6 ANALYTICAL METHODS
At the time of the analysis, no EPA-certified method existed for the analysis of PFAS in mixed
matrix wastewater samples. Samples were analyzed by liquid chromatography tandem mass
spectrometry (LC-MS/MS) using an isotope dilution analysis following EPA Method 533 to
compensate for matrix interferences18. Since the samples were wastewater of varying solids
content, 250 ml was initially centrifuged to remove solids. The decanted aqueous portion was
acidified using acetic acid, then fortified with an isotopic surrogate standard. Extractions were
completed using a solid phase weak anion exchange cartridge containing 500 mg of sorbent. The
samples were then eluted using a solution of 2% ammonium hydroxide in methanol. The extract
solution was injected on a Waters Acquity UPLC BEH C18 column (2.1 X 50 mm) with
chromatography utilizing a gradient method, with methanol and ammonium acetate as eluents.
Samples were ionized with negative electrospray ionization, followed by tandem mass
spectrometry. Complete QA/QC record found in Appendix S4.2.
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4.3.7 DATA ANALYSIS
Concentration data acquired from Alpha Laboratories used to estimate PFAS mass based on
membrane. The concentration was first converted to molar mass, then multiplied by the appropriate
medium volume to obtain total mass measurements for each matrix (Appendix S4.3).
4.4 RESULTS
4.4.1 BACKGROUND PFAS FROM CELLULOSE MEMBRANE OR FROM LAB
EQUIPMENT
The controlled membrane trials showed little background PFOS contamination in the experimental
system. For both the interior and exterior samples we detected PFOS, PFHxS, and PFBA, bet at
levels below reporting limits (Appendix S4.4.1). Previous studies using the milli-Q water in our
lab showed some PFHxS, but no PFOS contamination. This suggests PFOS and/or PFBA may
derive from the membrane itself, or from the HDPE transfer containers used to hold the
membranes. PFOS detected in the exterior water could have been derived from the membrane,
nylon clips, or the HDPE containers. Overall background concentrations were low relative to the
spike used in trials two and three.
4.4.2 PFOS LOSS TO THE MEMBRANE
Assuming the initial concentration of PFAS in the membrane was 416 ng/l, we observed lower
concentration of PFOS in the membrane after 24 hours (Appendix S4.4.2). We calculated only
30% and 31% PFOS mass was retained in the membrane for replicated one and two (Figure 4.3
and Table 4.1). Outside the membrane, we calculated the 8 and 9% of the mass passed through the
membrane. It is important to note the PFOS concentration in the exterior sample were below the
reporting limit and above the method detection limit and are assumed to be estimations. This
suggested leaching through the membrane could be lower than 9% of PFOS. The low mass
recovery of PFAS could indicated an improper spike or adsorption to the membrane or clips.
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Figure 4.3 PFOS concentrations from the milli-Q water control and spiked milli-Q water
trial.
Table 4.1 Estimated mass recoveries and percent original PFOS concentrations from the
interior membrane samples from the milli-Q water trials.
DI-NOSPIKE-INT-REP1
DI-NOSPIKE-INT-REP2
DI-NOSPIKE-EXT-REP1+2
DI-SPIKE-INT-REP1
DI-SPIKE-EXT-REP1
DI-SPIKE-INT-REP2
DI-SPIKE-EXT-REP2
ORIGINAL EST. CONCENTRATION

[PFOS] Volume (L) Mass (mol) % Orig. Mass PFOS
1.47
0.50
1.47E-12
1.40
0.50
1.40E-12
1.95
6.00
2.34E-11
126.00
0.60
1.51E-10
30
3.56
6.00
4.27E-11
9
127.00
0.60
1.52E-10
31
3.46
6.00
4.15E-11
8
416.00
0.60
4.99E-10
100

4.4.3 PFOS LOSS IN THE MEMBRANE IN THE PRESENCE OF WASTEWATER
With the application of the tubing to wastewater samples and while assuming the initial membrane
concentration to be the spike concentration and ambient background of the wastewater, we
observed no additional diffusion of PFOS across the membrane during their 24-hour deployment.
There was again, considerable loss of the PFAS initial concentration in the aqueous portion (86
and 87% loss). The conditions presented still allowed for adequate retention of PFOS only
allowing minimal changes in exterior PFOS concentrations (18% increase and 27% decrease from
initial concentrations) (Figure 4.4 and 4.2) (Appendix S4.4). Despite the large variation between
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replicates, there was a large concentration recovery of PFOS in the replicate two solid sample

[PFOS](ng/L)

(41% recovery) indicating poor replication in extraction of PFOS from the sample.
500
450
400
350
300
250
200
150
100
50
0

Est. Spiked
Concentration
Interior Aqueous

Interior Solid
Exterior Aqueous

REP 1

REP 2

Figure 4.4 PFOS concentrations from the estimated spikes interior tube water, interior
solids, and exterior solution after the 24-hour deployment in wastewater.

Table 4.2 Estimated mass recoveries and percent original PFOS concentration of the interior
tube sample from the wastewater pilots.
WW_SPIKE-INT-AQ-REP1
WW-SPIKE-EXT-AQ-REP1
WW-SPIKE-INT-SOLID-REP1
WW-SPIKE-INT-AQ-REP2
WW-SPIKE-EXT-AQ-REP2
WW-SPIKE-INT-SOLID-REP2
ESTIMATED ORIGINAL

[PFOS] Volume (L) Mass (mol) % Orig. MassPFOS
59.10
1.00
1.18E-10
7
28.40
6.00
3.41E-10
20
64.50
1.00
1.29E-10
8
52.30
1.00
1.05E-10
6
17.60
6.00
2.11E-10
12
252.00
1.00
5.04E-10
29
430.00
2.00
1.72E-09
100
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4.5 IMPLICATIONS
These preliminary experimental trials offer compelling evidence that cellulose membranes could
prove useful for understanding PFAS transformations in the environment. The background
concentration from the materials themselves, are low. The PFOS mass passing through the
cellulose membrane ranged from 8-27% depending on the matrix. Sorption to the cellulose
membrane was found to be significant (52 to 66%) and needs to be better quantified for the system
to prove useful in the field.
4.6 FUTURE WORK
To completely assess the applicability of the in-situ membranes in a field setting, several additional
trials should be conducted. These initial experiments were designed to learn the how to handle the
membrane material and begin to understand the interactions of PFAS with the membrane.
4.6.1 CLEANING AND HANDLING PROTOCOL
In experience handling the cellulose membrane, we attempted to limit contamination, from lab
materials and handling. A cleaning protocol utilizing Alconox and multiple water baths for
materials was developed to limit background PFAS contamination. A clean and dirty hands buddy
system was utilized while handling of the membrane. The clips used for the project were found to
leach little to no PFAS. The milli-Q water used in the lab had little measurable background PFAS.
We learned that using multiple clips was more effective in retaining water within the membrane.
Further work will look to develop a standardized system for the handling of the cellulose
membranes before field deployment.
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4.6.2 CONFIRMATION OF PFAS LEACHING AND WATER VOLUME
RETENTION
While PFAS leaching was low, additional experiments to confirm this observation is
recommendation. Volume retention will need to be assessed in repeated experiments with
standardized membrane length. In theory, with differences an ion concentration inside and outside
may change the amount of water mass retained. Further experiments consider volume and/or mass
measurements before and after the experiment to quantify volume changes affecting PFAS
concentrations.
4.6.3 QUANTIFYING PFAS SORPTION TO SOLIDS
Recovery of PFAS from the membrane will also be of interest for further methodological
development. Our lab trials suggest low recovery of spiked PFOS mass in the aqueous portion of
the membrane for both milli-Q water and wastewater experiments. Previous work indicates a high
affinity for the PFAS to absorb to solids, including wastewater matrixes. Understanding this
sorption behavior to the membrane and sludge will help to prove the utility of these systems for
field applications. Alternatively, we may need a method for the extraction of PFAS from the
membrane to separate sorption from transformation.
A sorption coefficient could be estimated for the membrane materials based on the length of the
tubing to adjust calculations for loss to the membrane (Figure 4.5). For example assuming starting
mass of PFOS in the system was 4.99*10-10 moles, and mass escape from the membrane was
negligible, we can assume that mass was conserved within the membrane system. The mass found
in the aqueous portion of replicates one and two were 1.51*10-10 and 1.52*10-10 moles. For one
liter of spiked DI water, 3.48*10-10 and 3.47*10-10 moles of PFOS remained on the cellulose
membrane wall. The volume of the interior sample changes the length at which the PFOS are
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exposed to the membrane. With the introduction of wastewater solids, the coefficient must be
adjusted for preference for sorption to biosolids or membrane is unknown.
PFOS 416 ng l
D Water

PFOS
Exterior water

PFOS
Adhered to
membrane

Dialysis
tubin g

PFOS
nterior water

[

]

[

]

[

]

=

[

]

Figure 4.5 Conceptual model of PFAS mass conservation through the tubing experiments to
assess sorption to the membrane and solids.
4.6.4 FIELD APPLICATIONS
After confirming the amount of PFAS leaching, confirming a full water retention, and better
understanding sorption to the membrane and solids, the device can be tested in a field setting.
Another variable that is to be understood is biofouling. While deployed in a secondary basin, solids
are predicted to build up upon the tubing surfaces altering the diffusion of nutrients through the
membrane. As such, assessing the amount of biofouling on the tubing through the length of
deployment and if it alters the health of the interior water is important. This can be done in the
field setting, using a time series of deployed membranes into a wastewater basin. Microbiota health
could be assessed using BOD, TSS, and pH through time. Once determining if the biomass remains
healthy the membrane could be used to measurable changes in PFAS due to biotransformation in
the wastewater system.
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CHAPTER 2 APPENDIX
S2.1 Stabilization treatments most used in metadata analysis, descriptions, qualifications
for Class A and B biosolids, changing environmental parameters, and PFAS past trends.
Stabilizaton Treatment

Process Description

Lime Stabilization

This cost effective stabilization
method adds hydrated lime to liquid
sewage to raise pH to 12 for at least 2
hours, increasing the concentration of
ammonium ions, deprotonating sludge,
forming a ammonia gas, finally
reducing the fecal coliform content
(Arthurson 2008).

Class A Requirements

Class B Requirements

Changes in
Environmental
Parameters

Lime can be used to meet
Class A requirements
Lime can be used to meet Class
⁕ ncreased pH
when accompanied by an
B requiremends by holding the
increase in temperature
high pH to at least 12 for at ⁕ ncreased ammonia ions
and time (e.g. pH > 12 and
least 2 hours (EPA 1994).
⁕ ncreased solids content
25°C for 72 hours) (EPA
1994).

Past Trends in PFAS
Distribution

??

⁕ Varied pH

Composting

Degradable compounds are oxidized
with the addition of a bulking agent
(wood chips, dry compost, etc)
increasing the temperature of the
sludge, killing pathogens. Continued
breakdown of proteins, fats, and
cellulose fuel the high temperature
until maturation of organic matter
(Arthurson 2008).

⁕ ncreased organic
To meet Class A standards Class B must be at least 40°C
matter through bulking
the temperature must be at for 5 days and be as high as
agents
least 55°C for 3 days
55°C for a minimum of 4 hours
⁕ ncreased temperature
(EPA 1994).
within the 5 days (EPA 1994).
⁕ ncreased aerobes
⁕ ncreased carbon
dioxide

⁕ ncreases PFCAs (La cano
et al. 2019)
⁕ Additions of non-PFAS OM
dilutes PFAA concentrations
(Lazcano et al. 2019)

⁕ ncrease in PFOS (Schult et
al. 2006)
⁕No change in PFDS (Schult
⁕ Reduction in organic
et al. 2006)
matter
⁕No change in N-EtFOSAA
⁕ Varied lower
(Schultz et al. 2006)
temperatures
⁕Possible presence and
⁕ ncreased anaerobes
degradation of N-MeFOSAA
⁕ ncreased methane and
precursors (Schultz et al.
carbon dioxide
2006)
⁕ ncreased nitrogen
⁕ ncrease in PFNA (Schult et
content in stabilized sludge
al. 2006)
⁕Decrease in volatile
⁕No change in PFDA (Schult
solids
et al. 2006)
⁕ No change in pH
⁕ ncreased aerobes
⁕ No change in
temperature (Class B)
⁕ ncreased nitrogen
mineralization
⁕ ncreased carbon
dioxide and ammonia
⁕Decrease in volatile
solids
⁕ No change in pH

Anaerobic Digestion

Aerobic Digestion

Dried Biosolids

No PSRP or VAR

40-50% of dissolved and volatile
organic matter is bio transformed into
methane through anaerobic
microorganisms (Schultz et al. 2006).
This process reduces sludge volume
and breaks down monosaccharides,
fats, and acids through hydrolysis,
acidification, and methanogenesis
(Arthurson 2008).

n/a

Class B biosolids are treated for
a mean cell residence time of
15 days between 35°C-55°C
and 60 days for 20°C (EPA
1994).

Air/oxygen is introduced to
biotransform volatile solids into
carbon dioxide and ammonia and
reduce total mass of organic waste
(WEF 2006). Sludge volume is
reduced and Dissolved oxygen is a
critical parameter, typically ranging
from 0.5-2.0 mg/L (WEF 2006).

Class A thermophilic
Class B biosolids are treated for
aerobic digestion requires a
a mean cell residence time and
mean cell residence time
temperature between 40 days at
of 10 days at 55-60°C
20 °C and 60 days at 15°C
(EPA 1994).
(EPA 1994).

Sludge is heated to reduce pathogen
content, total biosolid volume, and
moisture content (90% solids). The
process requires specific equipement
and about 1,400-1,700 BTUs of
energy per pound of water evaporated
(EPA 2006).

Dried biosolids are
Dried
are ideal
idealbiosolids
for the creation
for the
creation
of Class A
of Class
A biosolids
biosolids
the elongated
for an for
elongated
time
timeatathigh
hightemperatures
temperatures

n/a

⁕ ncresed temperature
⁕ Decreased moisture

⁕ ncreases PFCAs (La cano
et al. 2019)

n/a

n/a

n/a

n/a

No process to significantly reduce
pathogens or no vector attraction
reduction strategies are applied.
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S2.2 The 24 analytes of the Isotope Dilution (ID) method.
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S2.3 Concentration measurements for unprocessed sludge samples from UNH, NHDES, and
VTDEC.
S2.3.1 Raw concentrations expressed in ng/kg. BDL stands for below method detection limit.

S2.3.1 Concentrations of unprocessed sludge samples from UNH, NHDES, and VTDEC by PFAS
chain length and functional group. Concentrations expressed in ng/kg.
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S2.4 PFAS composition of stabilized biosolids from NHDES and VTDEC data sets.

85

CHAPTER 3 APPENDIX
S3.1 PFAS Analytes
S3.1.1 The 24 analytes of the Isotope Dilution (ID) method.

86

S3.1.2 The 18 analytes of the Total Oxidizable Precursor (TOP) assay method.

87

S3.2 Reporting and method detection limits

S3.2.1 Reporting and detection limits for ID
measurements.
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89

90
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S3.2.2 Reporting and detection limits for TOP measurements.
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S3.3 Mass Flow Conversions

S3.3.1 Equation for the calculation of molar mass
Equation for the conversion of PFAS concentration to mass flow using estimated wastewater flows in
table S4.2.

[𝑃𝐹𝐴𝑆] 𝑛𝑔
1𝐿

∗

1𝑔
109 𝑛𝑔

∗

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑤𝑎𝑠𝑡𝑒𝑤𝑎𝑡𝑒𝑟 𝑓𝑙𝑜𝑤 (𝐿)
1 𝐷𝑎𝑦

= 𝑃𝐹𝐴𝑆 (𝑔/𝑑𝑎𝑦)

S3.3.2 Estimated aqueous flows
Estimated flow rate (MGD) for each site applied in mass flow calculation.
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S3.3.3 Calculated average mass flows (g/day) of ID measured PFAS taken over the 3-4 sampling events.
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S3.3.4 Calculated mass flows (g/day) of TOP measured PFAS.
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S3.3.5 Percentage of influent mass flow table
Totals taken from Mass Flow ID and TOP assay measurements. Site total is divided by influent total
and multiplied by 100%
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S3.4 Conversion from ng/L to moles/L
S3.4.1 Equation for the conversion of PFAS concentration in ng/L to moles/L
PFAS molecular weights are found in Table S5.2.

[𝑃𝐹𝐴𝑆] 𝑛𝑔
1𝐿

∗

1𝑔
109 𝑛𝑔

1 𝑚𝑜𝑙𝑒

∗ 𝑀𝑜𝑙𝑎𝑟 𝑀𝑎𝑠𝑠 𝑜𝑓 𝑃𝐹𝐴𝑆 (𝑔) = [𝑃𝐹𝐴𝑆] (𝑚𝑜𝑙𝑒𝑠/𝐿)

Eq. 1

S3.4.2 Molecular weights of each PFAS congener used to convert concentration to molar concentration.
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S3.5.3 Average ID measurements in moles per liter.
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S3.5.4 TOP measurements in moles per liter.
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S3.5 Total Suspended Solids (TSS)
S3.5.1 TSS Methodology
Total suspended solids were measured through Endyne Laboratories in Willston, VT. SOP can
be acquired through contact with the agency.
S3.5.2 TSS Results

S3.6. Ratio of ID to TOP Measurements
Ratio of single day total TOP and ID PFAS measurements with TSS (mg/L).
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CHAPTER 4 APPENDIX
S4.1: New Hampshire 9 Analytes for PFAS analysis through Alpha Analytical Laboratories.
NH 9 Analytes
Perfluorobutanoic Acid (PFBA)
Perfluoropentanoic Acid (PFPeA)
Perfluorobutanesulfonic Acid (PFBS)
Perfluorohexanoic Acid (PFHxA)
Perfluoroheptanoic Acid (PFHpA)
Perfluorohexanesulfonic Acid (PFHxS)
Perfluorooctanoic Acid (PFOA)
Perfluorononanoic Acid (PFNA)
Perfluorooctanesulfonic Acid (PFOS)

101

S4.2 Quality assurance and control of PFAS analysis
S4.2.1 Extraction efficiencies of surrogate spikes through the extraction process provided by Alpha
Analytical.
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100
101
100
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104
109
100
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94
82
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92
92
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94
95
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96
88
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89
69
86
76
67
86
96

96
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97
95
96
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92
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79
99
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78
100
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104
102
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108
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106
100
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96
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98
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100
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S4.2.2 Extraction and analysis procedure by Alpha Analytical
At the time of the analysis, there was no EPA-certified method for the analysis of PFAS in mixed
matrix wastewater samples. Samples were analyzed by liquid chromatography tandem mass
spectrometry (LC-MS/MS) using an isotope dilution analysis following EPA Method 533 to
compensate for matrix interferences . Since the samples were wastewater of varying solids
19

content, 250 ml was initially centrifuged to remove solids. The decanted aqueous portion was
acidified using acetic acid, then fortified with an isotopic surrogate standard. Extractions were
completed using a solid phase weak anion exchange cartridge containing 500 mg of sorbent. The
samples were then eluted using a solution of 2% ammonium hydroxide in methanol. The extract
solution was injected on a Waters Acquity UPLC BEH C18 column (2.1 X 50 mm) with
chromatography utilizing a gradient method, with methanol and ammonium acetate as eluents.
Samples were ionized with negative electrospray ionization, followed by tandem mass
spectrometry.
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S4.3 Conversions of PFAS concentration to mass flow
S4.3.1 Equation for the conversion of PFAS concentration in ng/L to moles/L
PFAS molecular weights are found in Table S5.2.

[𝑃𝐹𝐴𝑆] 𝑛𝑔
1𝐿

1𝑔

1 𝑚𝑜𝑙𝑒

∗ 109 𝑛𝑔 ∗ 𝑀𝑜𝑙𝑎𝑟 𝑀𝑎𝑠𝑠 𝑜𝑓 𝑃𝐹𝐴𝑆 (𝑔) = [𝑃𝐹𝐴𝑆] (𝑚𝑜𝑙𝑒𝑠/𝐿)

Eq. 1

S4.3.2 Equation for the calculation of mass load
Equation for the conversion of PFAS concentration to mass flow using estimated wastewater
flows in table

[𝑃𝐹𝐴𝑆] 𝑛𝑔
1𝑔
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑊𝑎𝑡𝑒𝑟 𝑆𝑎𝑚𝑝𝑙𝑒𝑑 (𝐿)
∗ 9
∗
= [𝑃𝐹𝐴𝑆] (𝑚𝑜𝑙𝑒𝑠/𝐿)
1𝐿
10 𝑛𝑔
1
S4.3.3 Molecular weights of each PFAS congener used to convert concentration to molar
concentration.
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S4.4 Concentration measurements from Alpha Analytical and data qualifiers
S4.4.1 DI water pilot PFAS measurements and tube length
Colors in table indicated data quality significance. See table S4.4.3.
Length of Tube (in)
DI-NOSPIKE-INT-REP1
8
DI-NOSPIKE-INT-REP2
8
DI-NOSPIKE-EXT-REP1+2
16
DI-SPIKE-INT-REP1
11
DI-SPIKE-EXT-REP1
11
DI-SPIKE-INT-REP2
11
DI-SPIKE-EXT-REP2
11

PFBA

PFPeA

0
0.382
0
0
0
0.748
0

PFBS
0
0
0
0
0
0
0

0
0
0
0
0
0
0

Concentration (ng/L)
PFHxA PFHpA PFHxS
PFOA
PFNA
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
2.09
0
0
0
0
0
0
0
0
0
2.04
0
0
0
0
0
0
0

PFOS
1.47
1.4
1.95
126
3.56
127
3.46

S4.4.2 WW pilot PFAS measurements and tube lengths
Colors in table indicated data quality significance. See table S4.4.3.

WW-BACKGROUND-ANOXIC BASIN
WW_SPIKE-INT-AQ-REP1
WW-SPIKE-EXT-AQ-REP1
WW-SPIKE-INT-SOLID-REP1
WW-SPIKE-INT-AQ-REP2
WW-SPIKE-EXT-AQ-REP2
WW-SPIKE-INT-SOLID-REP2

Length of Tube (in)
18
18
18
18
18
18
18

PFBA
5
6.55
6.14
5.52
5.97
7.1
4.88

PFPeA
7.4
7.59
7.46
7.77
7.16
6.72
9.8

Concentration (ng/L)
PFBS
PFHxA PFHpA PFHxS
PFOA
PFNA
5.38
12
3.62
4.8
9.91
1.99
5.67
11.7
3.61
3.64
9.25
1.5
6.36
12.8
3.62
2.63
10.2
2.14
5.73
12.5
3.63
3.93
9.2
1.54
5.52
11.7
3.75
3.79
9.52
1.58
6.58
12.7
3.63
2.54
9.45
1.7
5.66
14.7
3.5
3.98
10.9
3.86

PFOS
24.1
59.1
28.4
64.5
52.3
17.6
252

S4.4.3 Data qualifier definitions provided by Alpha Analytical Laboratories.
For use in tables S4.3 and S4.4.
F

J
JF
Impurity from Standard

Data Qualifiers
The ratio of quantifier ion response to qualifier ion response falls outside of the
laboratory criteria. Results are considered to be an estimated maximum concentration.
Estimated value. The Target analyte concentration is below the quantitation limit (RL),
but above the Method Detection Limit (MDL) or Estimated Detection Limit (EDL) for
SPME-related analyses. This represents an estimated concentration for Tentatively
Identified Compounds (TICs).
J and F
Data Prediction
Predicted based on Cassidy's work.
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