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ABSTRACT

The extraordinary number of unknown per- and polyfluoroalkyl substances (PFAS)
necessitates identifying the substances as a first step to understanding them and their risks. From
an environmental engineering perspective (preventing, controlling, and remediating), PFAS
remediation and control measures are only as effective as the tools used to detect them. Focusing
on aqueous film-forming foam (AFFF), several researchers have elucidated the structures of
unknown PFAS, with each study accomplishing PFAS identification differently. A range of
software and practices were used to improve mass spectrometry (MS) results or elucidate
chemical structures. Different identification approaches were compared in the current research,
including suspected identification and a Kendrick mass defect (KMD) method. Focusing on the
interpretation of MS results methods, several commonalities appeared, including suspect
identification (exact/accurate mass), fragmentation identification, and KMD. These three
identification methods were employed in this study for analyzing several legacy AFFF samples
manufactured by the 3M Company from 1979 to 2002 and soil samples collected from past
AFFF release sites.

The results obtained indicated how AFFF composition has changed over time. Other
PFAS were found, i.e., beyond those targeted by the United States Environmental Protection
Agency (USEPA) and the new 40 classes of PFAS identified by Brazen-Hanson et al. (2017).
The suspect identification method identified most, if not all, PFAS in the 40 classes detected by
Brazen-Hanson et al. (2017). However, the KMD approach detected a much smaller number of
PFAS compounds in the AFFF samples. Continuous MS scanning enables identifying new PFAS
from other PFAS elucidation studies, i.e., non-targeted analysis (NTA). The NTA approach of

complete scan data could facilitate future standards without having to resample and thereby

vi



having to expand on past efforts. The current study shows the strengths and limitations of three
PFAS identification methods of soils and legacy AFFF products at known AFFF release sites.
Overall, this study shows that multiple methods are required to identify PFAS because of the

inherent disadvantages associated with each particular method.
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I - Background

Per- and polyfluoroalkyl substances (PFAS) are organic compounds with strong carbon
and fluoride bonds (3M, 1999; Ahrens et al., 2011). The commonly known PFAS are
perfluorooctanesulfonic acid (PFOS), perfluorooctanoic acid (PFOA), and perfluorohexane
sulfonic acid (PFHxS) (Dauchy et al., 2017). PFAS have a tendency to be charged and to persist
in soil once released (Barzen-Hanson et al., 2017b). The main difference between PFAS and
other organic contaminants is that many perfluoroalkyl substances, such as PFOS and PFOA, are
resistant to biological and chemical degradation (Xiao, 2017). Therefore, it is difficult to remove
and treat PFAS once released to the soil. PFAS has been used in several applications, but the
production of PFAS has been identified as a health concern only within the last number of years
(Houtz et al., 2018, Yeung et al., 2017). The urgency to control and treat PFAS released to the
environment has increased after the detrimental effects of the substances have become known. In
numerous studies, the parameters that control PFAS have reviewed and evaluated, but
considerably more information is required (Ateia et al., 2019; Ruan & Jiang, 2017). Even with
the increased understanding of PFAS movement in soil, the many PFAS unknowns are further
complicated by an increasing number of newly discovered PFAS, which current methods have
not been able to identify yet (Barzen-Hanson et al., 2017b; Place et al., 2012).

As regards the newly discovered PFAS in aqueous film-forming foam (AFFF) and their
release to soil and water, PFAS identification is limited to a small number of targeted substances,
although the number of PFAS listed in the United States Environmental Protection Agency
(USEPA/EPA) COMPTOX database (USEPA, 2020a) exceeds 8,000. Recently, numerous
cationic or zwitterionic PFAS structures have been identified (Backe et al., 2013; Barzen-Hanson

et al., 2017b; D'Agostino & Mabury, 2014, 2017; Munoz et al., 2016; Place & Field, 2012; Xiao



et al., 2017. These cationic or zwitterionic PFAS have been shown to sorb strongly to natural
soils (Xiao et al., 2019) and, therefore, be decomposed to form currently regulated perfluoroalkyl
substances (Jin et al., 2020; Xiao et al., 2018).

The goal of this dissertation is to understand the movement of AFFF PFAS in soil and to
characterize the type of PFAS in commercial AFFF samples and AFFF-impacted soils. In this
study, six samples of historical AFFF compositions were analyzed and the soil of three past
AFFF release sites to identify new PFAS classes. Identifying the new PFAS and PFAS
compositions in the historical AFFF compositions and AFFF-impacted sites demonstrates how
AFFF has changed over the years. The following three methods were used, namely suspect
identification, fragmentation identification, and KMD. This research helps to improve PFAS
identification at AFFF contamination sites for treatment, track transformed or degraded PFAS,
adapt to the changing AFFF commercial products, identify the specific characteristics of PFAS
and, subsequently, use such enhanced understanding in helping predict PFAS movement. The
ability to predict PFAS movement in soil helps in controlling PFAS contamination and its
associated health risks.

Predominately, PFOS, PFOA, and others listed in Table 1 are identified typically in
environmental samples, posing potential risks to human health and the environment. In some
countries, industrial manufacturers have ceased the production of some PFAS, such as PFOS and
PFOA. However, the characteristics of PFAS are still required to support consumer needs, such
as water/oil waterproofing in cooking, clothing, chemical production (cleaning products), and
fire protection (Backe et al., 2013; D'Agostino & Mabury, 2014). PFAS were created to utilize
their ability to control oil and water, i.e., their hydrophobic and lipophobic characteristics (Fetter

et al., 2018; Yan et al., 2012). Several US federal agencies still use and require the public use of



PFAS-containing products as a firefighting measure because no suitable replacement is available

(FAA, 2004). Consequently, utilizing PFAS is set to continue in the US and the rest of the world.

Table 1

Major PFAS Compounds Typically Present in Environmental and Biological Samples

PFAS Iﬁm: Carbon Chain Length Chemical Structure Linear Formula Agpplication Reference
Perflucrooctanesulfonic acid is a long
RFRFARFRF o carbon chain compound used as fabric
MDR protector, stain repellent, agueous film
8 forming foam [AFFF), metal plating and| Xiao et al, 2017; Wang et al,
PFOS Perflucrooctanesulfonic acid Long Carbon Chain CF3 (CF2]7503Na a number of industrial agqlialiuns 2013; Higgins et al, 2005
o Perfluorooctanoic add is a long chaln
F RERFRF perflucrocarboxylic acid (PFCA) used
for several industrial applications,
-8 FFFFFFFF induding carpeting, uphaolstery, Xiao et al, 2017; Wang et al,
PFOA Perfluorooctanoic acid Long Carbon Chain CF3 [CF2)6CO0H apparel, floor wax, textiles, sealants, 2013; Higgins et al, 2005
FRFRF S Perfluoropentancic acid is 3 short-
F chain perfluorocarboxylic acid (PFCA)
-5 FFFF CF3(CF23CO0H generally used as an industrial Arvaniti et al, 2015; Wang et al,
PFPeA Perfluorop ic acid Short Carbon Chain surfactant and surface protector 2013
Ferfluorobutanesulfonic acid [FFBS] is
RFRF o a chemical compound with a four
F. ’;0 carbon fluorocarbon chain and a
[ F d oM sulfonic acid functional group and used |Arvaniti et al, 2015; Wang et al,
PFES Perfluorobutanesulfonic acid Shart Carbon Chain CF3(CF2)3503K as stain repellents and i 2013
Ehort-chain perflucrocarboxylic acd
EFF F [v] (PFCA) used to breakdown product of
FMOH stain- and grease-proof coatings on
[ F FFFEF food packaging and household Arvaniti et al, 2015; Wang et al,
PFHxA Perfl h ic acid Short Carbon Chain CFICF2)SCO0H products 2013
(= FF EFFF Arvaniti et al, 2015; Wang et al,
PFHxS Perflucrohexane sulfonic acid Short Carbon Chain CF(CF2)6503 PFOS/PFOA al 2013; Higgins et al, 2005
¥7
c-10 ! Xiao et al, 2017; Wang et al,
PFDA Perfluorodecanoic acid Long Carbon Chain CFCF2)3C00H PFOS/PFOA 2019; Higgins et al, 2005
c9 Arvaniti et al, 2015; Wang et al,
PFNA Perfluorononanaoic acid Long Carbon Chain CF{CF2)BCO0H PFOS/PFOA alternative 2013; Higgins et al, 2005
c-11 Arvaniti et al, 2015; Higgins et
PFUNDA Perfluorotetradecanaic acid Long Carbon Chain CF{CF2)10C00H PFOS/PFOA al, 2005
at least C-10
|82 FTCA 8:2 flugrotelomer carboxylic acid Long Carbon Chain CF{CF2CF2InCHCOOH Compound found in AFFF Wang et al, 2013
&2 |82 fluorotelomer unsaturated carboxylic at least C-10 Mirtal et al, 2016; Wang et al,
FTUCA adds Long Carbon Chain CF{CF2CF2)nCH=COOH Compound found in AFFF 2013

II - Movement of PFAS in Soil

As mentioned, PFAS were created to utilize their ability to control oil and water, i.e.,

their hydrophobic and lipophobic characteristics (Fetter et al., 2018; Yan et al., 2012). These

traits have made PFAS a primary component in many applications, such as for non-stick

cookware and waterproofing (Zhao et al., 2012). As PFAS are useful in countless industries, they



are used abundantly and can be detected everywhere, even in the blood of polar bears in
Antarctica (Zhao et al., 2012). PFAS are crucial in combating fuel fires at fuel
distribution/production sites and aircraft fires to save lives during such events. However,
although PFAS are a benefit and convenience to society, they also pose significant threats to
human health and the environment. PFAS have been shown to interrupt the endocrinological
system (thyroid, reproductive system), slow down child development, and they have been linked
to high cholesterol, high blood pressure, and cancer (Salgado-Freiria et al., 2018; USEPA, 2016,
2017a). For effective PFAS control and removal, it is crucial to understand PFAS movement
behaviors and characteristics. The list of other undetected PFAS is not only extensive but is also
ever-growing.

Moreover, these substances are being emitted into the environment without being
regulated. These other PFAS could pose similar health risks, e.g., perfluorohexanesulfonate
(PFHxS) shows behaviors similar to those of perfluorooctanoic acid (PFOA), whereas F-35B, a
commercial fluorotelomer-based compound, mimics the harmful behaviors of
perfluorooctanesulfonic acid (PFOS) (Wang et al., 2013; Yin et al., 2018). It would be many
years before these other chemicals are studied or even considered for study. Accordingly, for the
sake of human health, it is vital to expand the PFAS research focus to include all other PFAS, as
they could all be potential precursors to PFOS/PFOA and could have similar adverse health
effects.

This current critical review shows how influencing factors are not the only aspect

affecting PFAS transport, as other PFAS could also affect sampling readings.
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Review of Influencing Factors to PFAS Movement

To understand the movement of PFAS in soil, we compared several studies that focused
on factors influencing the transport of PFAS. A summary of the studies is shown in Table 2.
These studies show that PFAS movement in soil is influenced by several factors, as well as the
interactions between these factors. As shown in Table 2, some of the common factors in PFAS
retention are soil organic content, positively charged soil surface, increasing length of PFAS
carbon chains (different chemical structures of PFAS), and the unsaturated soil zone. The
following sections present detail on the common factors that relate to PFAS movement in the

soil.
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Table 2

Transport Studies and Movement Influencing Factors

PFAS
ncressing | ncreasing
| e ey prscomous soite SummaryResit
Orgnic. | ncrease | Increasing | posiive | Sulfuric | increasing | carbon | Surfce | nsaturstes
References | vear | coment | Sality | o | chase | waiety |ionosides| chan | area | e | oy Other
PFOS, PFOA, Sorption of PFAS on 5 different freshwater sediments was
PENA. PEDA, | Selfferent freshwater ! W
N 2 v N 2 N N . . . . |oromeroas| seamemswiniayine - influenced by greater soil organic content, greater salinty,lower
Werosa . | TOmsat e ron. |pH, more positive soil surface charge, PFAS containing a sulfur
Higgins etal, 2006 | 2006 EtFOsAA moiety and increasing length of the PFAS chain
Key to PFOS adsorption were organic carbon and electrostatic
v T T T T - - - e " effects with surface area of the soil particle an influencing by not
ohnson et al, 2007 | 2007 pros dominant factor
The sorption of PFOS on the sediment was affected significantly by
™Mo 1 T - - - - - - - Nt sedimert oM@ lincreasing salinity, pH and soil organic carbon content. Sorption
Vouetal,, 2010 2010 Pros became more irreversible incring CaCl, concentration
Sedmentfrom e
esturinelocatins inSouth
xereavaning | Greater sorption of PFAS in soil with increasing amount of salinity
FSI N - - - - - - - - - o e e |and the presence of dissolved organic matter could make PFAS
e [more moble
Jeon etal, 2011 2011 P05, PFOA organc matter
+ + v B . . . . | . e ede o |PFOS and PFOA sorption was controlled by electrostatic sorption on
Ferrey etal., 2012 2012 PFOS, PFOA | Minneapolis-t Paul. My, usa | ferric oxide in the soil and not organic clay content
Sorption of PFAS on 3 different soil were affected by the presence of
PrOS, PFOA, (TCE, SDS, AO) depending on Carbon chain length of
PENA, PFOA, the PFAS. Short chain PFAS increase soil sorption and decreased
£y - - - S - S - - - oth PFURA, PFDS, | loamysand, oam and sandy |\ iepy 100 chain PEAS with SDS presence in loam and sandy loam
contaminants ";:::A”:;: soils. Low concentration of PFOS decrease in soil sorption with
PFHS, 62 presence of i Detailed site-specifi fon is
(Guelo & Higgins, 2013 | 2013 FTSA, B:2 FTSA needed to predict PFAS transport
Snaturalondagrcatual [ Sorption of PFAS is controlled physicochemical characteristics of
» - - - - - - - - PFOS,PFOA, | o rom o4 P2 | pF ASs (carbon chain length/hydrophobicity) in soil with PFOS
Milinovic et al., 2015 | 2015 PFBS fromtopsoil laver | sorption the most irreversible
Sorption of PFOA in soil increased with the ionic strength of the
Fo— quartsmndmgfngyy_|S0UION in saturated soil. lonic strength was increase by increasing
1+~ +~ - - - - - - ionicstrength [crushed limestone with ittle |the salinity or adding NaCl and CaCl,. CaCl2 had higher PFOA
ofth soution® ermedaveentent | otention than NaCl since Ca is more effective in neutralizing soil
Lvetal, 2018 2018 PFOA surface negative charges
. . . . . . . . |- . o sizeof ine mesh auarz |Alf-Water interface adsorption is a significant source of retention
Lyuetal, 2018 2018 PFOA s (50%-75%) of PFAS in unsaturated soil
PFAS retardation due to sorption/retention in soil model based on
solid- phase air-water interface, partitioning to soil
T T - 0 - - - - M- ather e vem. |atmosphere as gas, NAPL-water interface, partitioning to NAPL. Air-
Brusseas, 2018; sonoaminarest water interface and NAPL-water interface will the dominant form of
Brusseau etal, 2019 _| 2019 PFOS, PEOA PFAS retention.
7705, PFOA, - P
i The effect of soil clay content, TOC, pH, soil flushing (precipitation
PEPA, PFUNA, effect) and PFAS carbon chain length on soil adsorption to create a
U inresse | PFOS PFTEDA, | yareq- tleastsociterent | MOdel for PFAS subsurface transport using a samples from actual
- - T - - + - ™ + flushing PFDoDA sites. Clay content and TOC was thought to be key
fprecptaton) | PEIOAPEA, oRdensiS | ariable for the model but Clay content had a negative on
orin 62 adsorption. Result show that AEC, TOC, Flushing and length of PFAS
Anderson etal, 2019 _| 2015 FTSA, B:2 FTSA chain are key factors in PFAS transport
Shorter chain PFAS are more mobile than longer chain PFAS such as
\Varied- 44 oil core samples: [PFOS. At greater depth, the prominent PFAS were the short chain
- - - - - - T - M- - e e v |and, at shallow depth, long chain PFAS. It may be inferred that the
2atypesof |tanactie fre Taning e longer chained fluorotelomer could have degraded to the shorter
Dauchy etal, 2019 | 2019 form PFAS at deeper soil depths

Note. 1: Increase PFAS sorpti

Decrease PFAS sorptiol

: Key factor to PFAS sorption;

Not determined in the study.




Influence of Organic Content

The organic content of soil influences the retardation of PFAS movement, similar to that
of other contaminants. Adsorption occurs when sediment or soil is porous, i.e., the contaminant
(PFAS) can diffuse into the particle and be sorbed onto interior surfaces (Fetter et al., 2018).
Regarding clay with high organic carbon content, the soil organic carbon enables the sorption of
PFOS (Wei et al., 2017). In all soil types, the higher the organic carbon content of the
surrounding soil, the greater the likelihood of PFAS being adsorbed (Ahrens et al., 2009;
Kwadijk et al., 2013). The observed hydrophobic interactions of the PFAS are fundamental to
PFAS sorption (Brazen-Hanson et al., 2017; Fetter et al., 2018). The longer the carbon chain of a
PFAS, the more hydrophobic would be the PFAS (Arvaniti & Stasinakis, 2012). This factor
explains why long-chain PFAS, with > 8§ perfluorinated carbons, is adsorbed more readily into
the organic carbon in soils than is short-chain carbon PFAS (Arvaniti & Stasinakis, 2015; Gallen
et al., 2018; Xiao et al., 2011). Although soils all differ, there are PFAS-contaminated sites
where the soil has little or no organic content. With little or no organic carbon content, the
electrostatic attraction of the minerals in soil could play an essential role in the sorption of PFAS
(Johnson et al., 2007).
Effects of Charges on Soil Surfaces

To identify the charge on soil surfaces, the soil can be tested for anionic exchange
capacity (AEC) or cationic exchange capacity (CEC) (Anderson et al., 2019; Milinovic et al.,
2015). AEC measures the ability of positively charged soil surfaces to adsorb and exchange
anions (Anderson et al., 2019; Milinovic et al., 2015), whereas CEC measures the ability of the
negatively charged soil surfaces to adsorb and exchange cations (Anderson et al., 2019;

Milinovic et al., 2015). Similarly, assessing the soil zeta potential, measuring the electric
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potential at the soil surface indicates where the soil surface is positive or negative (Ferrey et al.,
2012; Lv et al., 2018; You et al., 2010). Studies have shown that larger and more positive CEC
equates to a more positive surface and higher PFAS sorption (Anderson et al., 2019; Milinovic et
al., 2015). The same is true for zeta potential, i.e., the larger and more positive the measurement,
the more positive would be the surface, enabling PFAS to sorb more readily (Ferrey et al., 2012;
Lvetal., 2018; You et al., 2010). Measuring ionic strength or charge density is another method
to measure the soil surface charge, with the same principles as those of AEC/CEC and zeta
potential (Johnson et al., 2007). The soil surface charge is dependent on the soil surface
composition, i.e., metals or other minerals, such as iron or silica, and the surrounding
environment. A study by Lv et al. (2018) showed nearly no PFOA sorption on silica surfaces, as
these surfaces have an overall negative charge. The existence of ferric oxides at the soil surface
accounts for PFAS adsorption in the absence of organic content (Ferrey et al., 2012). The charge
of a soil surface could change depending on the groundwater properties or solution with which
the soil comes into contact. Influenced by groundwater salinity and pH, a positively charged soil
surface equates to more significant adsorption, which supports the presence of electrostatic
forces (Johnson et al., 2007). Focusing on the negative nature of PFAS, any positive ions
influence the movement of the PFAS. The negatively charged PFAS use divalent cations (e.g.,
Ca(Il) and Mg(II)) as a bridge to the positive organic carbon and are adsorbed (Arvaniti &
Stasinakis, 2015). The effect of monovalent cations (e.g., Na(I)) is mainly compression of the
electrical double layer of soil/sediment particles, which enhances the adsorption of anionic PFAS
(Xiao et al., 2011).

Unlike the two previously mentioned common factors, an increase in PFAS carbon chain

length (chemical structure of PFAS) and soil unsaturated zone factors pose additional
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considerations and information gaps. Overall, the mentioned factor studies showed an increase in
PFAS retention or adsorption for their targeted factor(s). Predicting PFAS movement on one
factor only is not reliable. Therefore, for accurate PFAS prediction, detailed information is
required on the site, soil, PFAS types, and other contaminants (Guelfo & Higgins, 2013). The
gaps in the list of PFAS movements influence factor studies, i.e., such studies limit their focus to
a minimal number of PFAS structures (< 1%) and do not consider other possible factors, such as
the effects of the different ionic forms of PFAS. Aspects such as whether the sample was
collected from the saturated or unsaturated zones, or the existence of other
contaminants/chemicals in the samples, are, therefore, not considered. The following case study
demonstrates the impact of such factor gaps.

Case Study

Several models have been created to understand PFAS movement to protect vital water
sources. However, the correlations are not precise or accurate when applied in locations different
from those for which the models were developed. A greater number of factors is not considered.

PFAS comprises over 8,000 different chemicals (USEPA, 2020a). Even with well-studied
chemicals, the isotopes of a chemical could react and behave differently because of a difference
in the chemical structure. Also, each PFAS reacts differently; therefore, unique treatment
approaches are required.

In Washington County, Minnesota, a landfill is the source of the PFAS in the local area
(Minnesota Pollution Control Agency [MPCA], 2007, 2008b). This landfill is one of four
disposal sites for the 3M Company, a manufacturer of commercial PFAS such as AFFF. The site
was initially mined for sand and gravel and, in 1968, the area was designated a sanitary landfill.

It was permitted as a solid waste facility and received both municipal and industrial waste from
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1969 to 1975 when it was capped and closed (MPCA, 2008a). The landfill contains an estimated
73% resident and 26% commercial/industrial waste.

When it was converted to a landfill, it was not lined and, in 1983, nearby wells were
found to have high levels of volatile organic compounds (VOCs) (MPCA, 2008a). VOC
treatment of extraction wells and spray irrigation was employed to control VOC movement and
effectively treat the compounds. The on-site spray irrigation employed allowed the extracted
groundwater to come into contact with the ambient air, leading to the VOCs being volatilized
and removed from the groundwater before it was returned to the environment. This treatment
effectively raised the groundwater level in the area. In 2004, PFAS were detected in the wells
surrounding the landfill (MPCA, 2008c). Well testing and monitoring were expanded
significantly and indicated the widespread presence of PFAS. Subsequently, additional treatment
was implemented to remove PFAS from the drinking water, and the site was remediated. In
2009, the landfill was reconstructed on-site with a liner system, and the VOC treatment was
disabled (MPCA, 2009). Monitoring of the wells and monitoring stations continue to the present
day.

With the source of PFAS effectively controlled, the PFAS concentration at the
monitoring wells was expected to decrease. However, the analysis of monitoring results showed
the opposite effect.

Data obtained from the Minnesota Pollution Control Agency (MPCA) website contained
water sampling results from 1996 to 2020 (2013). Twenty monitoring wells/stations were
monitored and sampled for PFAS, but only for a small number of targeted PFAS, starting in

2004. Before 2004, only a few wells were assessed as part of the landfill closure monitoring

16



program, which did not include testing for PFAS. MPCA had started testing for PFAS only in

2004.
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Figure 1: Map of Closed Landfill and Monitoring Wells/Stations

This map (Figure 1) shows the landfill in the red dashed line box and the testing wells or
stations around the landfill, with the markers representing the stations. Although the bedrock is
shallow and highly fractured, groundwater flow is generally south to southeastward, but the flow
is northward at one station. At most stations, the concentrations show a stable or slight decrease
in some targeted PFAS (shown in Figure 2), but an increase was detected in some stations over
time (shown in Figure 3). Station 152101, with the appearance of a decreasing or stable trend,
has an R* of 0.088513 but it is not a statistically significant correlation with a P-value of 0.2734
(> 0.05). Whereas station 188744 has the appearance of a slightly positive trend, but with an R?
0f 0.034125, there is no correlation. However, looking at perflurobutanoic acid (PFBA) results,
the R? is 0.7933 with a P-value of <0.001, a statistically significant positive correlation. At
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Station 152101, Perfluorobutane sulfonate (PFBS) results have an R? of 0.5587 with a P-value of
<0.001, a statistically significant positive correlation. In Figure 2, there appears to be a decline

from 2012 to 2014, but, statistically, the R? is 0.0003 with a P-value of 0.7940, a statistically

STATION 152101
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Figure 2: Graph of Station 152101, with Decreasing/Stable PFAS Concentrations

insignificant correlation. All results that were lower than the detection limit were not included in
the statistical analysis to prevent an artificial skewing of the statistics. The individually observed
targeted PFAS statistically have a rise in concentrations, but overall, all the data on targeted
PFAS generally reflect stable concentrations. The cause for a few PFAS to increase in the well
concentration over time remains unclear. All the samples were sent to the same analytical

laboratory and no change in testing procedures was noted.
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STATION 188774

B Perfluorobutane sulfonate A Perfluorobutancic acid X Perfluorohexane sulfonate * Perfluorohexanoic acid
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Figure 3: Graph of Station 188774, with Increasing PFAS Concentrations

The following list indicates other site parameters that were considered or noted as part of

the sampling of wells/stations:

e depth of sampling e nitrogen

e pH e chloride

e specific conductance e ammonia

e temperature e sulfates

e alkalinity e anion/cation ratio

e Total dissolved solids (TDS)/Total e dissolved oxygen (DO)
suspended solids (TSS) e iron

Not all the sampling stations were examined for all the listed parameters. However, the
few well locations assessed for all these parameters during the same period had varying results.
There is no apparent correlation between the PFAS concentrations and these parameters. Stations

monitoring results vary upon location and the distance from the source or landfill and the
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direction of ground flow. Five stations’ results were analyzed that were equidistant from the
source and in the general direction of the observed groundwater flow to determine if there were
any statistically significant correlations between the other parameters and the PFAS
concentrations. Lower than detection limits (or LOD) results were excluded. The most
consistently reported parameters for these 5 stations were pH, temperature, DO, oxidation-
reduction potential (ORP), Turbidity, and Specific conductance. The following R2/p-values
resulted respectively for more than1300 sample results: 0.0063/0.0032, 0.0035/0.0295
0.0020/0.0020, 0.0046/0.0158, 0.0030/0.053, 0.0250/<0.001. All parameters had very weak
correlations that were significant. Other less reported parameters like depth and iron content
showed correlations or R? with no significance or p values greater than 0.05. Past studies have
shown these parameters to influence the PFAS concentration, but not in this case study. There
could be other contributing factors affecting PFAS concentrations.

These sample results can be ascribed probably to physical barriers in the soil that delay
PFAS movement, another PFAS source in the area, or the breakdown of PFAS already in the
environment but not previously detected.

Physical barriers, such as the shallow and highly fractured bedrock, in this case, could
prevent the movement of PFAS to a certain extent and, subsequently, could release the PFAS at a
later stage. The soil in this area can readily adsorb rain or other precipitation to cause
groundwater flow (MPCA, 2007, 2008a, 2009). Therefore, increases in the water table, similar to
the mentioned treatment for VOCs, could lead to PFAS movement. A study by the US Air Force
(USAF) on AFFF has shown how flushing or increased precipitation could cause increased

PFAS movement (Anderson et al., 2019).
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Alternatively, there could be another PFAS source in the area. Other nearby landfills and
the 3M manufacturing plant (~5 miles [8.05 km] away) could have produced another plume,
causing an increase in the PFAS. The land surrounding this closed landfill is rural farmland, with
no industrial development or other potential sources of PFAS.

Lastly, the results indicating increased PFAS could reflect the natural breakdown of the
previously released but undetected PFAS, which could be precursors of the targeted or tested
PFAS. Some of the PFAS eventually degrade to PFOS/PFOA or similar persistent PFAS that
bioaccumulate and pose similar health risks (Ahrens et al., 2009; Becker et al., 2010; Gebbink et
al., 2015; Houtz et al., 2013; Murakami et al. 2009; Sinclair et al., 2009; Xiao et al., 2012, 2013).
Fluorotelomers (FT) are polyfluorinated alkyl substances in which some carbon atoms do not
have a strong fluorine bond and which are more easily broken down into smaller compounds
(Dauchy et al., 2019). Other long-chained PFAS can break down to create shorter and more
resistant PFAS (Dauchy et al., 2019). The undetected PFAS could affect the concentrations of
PFAS commonly detected or those included in the current standards of USEPA (2009, 2019) and
the American Society for Testing and Materials (ASTM) (2019).

Concern is growing about these precursors that are the replacement PFAS for PFOS and
PFOA, as their presence is increasing in the environment and, once degraded, they are a
significant source of regulated PFOS/PFOA (Ruan et al., 2015; Schultz et al., 2006; Xiao, 2017).
For example, N-ethyl perfluorooctane sulfonamidoacetic acid (EtFOSAA), n-methyl
perfluorooctane sulfonamidoacetic acid (MeFOSAA), and perfluorooctanesulfonamide (FOSA)
degrade to PFOS (Boulanger et al., 2005; Gebbink et al., 2015). Fluorotelomer-based compounds
primarily degrade to PFOA, and the remainder are transformed to PFDA (perfluorodecanoic

acid) and PFHxA (Gebbink et al., 2015). Further, some of these PFAS could degrade to different
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PFAS depending on the mode of degradation or the surrounding medium (Bolan et al., 2021,
Zhao & Zhu, 2017). For instance, 10:2 fluorotelomer alcohol (10:2 FTOH) has been shown to be
degraded to perfluorodecanoic acid (PFDA), perfluorononanoic acid (PFNA), and PFOA by soil
microorganisms; PFDA, perfluorohexanoic acid (PFHxA), and perfluoropentanoic acid (PFPeA)
by wheat roots, and PFDA and PFNA by earthworms (Bolan et al., 2021; Zhao & Zhu, 2017).
Substances such as 10:2 FTOH and other long-chain PFAS that have been shown to degrade to
other common PFAS are currently not included in the USEPA standard for soil or water testing
(Dauchy et al., 2019). Shorter-chained PFAS are transported and detected sooner, whereas
longer-chained PFAS, such as 10:2 FTOH, takes longer to be transported (Anderson et al., 2019;
Lyu et al., 2018). The additional time could provide time for degradation and could produce
short-chained, more common PFAS. Therefore, any meaningful reduction of harmful PFAS
needs to consider the precursors of these substances. PFAS precursors have been shown to
increase the concentration of the currently detected and regulated PFAS over time (Weber et al.,
2017).

Reflecting on the Minnesota case study, the varying levels in the targeted PFAS over
almost two decades of testing and monitoring could not be explained by the differing site
conditions at each of the 20 wells. There is no known release of other PFAS in the area, and the
original PFAS source (landfill) is lined and capped, with appropriate leak detection and
prevention measures in place. The original PFAS was released from the landfill; consequently,
the increase in targeted PFAS could be ascribed logically to the breakdown or degradation of
previously undetected PFAS. The presence of PFOA and PFOS has increased in both wastewater

and water treatment processes through chemical (Xiao et al., 2018) and biological processes
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(Xiao et al., 2012). Therefore, identifying the other PFAS (other than the targeted PFAS) could
help shed light on this aspect.
Different Chemical Structure of PFAS

Expanding PFAS identification entails more than simply expanding the targeted PFAS
analyte list, as adjusted approaches to analytical methods are required. Current USEPA (2009,
2019) and ASTM (2019) PFAS standards consider a few targeted PFAS through MS, operating
in negative mode or detecting only the resulting negative ions. However, recent research has
shown the presence of cationic (positive), zwitterionic (both positive and negative), neutral, and
amphoteric (reacts to acids and bases) PFAS (Barzen-Hanson et al., 2017b; Xiao et al., 2019).
These non-anionic PFAS might not be detected in negative mode and, therefore, will proceed
undetected. Further, several studies have indicated that more than 90% of PFAS are not detected
when current methods are employed (Houtz et al., 2018; Miyake et al., 2007; Wiener et al.,
2013).

In the table listing the studies on influencing factors (Table 2), the focus is on one or a
small fraction of the negative existing PFAS structures. The results of these factor studies do not
demonstrate the behaviors of PFAS that are cationic, zwitterionic, neutral, and amphoteric
because they are not being detected. These other PFAS also show different behaviors,
particularly with factors dependent on the chemical charge interactions between the soil surface
and groundwater, such as pH, salinity, and the composition of soil and water. Under the current
USEPA (2009, 2019) and ASTM (2019) standards, MS is conducted in the negative mode on a
limited number of PFAS. Specific analytical equipment or extraction methods can only be run in
one ionic form, such as anionic PFAS, and different forms require additional runs, more samples,

and different sample preparations. The additional effort required would probably limit research
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efforts to the already established PFAS identification methods. However, various new studies
have demonstrated how both negative and positive PFAS can be detected in the same MS scan
using inductively coupled plasma mass spectrometry or the fast polarity switching ionization
mode, resulting in the identification of a greater number of PFAS (Jamari et al., 2019; Mejia-
Avendano et al., 2017).

Effects of the Presence of Different lons (pH and Salinity)

Regarding pH, H+ or OH- ions affect the surface of soil particles and influence the
electrostatic interactions between PFAS and soil. In previous studies observing anionic PFAS,
the PFAS sorption on soil/clay increased as pH decreased (You et al., 2010; Xiao et al., 2011).
Depending on the solids, Ferrey et al. (2010) and Johnson et al. (2007) showed that, as pH
decreased, becoming more acidic with more hydrogen ions, the sorption of PFAS increased. As
the pH increased, goethite and kaolinite soil showed less adsorbed PFAS because the increased
pH made the soil surface less positive, leading to a repelling force on the PFAS (Johnson et al.,
2007). In contrast, You et al. (2010) showed that PFOS sorption was six times greater when the
pH was changed from 7 to 8 (from neutral to basic solution); however, in the You et al. (2010)
study, soil was used that differed from that used by Johnson et al. (2007). The soil surface
strongly influences soil sorption capabilities (Guelfo & Higgins, 2013; Johnson et al., 2007),
explaining the varying results obtained by different studies. If these studies considered all the
ionic forms of PFAS, the adsorption results would also vary. Where anionic PFAS increases
adsorption, cationic PFAS would be repelled and would continue to move. In Xiao et al. (2019),
adsorption of cationic PFAS to soil was observed with increasing ions in the solution. In a
neutral state (e.g., zwitterionic PFAS), the PFAS would be less likely affected by electrostatic

interactions or no sorption (Anderson et al., 2019; Xiao et al., 2019). Similar effects could be
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expected under different levels of salinity. PFAS studies report differing accounts on the effects
of salinity and PFAS adsorption. Salinity could aid in anionic PFAS sorption to neutralize the
negatively charged component of the soil surface (Lv et al., 2018). An increase in salinity
reduces the electrostatic repulsion between PFAA molecules and the negatively charged soil
particles, leading to adsorption (Jeon et al., 2011; Lv et al., 2018; You et al., 2010; Xiao et al.,
2011). A high level of saltwater or salinity creates a "salting out" effect (Xiao et al., 2011).
Salting out refers to a high level of ions present in saltwater that prevents the disassociation of
other solutes, such as PFAS, and prevents adsorption to the environment (Jeon et al., 2011; You
et al., 2010). Therefore, both concepts are correct, in that increasing salinity in the solution
creates a more positive soil surface for PFAS to sorb (Jeon et al., 2011; You et al., 2010), but
high salinity solutions, such as saltwater, retain PFAS in their neutral form (Ololadea et al.,
2018).
Unsaturated and Saturated Soil Zones

Some of the previous factor studies listed (Table 2) do not indicate whether sampling was
conducted at the saturated zone (at or below the water table) or at the unsaturated zone (above
the water table). Studies on PFAS adsorption have been focused primarily on solid-phase
adsorption in the saturated soil zones. However, recent studies have shown more significant
adsorption and, therefore, greater PFAS retardation occurring in the unsaturated soil zone than in
the saturated zone (Brusseau et al., 2019; Lyu & Brusseau, 2020). Lyu et al. (2018) have
indicated that the unsaturated zone accounts for most (50-70%) of PFAS adsorption and takes
place at the air—water interface, or PFAS adsorbing to the air or voids in the soil. Considering
both the type of PFAS and the soil sample location, a longer-chained PFAS (C8 or higher) would

be located closer to the topsoil layer, and a shorter-chained (C6 or lower) would be found in the
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deeper layers (Dauchy et al., 2019). These authors have indicated shorter-chained PFAS, FHxSA
(perfluorohexane sulfonamide), PFPeS (perfluoropentane sulfonate), and 6:2 FTSAS-SO (6:2
fluorotelomer[FT] thioether amido sulfonate) at the deepest level of soil boring (13 to 15 m
below the surface), whereas longer-chained PFAS, such as PFOS, remain closer to the surface
(Dauchy et al., 2019).

The primary transport mode for contaminants is through advection (groundwater flow),
influenced by dispersion (the flow paths in the soil) (Das, 1998; Fetter et al., 2018; Fitts, 2002).
Physical barriers (rocks, impermeable barriers, or physical items in soil) could affect
groundwater flow (Das, 1998; Fetter et al., 2018; Fitts, 2002). Physical barriers are the soil
components that could prevent or change the movement of any given contaminant and the
groundwater flow (advection)(see SI). Bedrock or impermeable soils, such as compacted clay,
could stop or change the flow of groundwater and contaminants (Das, 1998; Fetter et al., 2018,
Fitts, 2002). Nearby water bodies, such as lakes and rivers, could also function as barriers. Lakes
and rivers recharged by groundwater could be a point of deposition of the PFAS contaminant.
Dispersion includes diffusion (movement from higher concentrations to lower concentrations)
(Fetter et al., 2018). The groundwater concentrations move toward stabilization, and other
chemicals or substances in the groundwater could affect the contaminant concentration
equilibrium process (Fitts, 2002).

Sorption

Other than physical barriers, sorption to soils is the main reason contaminants retard or
slow their flow (Higgins & Luthy, 2006; Miller & Weber, 1984). As regards PFAS, the
hydrophobic effect explains adsorption to the soil, as shown in studies on anionic PFAS,

particularly that of Xiao et al. (2019). The hydrophobic effect refers to an electrically neutral
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compound with polarity being attracted to surfaces that are less polar than water or the inability
of the chemical structure of the organic contaminant to form bonds with polar ions such as water
(Fetter et al., 2018). Many dissolved organic compounds in water can be adsorbed onto soil
particles by the hydrophobic effect (Roy & Griffin., 1985). Organic compounds have a
compulsion to complete the outer valence shell. In hydrocarbons, the external hydrogen atoms
have an incomplete electron shell. As regards to PFAS, the external fluorine atoms have
incomplete electron shells (Bird et al., 1999; Schwarzenbach et al., 2003; Williams, 2019). The
incomplete electron shell could cause organic contaminants to be sorbed to minerals in the soil or
adsorbed into micropores in carbonaceous sorbent particles, such as carbon or coal (Fetter et al.,
2018; Xiao & Pignatello, 2015, 2016). Physisorption, or physical adsorption, occurs when the
electronic structure of the atom or molecule is barely adsorbed to the sorbent but does not bond
or change the chemical structure of the interacting molecules, such as in n—x electron donor—
acceptor interactions and hydrogen bonding (Xiao & Pignatello, 2015; Xiao et al., 2011). The
fundamental interacting force of physisorption is caused by Van der Waals forces, which have
weak interaction energies (~10 to 100 meV or 1x10 to 15 kJ) (Fetter et al., 2018; Schwarzenbach
et al., 2003). Van der Waals forces include the electronic donor—acceptor effect and electrostatic
interactions (Fetter et al., 2018; Margenau, 1939; Schwarzenbach et al., 2003). Weak sorption, or
Van der Waals forces, refers to the attraction or repulsion of two close atoms (Schwarzenbach et
al., 2003; Williams, 2019). Hydrophobic contaminants in water are repelled by water molecules
and are readily attached to soil surfaces (Schwarzenbach et al., 2003; Williams, 2019). The
charge or partial charge source results from the size of the atoms in a molecule and the electrons
are attracted more to larger atoms (Schwarzenbach et al., 2003; Williams, 2019). Such attraction

increases the electron density, making the larger atom side more negative (Schwarzenbach et al.,
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2003; Williams, 2019). In theory, the most likely PFAS to adsorb into the soil are the PFAS with
larger carbon chains, particularly anionic PFAS that includes a sulfur atom, followed by the
PFAS with a larger chain with carboxylic acid moiety, followed by the PFAS with a shorter
chain with sulfur and, lastly, the shorter-chain PFAS with carboxylic acid moiety (Guelfo &
Higgins, 2013; Johnson et al., 2007). The different ionic forms of PFAS have different
interactions, but this aspect has not been studied well and, therefore, is not understood well.

The retardation factor can represent the adsorption of PFAS. The following equation

represents the retardation of a contaminant:

Rl (1)

where R is the retardation factor and Vc is contaminant velocity (distance/time) (Fetter et
al., 2018; Fitts, 2002). When R is equal to 1, no contaminant is adsorbed, whereas less than 1
represents the amount of contaminant adsorbed. In terms of linear sorption, Equation 2 can be

expanded to:

Kapyp 2)

w

R=1+

where Kaq is the coefficient representing the contaminant concentration in two mediums or
the contaminant concentration in soil compared with the contaminant concentration in the water
(Fetter et al., 2018). In nonlinear sorption, a constant also represents this ratio. This constant can
be calculated through isotherms or the contaminant concentration with a changing factor or
condition, such as water content, depth, or distance from the contaminant source. Certain factors
propagate or retard contaminant movement in soil (Xiao et al., 2015). The factors that retard or
prevent a contaminant from moving increase the challenge for control and remediation. One such

factor is the presence of other contaminants or chemicals in the sampling environment. Guelfo &
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Higgins (2013) investigated how PFAS sorption is affected by co-contaminants present in AFFF,
specifically non-aqueous phase liquids (NAPLs), such as fuels or AFFF components other than
PFAS (chlorinated solvents).
Sorption Because of Other Contaminants

Other contaminants could influence the sorption of PFAS by competing for sorption sites,
becoming a sorbent of PFAS, or by preventing or enhancing the sorption of AFFF (Guelfo &
Higgins, 2013). Other contaminants generally increase the sorption of short-chained PFAS and
decrease long-chained PFAS presence in the soil (Guelfo & Higgins, 2013). Studies by Brusseau
(2018) and Brusseau and co-workers (2019) elaborated on the effects of NAPLs on the sorption
of PFAS at multiple interfaces, namely soil-atmosphere (as gas in soil voids), air—water, NAPL—
water, NAPL, and the solid phase (such as soil) (Brusseau, 2018; Brusseau et al., 2019; Guo et
al., 2020). These studies have shown that co-contaminants are critical to adsorption, with the two
most critical interfaces for adsorption being the air—water interface and the NAPL—water
interface (Brusseau, 2018; Brusseau et al., 2019). These authors used two porous media, namely
quartz sand and soil, and PFOS as the model PFAS (Brusseau, 2018; Brusseau et al., 2019; Guo
et al., 2020). Air—water interfacial adsorption is a significant retention source for PFOS in these
two mediums, contributing more than 80% of total retention for the sand and 32% for the soil
(Brusseau, 2018; Brusseau et al., 2019; Guo et al., 2020). In experiments conducted with decane
residual emplaced within the sand, adsorption at the decane—water interface contributed more
than 70% of the total retention of PFOS transport (Brusseau, 2018; Brusseau et al., 2019). To
understand PFAS movement, Brusseau (2018) and Brusseau and co-workers (2019) developed
and evaluated a PFAS transport model that considers various adsorption interfaces and

partitioning in the soil. The Brusseau model defines the effects of the different interfaces and co-
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contaminants on PFAS movement that accurately predicts sorption on their tested soils in
saturated and unsaturated zones. To illustrate the effects of PFAS adsorption, Brusseau et al.

(2019) modified the retardation equation:

deb Kaea Kaweaw Knen + anenw + Kanean (3)
Ow  Ow Ow Ow Ow Ow

R=1+
where Kq is the solid-phase adsorption coefficient (volume/mass), Kn is the NAPL—water

partition coefficient, Kais the air—water partition coefficient (Henry's coefficient), Kaw is the air—
water interfacial adsorption coefficient (volume—area), Kaw is the NAPL—water interfacial
adsorption coefficient (volume—area), Kan is the air—NAPL interfacial adsorption coefficient
(cm®—cm?), Aaw is the specific air—water interfacial area (area—volume), Anw is the specific
NAPL-water interfacial area (area—volume), Aan is the specific air-NAPL interfacial area (area—
volume), 6. is volumetric air content, &n is volumetric NAPL content, and Ow is volumetric water
content.

When contaminants are adsorbed onto the soil, there is a possibility of the soil releasing
the contaminants later, re-contamination, or spreading of the contamination, which all put public
safety at risk. Adsorbed contaminants desorb, based on certain changing conditions, and re-
contaminate groundwater (Fetter et al., 2018). Desorption takes place when a sorbate
(contaminant) is released from the sorbent (soil) (Fetter et al., 2018). Desorption is driven by
balancing the contaminant concentration or the flow of contaminants from a high to a low
concentration (Fetter et al., 2018). When a PFAS is adsorbed into the pores of organic carbon,
the adsorbed PFAS stops and remains in the soil unless induced to desorb (Wei et al., 2017).
PFAS represents many chemicals with different behaviors, particularly in respect of their ionic
forms. In Xiao et al. (2019), desorption has been demonstrated to differ between anionic,

cationic, and zwitterionic PFAS. Zwitterionic and cationic PFAS sorption depends mainly on the
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surrounding environment, such as soil organic content and soil minerals, making sorption
nonlinear (Xiao et al., 2019). Similar to anionic PFAS, the amount of soil organic content
strongly influences desorption of cationic PFAS; however, in regards to zwitterionic PFAS, the
combination of its concentration and low soil organic content shows the most significant
influence on its sorption behavior (Xiao et al., 2019). Desorption can occur over time (hysteretic
desorption) by flushing as precipitation passes through the contaminated soil or induced by the
pumping of fluids in and out of a contaminated site.
Flushing

After a contaminant is released into the soil, its movement can be affected by the volume
of precipitation at the site, which causes desorption by precipitation (Fetter et al., 2018).
According to Anderson et al. (2019), studying USAF AFFF sites, metadata showed a significant
difference between groundwater PFAS concentrations at low flushed sites (low precipitation)
and high flushed sites (high precipitation). The PFAS concentration at high flushed sites was 12
times that of the low flushed areas (Anderson et al., 2019). The results of this study also showed
under-prediction of the PFAS amounts flushed, whereas, in high flushed areas, the concentration
was over-predicted, but the hysteretic desorption of PFAS could not be validated (Anderson et
al., 2019). In another study, the flushing concept is described as the level of water infiltration to
the soil either by snowmelt or additional water from firefighting training (Hoiseter et al., 2019).
As in the study by Anderson et al. (2019), it was found that high infiltration increases the
movement of PFAS, particularly in unsaturated soils (Heiseter et al., 2019). The distinction
between the two studies is that Heiseter et al. (2019) show that short-chain PFAS are more
likely to move than are long-chain PFAS. The results of Weber et al. (2017) support the finding

that short-chain PFAS transport is faster than long-chain PFAS transport.
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Flushing can also be induced mechanically and some contaminants are treated by the
flushing of soil. Flushing is done by pumping water into areas located before the contaminated
areas and extracted again beyond the contaminated site in the direction of groundwater flow
(Fetter et al., 2018). The concept is to flush out the soil contaminants by artificially creating
groundwater with a low contaminant concentration, which promotes the contaminants to desorb
from the soil and, in that way, they are removed from the site. However, no amount of flushing
can move contaminants sequestered deep within the soil particle micropores and outside the
reach of flowing water. This finding indicates that permanent PFAS sorption exists, with the
implication being that such adsorbed contaminants are resistant to treatment by chemicals and
bacteria simply because they are out of the reach of such treatments.
Aging/Sequestration—Removing Toxicity

Several studies on organic contaminants have shown the effects of aging on contaminated
soil (Liang et al., 2010; Leppanen & Kukkonen, 2000; Ma et al., 2012; White et al., 1997). These
studies found that the longer the organic contaminant is sorbed into the soil, the less likely or
more challenging it would be for such contaminant to be desorbed (Liang et al., 2010; Leppinen
& Kukkonen, 2000; Ma et al., 2012; White et al., 1997). In a study by White et al. (1997) on soil
spiked with a contaminant, the contaminant remained sorbed in the soil for varying amounts of
time. This study showed that the longer the contaminant was left sorbed in the soil, the
significantly smaller was the amount recovered through vigorous and extensive extraction
(White et al., 1997). Even in a simulation of human digestion with simulated gastric fluid, the
same result was obtained, i.e., the longer the contaminant was sorbed, the smaller was the
amount extracted (Jin et al., 1999). In another study with earthworms consuming contaminated

soil, lower contaminant concentrations were found in the worms on soil that had been allowed to
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age (Liang et al., 2010; Leppanen & Kukkonen, 2000; Ma et al., 2012; White et al., 1997). No
specific type of sorption was identified as causing extra retention by the contaminant aging in the
soil. Any sorption could remove the contaminant out of reach of groundwater, treatment
chemicals, or biodegradation. Aging could also account for contaminant persistence in soils or
the environment because no treatment can reach the contaminant (White et al., 1997). An
increase in contact time with the contaminant leads to the contaminant diffusing further into the
internal micropores of soil particles, effectively sequestering the contaminant and preventing
permanent desorption from the soil (Hatzinger & Alexander, 1995; Liang et al., 2010; Ma et al.,
2012; Steinberg et al., 1987; White et al., 1997). However, permanent sorption renders the
contaminant less toxic than predicted (Ma et al., 2012). These studies were conducted on non-
PFAS contaminants; however, PFAS would probably show similar behaviors. In a recent study,
the irreversibility of PFAS sorption has suggested that certain types of PFAS were entrapped
because of the size of the pores in the soils, causing a size-exclusion effect (Xiao et al., 2019).
This study has indicated that aged cationic/zwitterionic PFAS in past release sites would be less
accessible to forms of degradation or remediation (Xiao et al., 2019).

The information gained from previous studies obviously enhances the knowledge on the
movement of PFAS; however, it is essential to realize that such information is only a part of the
puzzle. PFAS remain essential to basic human life, from the mundane fast-food wrap and non-
stick pan convenience to life-saving firefighting; therefore, broadening the identification of
PFAS is required to understand the health risks posed by these PFAS and to establish the
necessary protection controls. There are gaps in the research, such as the behaviors of more than
8,000 PFAS, including precursor PFAS, different ionic forms of PFAS, sampling locations at

saturated or unsaturated zones, and the presence of other contaminants that could affect PFAS
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concentrations in the soil. The ability to control and mitigate PFAS health risks and effects
remains limited or incomplete with such knowledge gaps. More relevant research could improve
the predictability of all PFAS movements and enhance insight into the controls or the necessary
remediation actions. Broadening the identification of PFAS would allow future research to fill
such knowledge gaps.
I1I - MS Identification: The Need for Non-Targeted Analysis

Currently, PFAS identification is limited to a few known substances, as indicated in
Table 3. The yellow highlighted cells show the additional PFAS compared with the previous
version of the identification method or all previous methods. In 2009, USEPA released PFAS
identification Method 537 and, in 2018, an updated Method 537.1. Both methods detect a few
additional PFAS, mostly long-chained PFAS (> 8 perfluorinated carbons). In 2019, Method 533
was released, covering short-chained PFAS to complement Method 537.1 (long-chain PFAS).
Combined, both current USEPA methods could identify 29 PFAS (USEPA, 2019a). All these

methods are targeted PFAS identification (USEPA, 2020b).
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Table 3

List of PFAS Targeted by USEPA and ASTM MethodsWith current identification

Analyte Abbreviation CASRN UCMR3_|Method 533 [Method 537.1|Method 537 [ASTM D7968 (PFAS in Soil)

11-Chlloroglcosafluoro-s-oxaundecane-1- 11C1-PF30UdS 763051-92-9 M X

sulfonic acid

9—Chl9rohexadecaﬂuoro-3-oxanonane-1- 9C-PF30NS 756426-58-1 M .

sulfonic acd

4,8-Dioxa-3H-perfluorononanoic acid ADONA 919005-14-4 X X

Hexafluoropropylene oxide dimer acid HFPO-DA 13252-13-6 X X

Perfluorobutanesulfonic acid PFBS 375-73-5 X X X X X

Perfluorodecanoic acid PFDA 335-76-2 X X X X

Perfluorododecanoic acid PFDoA 307-55-1 X X X X

Perfluoroheptanoic acid PFHpA 375-85-9 X X X X X

Perfluorohexanoic acid PFHXA 307-24-4 X X X X

Perfluorohexanesulfonic acid PFHXS 355-46-4 X X X X X

Perfluorononanoic acid PFNA 375-95-1 X X X X X

Perfluorooctanoic acid PFOA 335-67-1 X X X X

Perfluorooctanesulfonic acid PFOS 1763-23-1 X X X X X

Perfluoroundecanoic acid PFUnA 2058-94-8 X X X X X

1H,1H, 2H, 2H-Perfluorohexane sulfonic acid  |4:2FTS 757124-72-4 X

1H,1H, 2H, 2H-Perfluorooctane sulfonic acid 6:2FTS 27619-97-2 X

1H,1H, 2H, 2H-Perfluorodecane sulfonic acid _[8:2FTS 39108-34-4 X

Nonafluoro-3,6-dioxaheptanoic acid NFDHA 151772-58-6 X

Perfluorobutanoic acid PFBA 375-22-4 X X

Perfluoro(2-ethoxyethane)sulfonic acid PFEESA 113507-82-7 X

Perfluoroheptanesulfonic acid PFHpS 375-92-8 X

Perfluoro-4-methoxybutanoic acid PFMBA 863090-89-5 X

Perfluoro-3-methoxypropanoic acid PFMPA 377-73-1 X

Perfluoropentanoic acid PFPeA 2706-90-3 X X

Perfluoropentanesulfonic acid PFPeS 2706-91-4 X

N-ethy! perfluorooctanesulfonamidoacetic acid |NEtFOSAA 2991-50-6 X X

El\lt-;zethyl perfluorooctanesulfonamidoacetic NMeFOSAA 2355-31-9 X M

Perfluorotetradecanoic acid PFTA 376-06-7 X X

Perfluorotridecanoic acid PFTrDA 72629-94-8 X X

Decaluoro-4-

(pentafluoroethyl)cyclohexanesulfonate PFecHs X

Perfluorotridecanoate PFTriA X

Perfluorotetradecanoate PFTreA X

3-perfluoropheptyl propanoic acid FHpPA X

2H-perfluoro-2-decenoic acid FOUEA X

2-perfluorodecy! ethanoic acid FDEA X

2-perfluoroocty! ethanoic acid FOEA X

2H-perfluoro-2-octenoic acid FHUEA X

2-perfluorohexy! ethanoic acid FHEA X
Total PFAS 6.00 25.00 18.00 14.00 21.00

References -UMCR3:USEPA, 2017b;Method 533:USEPA, 2019a, 2019b;Method 537:USEPA, 2019b;Method 537.1: USEPA,
2009, 2019b; D7968: ASTM, 2019

methods focused on a limited number of targeted PFAS, recent studies have shown that other

PFAS, such as poly-PFAS, remain unidentified (Xiao et al., 2017). Although the current USEPA

and ASTM standards focus only on up to 29 PFAS, the USEPA COMPTOX database (2020) (a

collection of research from academia, USEPA, and other nations) lists over 8,000 PFAS

structures. Several studies have shown that more than 90% of PFAS are not detected (Houtz et

al., 2018; Miyake et al., 2017; Wiener et al., 2013). With such a large gap in identification,

broadening the identification of PFAS is the logical next step to controlling PFAS, particularly in

AFFF, about which there are many litigations and much public concern. Focusing on AFFF, the
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current research analyzed the results from multiple PFAS identification methods, particularly
AFFF PFAS elucidation studies, and used the information to broaden PFAS identification.
Review of Current PFAS Identification Methods

In PFAS identification studies relating to AFFF, the apparent difference in both target
analysis and NTA is the number of different PFAS structures identified (Table 4). The current
USEPA (2009, 2019) and ASTM (2019) standards are the targeted methods. For targeted
identification, the methods are prescriptive. Target identification scans the pure form of the
targeted PFAS and compares it to the sample results from water samples, soil samples, or other
sample media. In NTA, combinations of different steps are employed. A comparison of targeted
and NTA studies indicated quite apparent differences. The NTA listed or the elucidation studies
have a more complex approach, with several steps, and incorporate different software systems to
identify the new PFAS structures. In an USEPA trial considering the NTA methods of at least 25
commercial laboratories, it was found that the laboratories all employed different procedures and
equipment (Sobus, 2020; USEPA, 2018). However, Table 4 shows that a few similar practices
are used in all analytical methods.

Targeted approaches are the established standards for identification, resulting in a high
level of confidence in PFAS identification (Hollender et al., 2019; Schymanski et al., 2014).
However, currently, there is no established standard for NTA and, therefore, the identification
confidence level is lower. With the discovery and identification of novel PFAS, identification
quality assurance is crucial because no reference standard exists. There are five levels of
identification in HRMS, namely "certain identification" with a standard (level 1); "probable
identification" with an unambiguous match of MS library spectrum (level 2A); "probable

identification" based on diagnostic evidence, but not confirmed by standard or literature
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information (level 2B); "tentative identification of a structure," where multiple structures are
possible (level 3); "unequivocal molecular formula," particular molecular formula but no
structure (level 4) and, finally, a "measured exact mass of interest" (level 5) (Hollender et al.,
2019; Schymanski et al., 2014). Presently, level 1 identification is not possible. Levels 2A or B
could be sufficient to identify the new PFAS until a standard is established. With recent
elucidation studies expanding MS databases to identify novel PFAS, levels 2A or 2B are

possible.
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Table 4

Comparison of PFAS Identification Studies—Targeted/Non-Targeted Analysis
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Logically, the approach to identifying PFAS differs between different media, and the
current study focuses on AFFF-related identification. Concentrating on the interpretation of the
MS results from Table 4, some commonalities are apparent. Employing chromatography and
HRMS provides chemical attributes, such as retention time, peaks, abundance, charge, and mass
to charge values (m/z) from the mass spectrum for targeted ions or associated fragments (Barzen-
Hanson et al., 2017b). This information can be used to broaden PFAS identification to include
currently unknown chemicals. Several aspects should be considered in PFAS chemical
elucidation, with the most common being suspect identification (exact/accurate mass),
fragmentation, and mass defect.

In the current study, six samples of historical AFFF compositions were analyzed and the
soil of three past AFFF release sites to identify new PFAS classes. Identifying the new PFAS and
PFAS compositions in the historical AFFF site and the AFFF-impacted site demonstrated how
AFFF has changed over time. The following methods were employed, namely suspect
identification, fragmentation identification, and KMD. This research could help improve PFAS
identification at AFFF contamination sites for treatment, track transformed or degraded PFAS,
adapt to changing AFFF commercial products, identify the specific characteristics of PFAS and,
subsequently, use this knowledge to help predict PFAS movement.

IV - Methods/Testing
Sample Collections
Historical Commercial AFFF Samples
Six samples of historical AFFF commercial products were obtained from the 3M

company from the years 1979, 1989, 1990 (two different manufacturing events), 1997, and 1998.
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AFFF Release Sites Soil Samples

The AFFF soil samples were obtained from three airports. The samples of two sites (sites
F and G) are from firefighting training areas and one sample is from an aircraft fire/explosion
site (Site E). The amount of AFFF used is unknown. For the fire training sites, the use of AFFF
was discontinued recently, and the aircraft fire/explosion site dates from 1989 (ADEC, 2019).

The soil of Site G is sandy, with no clay or other fines, and the sand particle size
gradually decreases with depth. During sampling at Site G, the groundwater table was penetrated
at approximately two feet (60.96 cm). The soils of sites E and F are similar, with a loamy first
layer transitioning to silt and deepest layers of clay. The samples at sites E and F do not reach the
water table or the saturated zone.

Soil sample collection was based on the procedure by Xiao et al. (2015). After carefully
removing stones and vegetation from the sampling surface, each soil sample was obtained using
a stainless steel auger. The approximate mass of each sample was 50 g. The samples were placed
in pre-cleaned polyethylene bags and taken to the laboratory for further treatment and analyses.
To avoid cross-contamination, the auger was cleaned after each sample was processed by 1)
cleaning with a tissue to remove the soil/particles attached to it, 2) rinsing with a mixture of
methanol and reverse osmosis (RO) water, 3) cleaning again with a clean tissue, 4) rinsing with
RO water, 5) wiping with a clean tissue, 6) rinsing with RO water, and 6) wiping with a clean
tissue. To assess the adequacy of the cleaning process employed during the sampling procedure,
three rinse blanks were prepared using RO water to rinse to decontaminate the auger. Three field
blanks were prepared using a mixture of domestic soil obtained from a site with no known PFAS
contamination or release or any known use or production of PFAS chemicals. The

uncontaminated domestic soil samples were carried in three pre-cleaned polyethylene bags to
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each sampling site. The bags were opened, and the mixtures were exposed to the sampling
environment of the three sites, sites E, F, G. The blanks were processed and treated as field
samples. The blanks were placed in sample containers for handling, shipment, and analysis,
identical to the field samples.

Each field sample bag was cut open to allow a thin layer of soil to be exposed to the air.
The soil air-dried overnight. Each sample was subsequently sieved through a 2-mm stainless
steel mesh to remove stones/other coarse materials mixed thoroughly. Subsequently, the sample
was ground and homogenized with a methanol-rinsed mortar and pestle and separated into
polyethylene containers. After processing a sample, the mortar and pestle were cleaned with
methanol and RO water. An additional soil blank (not exposed to the sample sites) was processed
to observe the possible ambient PFAS condition of the laboratory environment or the drying
processes.

Other quality assurance and quality control (QA/QC) considerations included using
nitrile gloves, wearing old clothing (laundered several times), avoiding pre-wrapped food and
snacks, and not wearing water-resistant clothing and insect repellant/sunscreen (Erickson, 2008;
Xiao et al., 2015).

Sample Preparation
Soil Extraction Method

Soil extraction was modified slightly from the same method used in Barzen-Hanson et al.
(2017a), Houtz et al. (2013), and Xiao et al. (2015). Briefly, 10 mL of 0.5 M HCI in methanol
(pH < 0.5) was added to a 50-mL centrifuge tube containing 10 g of dried soil. The mixture was
shaken by hand (wrist action) to ensure contact with the solution and soil, followed by sonication

for 30 min in a heated bath (45 °C; VWR, Symphony™, Avantor®, USA).

41



The vials were centrifuged at 3,000 rpm for 15 min, and the supernatant was decanted
into a separate tube. The extraction process was repeated three times. Barzen-Hanson et al.
(2017a) have indicated that three extraction rounds are sufficient to recover > 97% of all
analytes. The resulting analytes were allowed to evaporate under a laboratory hood until 5 ml
remained. The analytes were injected into analyte bottles passing through a 2-um filter before
liquid chromatography and mass spectrum analyses.

Analysis

PFAS chemical analysis followed the same procedure as that of Xiao et al. (2017).
Certified standards of 24 PFAS in methanol were purchased from Wellington Laboratories
(Guelph, Canada). Chemicals in group #1 (per-PFAS group) included 1) five linear
perfluoroalkyl sulfonates (per-PFSAs): perfluorobutanesulfonate (PFBS),
perfluorohexanesulfonate (PFHxS), perfluoroheptanesulfonate (PFHpS), PFOS,
perfluorodecanesulfonate (PFDS); and 2) ten linear perfluoroalkyl carboxylates (per-PFCAs):
perfluoropentanoate (PFPeA), perfluorohexanoate (PFHxA), perfluoroheptanoate (PFHpA),
PFOA, perfluorononanoate (PFNA), perfluorodecanoate (PFDA), perfluoroundecanoate
(PFUnDA), perfluorododecanoate (PFDoDA), perfluorotridecanoate (PFTrDA), and
perfluorotetradecanoate (PFTeDA). The chemicals in group #2 (poly-PFAS group) included 1)
four alternative compounds to PFOS/PFOA: 2,3,3,3-tetrafluoro-2-(1,1,2,2,3,3,3-
heptafluoropropoxy) propanoic acid (HFPO-DA or GenX [42-45]), dodecafluoro-3H-4,8-
dioxanonanoate (ADONA), 6:2 and 8:2 chlorinated polyfluorinated ether sulfonates (6:2 and 8:2
CI-PFAESs or F-53B); and 2) five poly-PFAS: 6:2 and 8:2 fluorotelomer sulfonates (6:2 and 8:2
FTS), 8:2 fluorotelomer unsaturated acid (8:2 FTUCA), N-methyl and N-ethyl perfluorooctane

sulfonamide acetates (N-Me- and N-Et-FOSAAs).
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Small aliquots of the standards were added to a solution of 20% (v/v) methanol
(Optima™; LC/MS grade) in deionized water (18MU cm, Millipore Synergy 185) to a
concentration of 10, 20, 40, or 200 ng/mL for ultra-performance liquid chromatography (UPLC)
Time-of-Flight(TOF)-Mass Spectrometry (MS)® analysis. Twenty microliters of the surfactant
liquid were dissolved in 50 mL of methanol (Optima™; LC/MS grade) and equilibrated for 48 h.
Subsequently, a 200-mL aliquot of the methanol solution was added to 800 mL deionized water
for UPLC-ToF-MSE analysis.

The analysis was conducted on a Waters Acquity UPLC system, coupled with a Waters
hybrid (QToF)-MS (Synapt G2-S, Waters
Corporation, Milford, MA, USA), available in
the Department of Biomedical Sciences of the
University of North Dakota (see Figure 4).
Chromatographic Method

Chromatography was performed using a
Waters Acquity UPLC BEH Shield RP18
column (100 x 2.1 mm; 130 A; 1.7 pm) with a
Waters Acquity UPLC BEH Shield RP18
VanGuard pre-column (5 x 2.1 mm; 130 A;

1.7 um). The mobile phase consisted of eluent A

Figure 4: UPLC-QToF | N (2 mM ammonium formate in Optima™ water;
LC/MS grade) and eluent B (2 mM ammonium formate in Optima™ methanol; LC/MS grade).
The elution started at 20% B for 0.5 min and was linearly increased to 85% B in 5 min, further

increased to 98% B in 0.1 min and kept isocratic for 1.5 min. At 7.1 min, the A/B ratio returned
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to the initial value of 80/20 over 0.1 min to re-equilibrate the column for another 1.3 min.
Analytes were eluted using a Waters Acquity UPLC pump with a well-plate autosampler at 8
°degrees C. The flow rate was maintained at 0.45 mL/min, and the column temperature was 55
°degrees C.
Mass Spectrometry Method

The MS analysis was performed using the Synapt G2-S QToF-MS, Waters Corporation,
USA, with an electrospray ionization (ESI) source operated in either the negative or positive ion
modes (ESI” or ESI"). The MS operating conditions were as follows: cone voltage, 20 V;
capillary voltage, 1.8 kV; source temperature, 110 °C; desolvation temperature, 350 °C; cone gas
flow rate, 10 L/h; and desolvation gas flow, 1,000 L/h. The analyzer was operated with an
extended dynamic range at 10,000 resolution (fwhm at m/z 554), with an acquisition time of
0.1 s. The Synapt G2-S ToF MSF mode was used to collect data, with the T-wave element
alternated between a low energy of 2 V (MS) and high energy (MSY states in which the transfer
T-wave element voltage ranged from 10 to 25 V [51]). Leucine enkephalin (400 pg/uL) was
infused at a rate of 10 mL/min for mass correction. MassLynx V4.1 software (Waters
Corporation, USA) was used for instrument control, acquisition, and mass analysis.
MS Identification

The identification methods examined in this study are suspect identification,
fragmentation identification, and KMD.
Suspect Identification

Suspect identification refers to identification through accurate masses (Hollender et al.,
2019). In other PFAS structural elucidation research, the term suspect identification is related to

the screening methods or narrowing to mass/charge (m/z) values with the most potential to be
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identified as PFAS (Barzen-Hanson et al., 2017b). In the current study, suspect identification is
referred to as PFAS identification using the available database/library exact/accurate masses.

Suspect identification or finding the exact mass could be as simple as inputting the
desired m/z value to the MS analysis software or could refer to a more in-depth data-mining
approach. Accurate masses can be found in full-scan mass chromatograms from ultra-
performance liquid chromatography and tandem mass spectrometry (UPLC/MS-MS) equivalent
or more advanced chromatography and mass spectrometry methods (Place et al., 2012; Xiao et
al., 2017). Other attributes of the detected masses can also be captured by MS. These attributes
can be used to enhance suspect identification, such as peaks in the mass spectrum (Barzen-
Hanson et al., 2017b) and retention time (Liu et al., 2019).

Suspect identification could be limited by excess background data or noise in the mass
spectrum. To deal with any background data, using laboratory blanks or focusing on results with
adequate resolving power (>103) could improve the identification results (Harris & Charles,
2016, p. 97, 563; Watson & Sparkman, 2007, p. 200).

Building on other PFAS structural elucidation studies, the m/z values can be used in
suspect identification. Armed with such knowledge, future PFAS studies and testing could also
identify the new PFAS. Without a reference standard for the new PFAS, the previous studies
provide a reference point for potential chemical identification. However, basing identification
solely on accurate mass has a low confidence level with respect to true chemical identification
(Hollender et al., 2019; Schymanski et al., 2014). Additional data need to be analyzed to validate
such chemical identification (Harris & Charles, p. 570). Suspect identification can be used as a
screening tool to focus on the scan portion with the most potential, leading to identification at a

higher confidence level (Ruan & Jiang, 2017).
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A full-scan mass spectrum was obtained for each sample in both positive and negative
ionization modes. For each of the new AFFF PFAS (40 classes) and the known PFAS with
reference standards, exact mass or mass/charge (m/z) values were searched, and peaks were
found in the resulting chromatography utilizing the software MassLynx, Waters Corporation,
USA. Using the peaks, a mass spectrum graph was obtained, and the exact m/z value, if found,
was identified using the suspect identification method, as shown in Figure 5.

The error between the exact mass and measured mass was limited to +/- 20 ppm, using
the following calculation (Xiao et al., 2017):

error (in mDa) = [measured mass (Da) — exact mass (Da)]x 100 ; (4)

error (in ppm) = [error (in mDa)/exact mass]x 10°

The PFAS within +/- 20 ppm error were identified as candidate PFAS.
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Fragmentation Identification

Full-scan MS spectrum results can identify PFAS by identifying fragments that are
typically detected for a specific PFAS chemical structure (Barzen-Hanson et al., 2017b; Harris &
Charles, 2016, p. 570; Hollender et al., 2019; Watson & Sparkman, 2007, pp. 433-443).
Fragmentation can be accomplished by finding peaks and matching the isotopes of the specific
chemical structures (Barzen-Hanson et al., 2017b; Harris & Charles, 2016, p. 570; Watson &
Sparkman, 2007, pp. 433—443). Another study used a high-resolution parent ion search (HRPIS)

to identify fragments of a specific PFAS (Xiao et al., 2017). One aspect of fragment
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identification that must be considered is that each atom within a PFAS structure can vary in
molecular mass, such as carbon, hydrogen, sulfur, and oxygen, which typically compose PFAS
(Harris & Charles, 565). Carbon atoms naturally exist in at least 15 different isotopes
(ScienceStruck, 2020). PFAS comprises mainly carbon atoms, which implies that the mass of
any specific PFAS could vary depending on which carbon isotopes are present in that particular
PFAS. The same is assumed for the other PFAS chemical structure components. This aspect
explains why comparing MS scans to a known database (Watson & Sparkman, 2007, pp. 433—
443) or repeat MS scans could help verify the fragments of specific PFAS and their isotopes (Liu
et al., 2015).

Fragmentation identification has been used to identify or predict the structures of
unknown chemicals. However, trace amounts of a specific chemical could result in ineffective
analysis. Although employing advanced MS systems lead to high mass accuracy and resolution,
the problems of high background noise and insignificant data remain (Ateia, 2019; Cerveny et
al., 2016; Lin et al., 2016; Lorenzo et al., 2018; Zacs & Bartkevics, 2015), which could make
fragment analysis ineffective. Combined with trace amounts of a specific PFAS, such noise and
superfluous data could lead to non-identification. The low abundance of one particular PFAS
structure could lead to fragmentation identification being insufficient to identify the structure,
which implies that additional analysis, such as KMD plots, is required (Barzen-Hanson et al.,
2017Db).

For the current study, fragmentation identification was conducted only on the ionization
results of the suspect identification negative mode. For fragmentation identification methods, the
results of negative ionization mode suspect identification were focused on those m/z values most

likely to be identified as PFAS. Two types of fragmentation identification were used, namely
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identifying results with expected fragment ion from a database (CFM-ID) and HRPIS. The first
method compares MS scan data for a specified PFAS m/z value with the database MS scan
(Figure 6). If multiple fragment ions match between the MS results and the MS database, the
fragmentation identification results are likely identified PFAS.

According to Xiao et al. (2017), a first step is to perform HRPIS (Function of MS®) on
PFAS characteristic fragments to identify candidate PFAS parent ions from UPLC-ESI-ToF-
MSE chromatograms. Next, the production scan spectrums of these candidate PFAS ions are
studied (see supplemental information for more information). Possible formulas are matched
with the reference standard PFAS and the new 40 classes of PFAS using MassLynx V4.1
software, with a mass error tolerance of 20 ppm. PFAS compounds are identified as candidate

PFAS with a +/- 20 ppm, following the same error formula as suspect identification.

Predicted High Energy MsMs Spectrum (40V), Unknown

Relative Intensity

.” l .‘J.J‘.;.

Figure 6: Example of fragmentation identification by database comparison
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Kendrick Mass Defect

KMD plotting has been used to identify unknown hydrocarbon compounds but could also
be used for other chemical structures with a common repeating structure (Hughey et al., 2001;
Kendrick, 1963). This method uses a repeating structure in a chemical, such as CHz in
hydrocarbons, to focus on the unique portion of the chemical (Hughey et al., 2001; Kendrick,
1963). For PFAS, the repeating structure is CF2. The repeating CF2 chain is common to all PFAS
(Barzen-Hanson et al., 2017b; EUROFINS, E. A., 2020; Xiao et al., 2017). Using this trait,
KMD plots, using the equation below, can identify the unique PFAS in MS data (Barzen-Hanson
et al., 2017b; EUROFINS, E. A., 2020). KMD is calculated using Equation 5:

Kendrick mass defect = nominal Kendrick mass — exact Kendrick mass. (5)

Other types of mass defects are calculated utilizing the CF2 chain, but the difference in
the KMD approach is that it considers the nominal mass of the PFAS and the exact mass of the
CF2 chains to focus more on the unique portion of the PFAS (Place & Field, 2012). Other mass
defect calculations use only the nominal mass of CF2 (Place & Field, 2012). The calculated
KMD is used to detect PFAS with the same unique chemical structure but differs by the number
of CF2 chains. M/Z values that differ by multiples of CF2 mass are considered PFAS (see
Figure 7). KMD takes advantage of the greater precision of HRMS. KMD has been used
successfully to identify many new PFAS structures (Barzen-Hanson et al., 2017b).

Using the full-scan mass spectrum obtained for each sample, only in negative mode, all
the resulting data are grouped by m/z values that had a difference of +/- 50 Da. 50 is the nominal
mass of CF2. Therefore, if the m/z values with the same first two whole integers and first decimal
point are grouped, this represents the m/z values separated by 100 Da or two CF? chains. Then

add m/z values +/- 50 Da, one CF? chain, from the previous step would be one grouping. This
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grouping brings together the m/z value of the ions with the most similar chemical structure that
varies in the number of CF2 chains. KMD is calculated using Equation 5.

The grouped m/z values are plotted with the calculated KMDs over each m/z value. When
three or more m/z values have the same KMD, they are identified PFAS or PFAS fragments
created by the MS (see Figure 7). Similar to fragmentation identification, KMD builds on a
proceeding suspect screening to produce a focused PFAS candidate list. The same KMD value is
defined as having a difference between the two KMD values equal to or less than 0.001+/-. The
limit is set to reduce false identifications, and this boundary fits the parameters of known PFAS
KMD plots.

Once the ions with the same KMD are determined, the m/z values are matched to one of
the 40 PFAS classes and validated again through the suspect identification method, MS exact

mass match, and peak finding.
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Figure 7: KMD Plot of PFAS in AFFF Product Example
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V - Results

Suspect Identification

AFFF compositions have evolved over time. The results of suspect identification show
the change in legacy AFFF commercial products. The history of AFFF is based initially on long-
chained PFAS, such as PFOS/PFOA (> 8 perfluorinated carbons) (Ateia et al., 2019; Duachy et
al., 2017; Houtz et al., 2013). With additional regulations (in the US local or state regulations,
but not federal), companies switched to shorter-chained PFAS, such as GenX, ADONA, and
F53B (Ateia et al., 2019; Duachy et al., 2017; Houtz et al., 2013). The shorter-chain replacement
PFAS could explain the change of prominent PFAS found in the environment to PFBS, a short-
chain PFAS (Ateia et al., 2019; Duachy et al., 2017; Houtz et al., 2013). The previously
dominant PFOS is being replaced by PFBS (Earnshaw et al., 2014). PFBS exposure has been
shown to interfere with the female reproductive system, pregnancy, and kidney functions, which

are similar to the adverse health effects of PFOS (USDHHS, 2017).

Table 2

Suspect Identification Results of Forty New PFAS Classes in Six AFFF Products

PFAS classes (n = 30) present in six AFFF samples (A-F) available in Pl Xiao’s laboratory -

x| x| x| x| x| x|l x| x
x| x| x x|l x| x x|}

Anionic, zwitterionic, and cationic PFAS classes (Barzen-Hanson et al. , Environmental Science & Technology, 51, 2047-2057, 2017)
are marked in blue, red, and green, respectively.

The results summarized in Table 5 (see APPENDIX A for complete data) show how

AFFF commercial products have generally remained the same except for three years with
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noticeable differences, namely B (1989), E (1997), and F (1998). Only 30 of the 40 classes were
discovered in Barzen-Hanson et al. (2017b).

Combining the results with the previous study by Barzen-Hanson et al. (2017b), the
composition of AFFF through the year is shown in Table 6.
Table 3

Forty New Classes Identified in AFFF Products from 1979 to 2001

1993A%
199388
1997*
19988
1398*
2001%

*: this study. ®: from Barzen-Hanson et al, Environmental Science & Technology, 51, 2047-2057, 2017,
Anionic, zwitterionic, and cationic PFAS classes are marked in blue, red, and green, respectively.

As noted in Place and Field (2012), at least seven different companies have produced
AFFF commercially from 1976 to the present. In these different companies, a few different
PFAS were unique to the particular manufacturing company (Place & Field, 2012). Accordingly,
AFFF compositions could change between various manufacturers, and changes in chemical
compositions could lead to even more new and unidentified PFAS in AFFF. Therefore,
continuing with the current USEPA targeted methods is inadequate to adapt to the changing
AFFF commercial industry, as the newer PFAS cannot be detected. Therefore, the need for NTA
is clear.

However, basing identification solely on accurate mass has a low confidence level with
respect to true chemical identification (Hollender et al., 2019; Schymanski et al., 2014).

Additional data need to be analyzed to validate such chemical identification. Suspect
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identification can be used as a screening tool, leading to identification at a higher confidence
level (Ruan & Jiang, 2017).
Fragmentation Identification

Fragment identification, notably parent ion search, could further validate the identified
new PFAS in AFFF (Xiao et al., 2017). However, in the current research, achieving this has
proven challenging, as the fragment ions that were expected to be found were not found. Further,
other studies have found new PFAS by different fragment identification methods; however,
again, in the current study, the parent ion search did not identify the same PFAS (Barzen-Hanson
et al., 2017; Place & Field, 2012). Comparing results with the CFM-ID database produced
similar non-identification. Non-identification of some of the 40 classes of PFAS occurred in
many of the AFFF samples that could be ascribed probably to a low concentration of new PFAS
(Barzen-Hanson et al., 2017b; Ruan & Jiang, 2017). Because of the lack of PFAS identification
in the negative mode, fragmentation identification was not included.

In other studies analyzing other commercial AFFF or PFAS products, the AFFF in these
studies were probably produced or manufactured by a slightly different process, although still
considered the same product by the manufacturer. Further, these are legacy formulas
manufactured several years ago and subjected to degradation over time.

Kendrick Mass Defect

As KMD analysis was accomplished only in the negative mode scan, only the negative

mode PFAS ions were identified. Supporting data can be found in APPENDIX B. Only 21 PFAS

classes could be detected in the negative mode.
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Table 4

KMD Analysis of New forty Classes of PFAS in Six AFFF Products in Negative Mode

PFAS classes (n =21) present in six AFFF samples (A-F) in Negative Mode

oS 58D
4 ssep
,9€ Sse|d
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C(4_90)
D (6_90)
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0.02

L ]
0 200 400 600 80} 1000 1200

0.02

- - - — s l*® * o o o _ = — - —

0.06
0.08 . ®
0.1
0.12

0.14

Figure 8: KMD Identification of Class 23 in a Legacy AFFF
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Figure 9: KMD Identification of Class 21 in a Legacy AFFF

Employing the KMD method, far fewer PFAS classes were identified than the suspect
identification method (see Table 7). The suspect identification results detected 30 of 40 classes in
the combined results of all six AFFF commercial products but, in the KMD, only three of the 21
negative mode classes were identified. The Barzen-Hanson et al. (2017b) PFAS classes
identified in the samples by the KMD method are 21, 23, and 24. In class 21, one graph had two
KMD identification lines (shown in Figure 9). As the KMDs are so close, roughly 0.01 m/z
difference in KMD, the second line is probably simply an isotope of PFAS in class 21. None of
the Barzen-Hanson et al. (2017b) PFAS classes were identified in the 1989 or 1997 AFFF
samples.

Such non-identification demonstrates the effect of the zwitterionic and cationic nature of

PFAS ions that do not show up on a negative mode scan. Of the 40 classes, 9 classes could be
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identified only in the positive mode, and 20 could be identified in either positive or negative
mode (Barzen-Hanson et al., 2017b). Additional classes could have been identified if the positive
mode were analyzed. The current PFAS identification standards only run in the negative
ionization mode (ASTM, 2017; USAEPA, 2019). Another possibility for non-identification is the
difference between each KMD value of less than 0.001 m/z used in the current study, which
could be more limiting than those used in the study by Barzen-Hanson et al. (2017b). Such a
limit could lead to a lesser amount of PFAS being identified. Barzen-Hanson et al. (2017b) used
software to accomplish the KMD analysis. In the current study, a manual review was conducted
of each KMD plot; however, the software algorithms could have additional parameters that are
not feasible in a manual review.

Some KMD m/z values noted the repeating CF2, such as seen in Figure 10, but these were
not m/z values identified by Barzen-Hanson et al. (2017b). Using Equation 4, the errors
calculated between these results and the theoretical m/z values of the Barzen-Hanson et al.
(2017b) PFAS classes were too great for identification. In some instances, the difference was
several thousand parts per million. Beyond the 40 classes of Barzen-Hanson et al. (2017b), the
KMD results were compared with other PFAS elucidation studies, and additional PFAS were

identified.
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Figure 10: KMD Identification of Other PFAS in a Legacy AFFF

Many of the commonly identified PFAS were identified in all the samples. The PR-3
structure was identified for the 1979, 1990, and 1998 AFFF samples. PR-3 is one of 17
previously discovered PFAS classes found in AFFF commercial products and AFFF-impacted
groundwater before the 40 classes discovered by Barzen-Hanson et al. (2017b). For the 1998
sample, Class S and Class R were identified from D'Agostino and Mabury (2014) and Class 3B
from Place and Field (2012). These three classes have the same m/z value but have different
retention times and are, therefore, assumed separate, distinct structures. A PFAS commonly
found in aircraft hydraulic fluid, a non-AFFF function, was also identified. The cyclohexane
sulfonate class from De Silva et al. (2011) was identified in all the samples, except the 1979 and
1989 samples. This current study only identified a few PFAS already identified by other PFAS
AFFF elucidation studies. Similar to KMD identification of the forty classes of Barzen-Hanson
et al. (2017b), the differences in KMD application/parameters and chemical degradation could

explain the inability to identify PFAS in the six AFFF samples.
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Although only a few of the 40 classes previously identified by Barzen-Hanson et al.
(2017b) were found in the current research using the KMD method (Figure 11), employing the
non-targeted approach of the full mass spectrum scan and KMD identification allowed additional
identification of other PFAS from other PFAS elucidation studies. The suspect identification
results were also compared with the m/z values of other studies and additional PFAS were
identified, similar to the KMD results. As there is no standard for identifying the majority of the
new PFAS, employing full-scan data or a non-targeted approach allows broader identification of
PFAS, taking advantage of the knowledge obtained from several previous research efforts and
studies. That NTA could utilize current and future studies or standards is particularly significant,
as some of these other PFAS are precursors to currently regulated PFAS, such as PFOS and
PFOA.

In summary, all three methods employed in the current study were labor-intensive, as listed
in the comparison table (Table 8), but only some of the new PFAS were identified, as shown in
Figure 11. Based on the HRMS confidence levels for identification and reviewing the procedures
of some of the elucidation studies, suspect identification is considered only a screening step and
not sufficient to positively identify the new PFAS (Hollender et al., 2019; Schymanski et al., 2014).
Fragment identification is also considered a screening tool but, if used along with other methods,
could lead to identification; however, for these new PFAS, the resulting fragments from an MS
scan are unknown (Barzen-Hanson et al., 2017b; Ruan & Jiang, 2017). Without historical and
validated MS scans of the new PFAS, accomplishing fragmentation identification (Hollender et
al., 2019; Sobus, 2020; Sobus et al., 2018; USAEPA, 2020) may not be possible, particularly
considering the low quantities of new PFAS present in the samples (Barzen-Hanson et al., 2017b;

Ruan & Jiang, 2017). The KMD method appears to be the standard for identification; however,
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only a small number of new PFAS were identified in the current study. Owing to the labor-

intensive demands of the KMD method, computer software was employed in some studies instead

of manual or technician review of each data point. During a review of three identification software

applications employed to identify the extensive list of PFAS, the different applications identified

a few different PFAS but, overall, shared identification of the same PFAS (Nason et al., 2020).

Table 5

Comparison of Identification Methods

Identification Method Positives (+) Negatives (-) Labor/Time Needed
Suspect Identification Use a screening tool for Low confidence ok
further analysis 2-3 months

per six samples

Fragment Identification

Use a screening
tool for further analysis

-Limited to available
established MS databases
-Lead to non-identification
owing to low levels

kookoskok

3—6 months
per three samples in negative mode

KMD

Higher
confidence

-Computer programs have
varied results
-Lead to false identification

seskeskskosk
6+ months (years)

per three samples in negative mode
Most labor-intensive
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Figure 11: KMD and Suspect Identification Results

The results could probably vary because of the different coding and parameters or system
sensitives. During an educational discussion on Mar 15, 2021, Dr. Feng Xiao indicated that, in
another research effort using one chemical software application, PFAS identification analysis of
an AFFF sample, known to contain PFOS or PFOA, could not detect PFOS or PFOA. In another
study, manual identification was the preferred mode of analysis (Baduel et al., 2017). More
research into standardizing the identification of other PFAS is still required.

AFFF Soil Results

At all three investigated sites, PFAS were detected, but only in extremely low amounts
owing to these low amounts; the other/new PFAS could not be identified. Despite the high
resolution and accuracy of UPLC and QToF-MS analysis of PFAS, environmental samples have
high background noise and significant interference on the chromatograms, leading to ineffective
analysis (Ateia et al., 2019; Cerveny et al., 2016; Lin et al., 2016; Lorenzo et al., 2018; Zacs &
Bartkevics, 2015). At the sample sites, one year or more had passed since the last AFFF event.
Precipitation (snow and rain) could probably have flushed the soil and moved the PFAS to the

groundwater (Anderson et al., 2019). The three locations receive several inches of precipitation
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annually, leading to a lower level of PFAS in the soil samples. These locations are in areas with a
cold climate and the transport of PFAS would vary depending on the degree of infiltration. This
situation is similar to that in a study in Norway, where high infiltration showed more PFAS
movement and low infiltration showed no PFAS movement (Hgiseter et al., 2019). One of the
locations, Site G, has a high water table, which could contribute to lower soil PFAS levels. PFAS
movement in the soil is affected by the saturation level of the soil (Brusseau et al., 2019; Lyu &
Brusseau, 2020; Silva et al., 2019).

In the current study, some samples could not be processed because of the potential
presence of other chemicals that could damage the analytical equipment. To obtain accurate
results and adjust to the different chemical properties, LC and MS equipment must be calibrated
explicitly for the analyte of interest (Watson & Sparkman, 2007, pp. 537-538; Harris & Charles,
2016, p. 586). Other contaminants could be more acidic or more viscous than PFAS, such as
hydrocarbons, which could damage the testing equipment. The field and laboratory observations
in the current study indicated that the samples varied significantly in color, consistency/texture,

and form (see Figure 12).
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Figure 12: Extractions from Soil Samples for PFAS Identification

From 37 soil sample extractions, only 16 were analyzed. A few samples from each of the
three investigated sites were processed, showing the presence of PFAS in the soil at extremely
low levels (see Table 9). The specific samples that were processed are highlighted in yellow in
Table 9.

AFFF is used to control fuel fires and, because the deployment of AFFF at a site includes
other contaminants, these other contaminants were present in each soil sample. Testing other
contaminants is outside the scope of the current study; however, this finding reveals the need for
pre-processing of soil samples before identifying PFAS. Brusseau (2018) developed a model to
account for the effects of air, soil, water, and other contaminants (fuel) on PFAS concentration.
Brusseau et al. (2019) experimented with another contaminant (non-PFAS) concerning PFAS

movement and retardation in soil. The effect of the other contaminant was applied theoretically
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to PFAS movement, but the other contaminant was not mixed with or did not interact with the
PFAS. The ASTM D7968 -17a standard (2019) focuses only on the extraction of targeted PFAS
from the soil samples and does not address other possible contaminants. Therefore, not
considering any other contaminants could affect the accuracy of the results. Other contaminants
could retain PFAS on the site (Brusseau, 2018; Brusseau et al., 2019). A study by Bugsel and
Zwiener (2020) on PFAS-contaminated soil identified more than 61 PFAS, using a non-targeted
approach with methods similar to those employed in the current study. However, the PFAS
contamination source identified in Bugsel and Zwiener (2020) is compost mixed with paper
sludge that contains PFAS and is not AFFF from firefighting events. The study by Bugsel and
Zwiener (2020) was not hampered by the same concerns as those of the current study. No special
processing is described in Bugsel and Zwiener (2020) to account for other possible interfering
chemicals. The potential presence of other contaminants was probably not a concern in previous
soil sample testing and, therefore, it was not dealt with. Without an official or standardized
approach to deal with the other contaminants, it is unclear how such other contaminants should
be considered in PFAS testing.

All the current study samples were processed at site G and were taken from both
unsaturated and saturated soil zones. Even at low levels, the results appeared to show a greater
concentration of PFOS (a long-chained PFAS) in the soils above the water table compared with
the samples in the saturated zone. This finding supports the concept that longer-chained PFAS
are less mobile than are shorter-chained PFAS, as demonstrated in Heisater et al. (2019) and

Weber et al. (2017).
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Table 6

PFAS Results at Three AFFF Release Sites

Depth
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Could not b
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| Sediment at bottom of centrifuge Tube; require 2ddMon methancd and | Could not be
1015 EVIDOration analyred
Ind part -Sediment at bottom of centrifuge tube; require addition Could not be
1015 methanol and evaporation red
1.263 (Praa)
Sediment at bottom of centrifuge tube: require addition methanol and | 0.525 (PFMpA)L:
1520 EvapOraton 69 7484
66 (PFRAY 14TY
(PErpAL 0219
2nd part - Sediment 3t bottom of centrifuge tube; require addition (PFOA) 6 24
1520 methanol and evaporation
Could not be
2025 analyred
Sediment at bottom of centrifuge Tubse; equire additon methano! and | Could not be
2530 at snaivzed |
2nd part -Sediment at bottom of centrifuge tube; require addition Could not be
2530 methanol and evaporation analyzed
Could not be
3035 analyred
7658 (PFBA)
0.407 (PFOA).
00157 (PFDA).
Sediment at bottom of centrifuge tube, regure addton methano! and | 0603 [PRUADAY,
7 2 pel/Untracvon i 1540 ) 1823 (PFOS|
6832 (PFRA)
0.745 (PFMpA);
2nd part -Sediment at bottom of centrifuge tube; require addition | D.445 [PRUADA);
Ta 2] Pod/Extraction 05ml 35 40 methanol and Evagoraton o
29 (PFEA). 1 992
(PFPeA). 1132
(PFUADA); 3 366
9 Gl xtraction 2mi 35 Lid
6357 (PrBA)
g quid at bottom of uge: require add and | 0.266 (PFHpA).
10 G2 traction 2ml 1015 CVApOration ors
0166 (PFHoA).
0.37% (PFupa),
0695 (PFDA),
20 part - Congaied bquid 3t BOtom of oentrifuge; requine 3ddton | D6E3 (PRUADAJ,
103 G2 Joi/Extraction osmi 1015 methanol and evaporation 35326 (PFOS!
310 (PrBa).
0.162 (PIOA):
0.297 (PFNA),
0.269 (PFUNDA);
SOl 31 wates table; Congealed bauid at bottom of centrifuge; requite | 1.063 [PFMsS),
11 Gl WIFACTON ¥ mi 1520 sddition methanal and evaporaton
Pnd part - Soil at water table; Congealed liquid at bottom of centrifuge | 0.206 [PRUADAJ,
1la G3 atraction 05ml 15 20 require addition methanol and evaporation | 2.101 (PFHas) |
2,556 (PFBA)
0.419 (PFHpA).
Below water table; Congealed hguid at bottom of centrituge; requice  §.93 (PFBS). 2591
12 (] M MLFACTON ¥ ml w addtion methanol and evaporation
1470 (praa)
0267 (PFRA) 014
Pnd part - Beiow water tadle; Cong iqruid at bettom of tug (PFDA); 0.166
123 G4 fsod/Eatraction osmi 2025 require addton methanol 3nd evaporation
2779 (PFBA),
D541 (PIPeA)
0.487 (PFHpA):
Beiow water Lable; Congealed Sgusd at bottom of centrifuge; require 0469 [PENAL
13 G5 SollfExtraction Tt 2530 3091300 methandl 3nd Evaporation PF
2nd part - Below water table; Congealed liguid at bottom of centrifuge; |  0.531 [PFHpA);
|13 Gs Solftxtraction | 05 mi 2530 require sddition methanol snd evaporation |
3.006 (PFBA);
0345 (PFOA),
14 G6 SollfExtraction 2mi 3035 Below water table 1022 (prO%)
Could not ba
|16 (1] SoulfExtration 1mi 05
Could not by
17 £ SoilfExtraction 2mi 1015 anabyred
Could not b4
18 [ %] Soil/Extration 2mi 1520 anabyred
Could not be
19 £4 Soulffutrtion Im 2035 anabyred
Sedment at bottom of centrifuge tube; require addition methanol and | Could not be
|0 E5 SoilfE xtration 2mi 1530 £vaporation anslyred
2nd part - Sediment at bottom of centrifuge tube; require addition Could not be
Joa 5 Soll/Extraction 0.5ml 21530 methanol and evaporation anatyred |
3579 (PrBA);
1158 (PFPeA);
21 13 Soil/Extraction 2mi 3035
2915 (PFBA);
0216 [PFOA);
0152 [PFNA);
0.423 (PFBS);
|12 £7 Soul/Eutractoon. 1mi 1540 0851 (PFOS)

65



VI - Discussion

Although the study results were limited, areas requiring improvements were identified,
and some of these improvements are already being developed. NTA is considered to produce
identification at a lower confidence level than targeted analysis but, with further study, the
knowledge gaps could be filled. Therefore, NTA could benefit environmental regulation and
reduce PFAS risks.

Benefits of Non-Targeted Analysis

The benefits of NTA have been recognized nationally and worldwide, and non-targeted
identification is required to adapt to the ever-evolving chemical industry. According to the
USEPA and other international organizations, such an approach is necessary to regulate,
understand, and track the risk and behaviors of the new and unknown chemicals being released
into the environment (American Chemistry Society [ACS], 2020; Hollender et al., 2019; Sobus
et al., 2018; Sobus, 2020; USEPA, 2018).

Access to past MS scans during this study and having other University of North Dakota
associates review, process, and validate the results showed the benefit of access to full scans to
future efforts in PFAS management. For instance, past data could be reanalyzed in different ways
without the need to conduct resampling. Retaining the full MS scan could facilitate identifying
those PFAS for which no standard of identification currently exists once such standards have
been developed and established. Without the full scan, reanalysis for previously undetected
PFAS would not be possible. Even if standards were not established, access to complete scan

data could help future standards research and development.
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Numerous Approaches to Non-Target Identification/Identification Level of Confidence

Without established standards/reference standards for non-targeted identification of each
different PFAS, it is difficult to achieve the highest confidence level of identification. However,
building on the PFAS structure elucidation research from academia could enhance the
confidence level, thereby bringing the identification of new PFAS closer to reality. Although this
type of identification is currently considered to have a lower confidence rating, the new PFAS
could be traced and tracked, mainly when a full-scan mass spectrum is obtained. The ability to
trace and track could help in discovering the pathway of risks and in establishing and
implementing precautions (ACS, 2020; Hollender et al., 2019).

As shown in Table 4, there are many approaches to non-target identification. The
proprietary nature of the AFFF commercial industry keeps the evolution of AFFF formulations
confidential and, to keep pace with the changes, untargeted identification is required. However,
not all untargeted identification is the same. The USEPA Non-Targeted Analysis Collaboration
Trial (ENTACT), a multi-year study, has three phases, which are (1) reviewing the accuracy of
using a blind analysis—known chemicals are sent to each laboratory and the accuracy of the
results are recorded; (2) unblinded analysis to help improve each laboratory NTA approach; and
(3) analysis of individual chemical substances to create a database that would enable other
laboratories, or future chemical analyses, to compare results with this database, thereby
improving identification (USAEPA, 2020; Sobus, 2020; Sobus et al., 2018). Each laboratory has
different equipment and processes for NTA; however, the process is the most crucial aspect of
NTA results' accuracy. During the 2020 American Chemistry Society (ACS) Fall Meeting, TOXI
Broadcast, on August 19, 2020, USEPA Scientist Jon Sobus, co-leader of ENTACT, stated that

the effectiveness of NTA did not depend that much on the brand or type of mass spectrometer
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employed but rather the procedure involved in the identification processes. During this same
broadcast, a panel of experts disputed QToF-MS results' accuracy due to the amount of
background noise in the data, which could lead to misidentification.

Further, according to these experts, an ion trap mass analyzer (Orbitrap) showed greater
precision and produced reliable data because of its much higher resolving power than QToF.
However, the ENTACT study continues, and the results are not available at this time. The
ENTACT efforts help improve the accuracy and reliability of NTA, considering that a
consolidated database is vital to the effectiveness of NTA (Hollender et al., 2019).
Ultra-Short/Short PFAS Identification

PFAS containing only two to three CF2 chains (Cz or C3) are considered ultra-short/short
PFAS. Because of the short-chain, these PFAS elute early and are not clearly visible in MS scans
(Ateia et al., 2019). Ultra-performance convergence chromatography has been evaluated to
resolve the detection issue in HRMS. For instance, Yeung et al. (2017) have identified short-
chained PFAS, but with limited ability to quantify the quantity of short-chain PFAS in the
sample compared with typical HPLC/QToF results. In another study focused on ultra-short
PFAS, no concerns were detected in QToF-MS identifying and quantifying the C>—C3 PFAS.
However, as total organic fluoride analysis was not included, possibly, not all short-chain PFAS
were identified (Barzen-Hanson & Field, 2015). For future NTA, ultra-short/short-chain PFAS
need to be considered because of the increasing presence of C>—C3 PFAS in the environment,
with probably similar health risks (Ateia et al., 2019; Barzen-Hanson & Field, 2015; Yeung et

al., 2017).
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PFAS Fingerprinting

Once the PFAS chemical structures were identified using NTA, the new PFAS sources
and behaviors could be explored and defined (Plumb, 2004). USEPA has researched and
developed "chemical fingerprinting" for PFAS to show PFAS characteristics and origins
(Lougee, 2020). The challenges in chemical fingerprinting are that the selected sample
preparation techniques and analytical platforms, such as NTA, when combined, could lead to
deciphering the complete chemical composition of a sample (Lougee, 2020). The code style used
in the USEPA study is the publicly available Chemical Subgraph and Reactions Markup
Language (CSRML) (Lougee, 2020; Yang et al., 2015). USEPA has already identified more than
160 PFAS fingerprints using CSRML (Lougee, 2020).

Fingerprinting is a chemical code to the unique structure in a specific PFAS that could
facilitate PFAS to be analyzed in ways differing from those used previously (Plumb, 2004).
Chemical fingerprinting can show how the chemical, PFAS, was likely manufactured and can
note the chemical traits based on the assigned code expected for a specific structure (Benotti et
al., 2020).

For example, PFAS are purposely human-made and created through electrochemical
fluorination (ECF) or telemorization. The branched PFAS are formed in ECF, whereas linear
PFAS result from telemorization (Benotti, 2020; Benotti et al., 2020). ECF is used in the metal
plating process and the production process of AFFF by the 3M Company, whereas other AFFF
manufacturing companies use telemorization. Knowing how PFAS are made could give insight
into the source of the PFAS (Benotti, 2020; Benotti et al., 2020). When a source is known, it

could be analyzed and remediated, and further releases could be prevented.
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VII - Conclusion/Areas for Potential Research

The expansion of PFAS identification beyond the current USEPA methods has proven to
be challenging. The goal of the current study was to demonstrate the identification of 40 new
classes discovered by Barzen-Hanson et al. (2017b) in legacy AFFF commercial products and
known AFFF release sites. However, unforeseen complications arose. The efforts in the current
study indicated that a standardized NTA approach and additional guidance to multiple chemical
releases at AFFF release sites are indispensable. Further advancements in NTA could help track
currently unknown precursor PFAS that transform or degrade, contributing to the greater
prevalence of targeted (regulated) PFAS, thereby providing insight into the unexplainable
increase in PFAS concentrations. Besides, NTA could facilitate tracking and studying of other
unknown PFAS. With the additional knowledge obtained through ENTACT and USEPA
COMPTOX, establishing an NTA standard is possible. Below are some potential areas for future
research.

- Using PFAS elucidation research to broaden the identification of PFAS could provide a
greater understanding of PFAS behaviors, such as degradation and the associated health
risks and remediation controls

- Potential aspects for further research include identifying PFAS concentrations in the
presence of other contaminants/chemicals and software development to conduct suspect
identification (exact mass), fragmentation, KMD, and other PFAS identification methods,
with the aim being to expedite the processing of samples. All three methods used in this
study were labor intensive but, with improved software, NTA could be completed in days

rather than months. Timely results are preferred in the investigation of chemical releases.
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The impact of other contaminants on the concentration of PFAS in the environmental
samples and the appropriate pre-processing needed to prevent damage to analytical
equipment and reflect the actual PFAS concentrations in environmental samples.

The impact of precursor PFAS on the concentration of common PFAS or currently
regulated PFAS to show the requirement for further remediation.

Use NTA to identify new PFAS created through thermal processes such as fire,
incineration, and thermal destruction/disposal methods

Study the desorption of PFAS on paved surfaces like asphalt and concrete pavements and
the potential of recontaminating environment

Aging soil, i.e., the sequestering of contaminants deep within the micropores of soil
particles, could remove the adverse effects of such contaminants from public water
sources. Focusing research on PFAS to demonstrate naturally-aging PFAS impacted soil
and whether or not desorption of the different PFAS is reduced.

Formulating a model that accounts for the different PFAS and soil characteristics
increases the versatility of the model and possibly the accuracy of detecting PFAS

movement in the soil.
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APPENDIX A - SUSPECT IDENTIFICATION RESULTS
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Table A-1: Suspect Identification Results Listing
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Figure Al: Class 2 of 3M 5_79 - Positive
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Class 3

Figure A2: Class 3 of 3M 5_79 - Positive
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Figure A3: Class 4 of 3M 5_79 - Positive
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Class 5

Figure A4: Class 5 of 3M 5_79 - Positive
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Figure AS5: Class 9 of 3M 5 79 - Positive
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Figure A6: Class 10 of 3M 5_79 - Positive
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Figure A7: Class 11 of 3M 5_79 - Positive
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Figure A8: Class 13 of 3M 5_79 - Positive
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Figure A9: Class 19 of 3M 5_79 - Positive
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Figure A10: Class 28 of 3M 5_79 - Positive
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Figure A11: Class 29 of 3M 5_79 - Positive

1. TOF W8 ESe

10 £51.060.670000
1004 R e sted
L
TTekn 10 1% " 200 28 aba ko T abe ' 4 ' &bo ' &m ' &b ' & ' 7b0 ' 780
99679 12.00,2019_pos 1: TOF W €9+
o, 30t 711,047 0620008
&0 6T L5l
2l
144
.
030 100 150 700 190 1 130 1 5 500 54 B0 B0 100 750
I 579 13_06_3018_pos 1 TOF W5 Far
o oo 161 0% 0 020008
761 064" 4 205
-
350
ei70eg
T ode 1m0 1% 200 2% | am | 380 400 13 am 0
%79 12.06_2018_pon 1 TP N B
Lo 227
#
a5
429
- ¥ Time
Todo T the | 1% | 200 2% am | asn ' 4o 450 i
Mass value is 661.06 m/z
Bosen's samples.
45_79 12_06_2018_pos 289 [3.009) 1 TOF MS ES*
5 B 51ed
488.3152
2140888
£
43119
59 0164
]
1530270 23
B620627
[ 6030548
03178
! 478 0840
141 0010
i gt s!asir:;ﬁ?&an
|L nzmaEF l 3223 TBOBS 5 sngn | | O o
1373 4 14
el L L L LR
o 20 | a0 s00 600 00 &0 900 | 1000 | 1100 | vao0 | 1300 " 1400

Mass value is found 661.0610 m/z



Figure A12: Class 31 of 3M 5 79 - Positive
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Figure A13: Class 32 of 3M 5_79 - Positive
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Figure A14: Class 33 of 3M 5_79 - Positive
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Figure A15: Class 34 of 3M 5_79 - Positive
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Figure A16: Class 1 of 3M 5_79 - Negative
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Class 21

Figure A17: Class 21 of 3M 5_79 - Negative
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Figure A18: Class 23 of 3M 5_79 - Negative
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Figure A19: Class 24 of 3M 5_79 - Negative
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Figure A20: Class 25 of 3M 5_79 - Negative
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Figure A21: Class 26 of 3M 5_79 - Negative
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Figure A22: Class 29 of 3M 5_79 - Negative
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3M 1 89 — Mass Spectrums and Chromatographs
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Figure A2-1: Class 2 of 3M 1_89 - Positive
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Figure A2-2: Class 4 of 3M 1 _89 - Positive
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Figure A2-3: Class 5 of 3M 1 _89 - Positive
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Class 8

Figure A2-4: Class 8 of 3M 1 _89 - Positive
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Figure A2-6: Class 11 of 3M 1_89 - Positive
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Figure A2-7: Class 13 of 3M 1_89 - Positive
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Figure A2-8: Class 14 of 3M 1_89 - Positive
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Figure A2-9: Class 19 of 3M 1_89 - Positive
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Figure A2-10: Class 31 of 3M 1_89 - Positive
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Figure A2-11: Class 32 of 3M 1_89 - Positive
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Figure A2-12: Class 33 of 3M 1_89 - Positive
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Figure A2-13: Class 34 of 3M 1_89 - Positive
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Class 2

Figure A3-1: Class 2 of 3M 4 90 - Positive
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Figure A3-2: Class 3 of 3M 4 90 - Positive
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Figure A3-3: Class 4 of 3M 4 90 - Positive
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Figure A3-4: Class 5 of 3M 4_90 - Positive
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Figure A3-5: Class 8 of 3M 4 90 - Positive
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Figure A3-6: Class 9 of 3M 4 90 - Positive
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Figure A3-7: Class 10 of 3M 4_90 - Positive
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Figure A3-8: Class 11 of 3M 4 90 - Positive
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Figure A3-9: Class 12 of 3M 4 90 - Positive
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Figure A3-10: Class 13 of 3M 4_90 - Positive
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Figure A3-11: Class 15 of 3M 4_90 - Positive
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Figure A3-12: Class 16 of 3M 4 90 - Positive
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Figure A3-13: Class 28 of 3M 4_90 - Positive
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Figure A3-14: Class 29 of 3M 4_90 - Positive
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Figure A3-15: Class 31 of 3M 4_90 - Positive
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Figure A3-16: Class 32 of 3M 4_90 - Positive
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Figure A3-17: Class 33 of 3M 4_90 - Positive
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Figure A3-18: Class 34 of 3M 4_90 - Positive
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Figure A3-19: Class 37 of 3M 4_90 - Positive
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Figure A3-19: Class 1 of 3M 4 90 - Negative
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Class 2
Negative

Figure A3-20: Class 2 of 3M 4 90 - Negative
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Figure A3-21: Class 3 of 3M 4 90 - Negative
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Class 5

Figure A3-22: Class 5 of 3M 4 90 - Negative
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Figure A3-23: Class 16 of 3M 4 90 - Negative
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Figure A3-24: Class 21 of 3M 4 90 - Negative
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Figure A3-25: Class 23 of 3M 4 90 - Negative
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Figure A3-26:

Class 24
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Figure A3-27: Class
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Figure A3-28: Class 26 of 3M 4 90 - Negative
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Figure A3-29: Class 29 of 3M 4 90 - Negative
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Figure A3-30: Class 30 of 3M 4 90 - Negative
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Figure A3-31: Class 32 of 3M 4 90 - Negative
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3M 6 90 — Mass Spectrums and Chromatographs
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Figure A4-1: Class 2 of 3M 6_90 - Positive
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Figure A4-2: Class 3 of 3M 6_90 - Positive
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Figure A4-3: Class 4 of 3M 6_90 - Positive
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Figure A4-4: Class 5 of 3M 6_90 - Positive
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Figure A4-5: Class 8 of 3M 6_90 - Positive
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623.1030 m/z

Figure A4-6: Class 9 of 3M 6_90 - Positive

Class 9

Paositive

Bar_ir

LR LR R ¥ O MR
s 2 sz

1 108
00T e

A-93

P Ja 1.".|:\|°a‘;€_?|§‘:“h
1“D}:I v 1""“‘” T 1y
W LRttt R i Bt A Rl S il S
N 00002 %
o an
L1 L T 1 B 1~ W E TR
ity
)
):I
[ b6 the 1m0 AW B s ake 4w The | 18
s '+t e
71105 2000
ki3
& oi 10 M am o ko am U L) ]
il +73 604 e
’{V Sine
u 13 9 am K 4w im g _
ny M IO e NI siegn I e
T a1 e’ M s R
LR LR B LA P TS EY.
w3 TS S
Tt
TR TR TS
I Toeungs.
arim
1S B S
o TEF e
[ vy st
4 T P
L I T T T R i T i i R N iy
box_8
4 B_9009_28_2017_pos 318|4.g:$% 1: TOF MS ES+
240923 143e5
100+
# 328 2666
I
5385 0045
188 0287
2862216
242 2889
5010551
1 141.0020 4850574
(326 3725
36 7 S45.0811
01 081
243 3004 Tmoets
77.0860117.0738 RIS S
1 623.1030
365.2643410 1762 P e IJ S e |
d Tie 2960
o ; 1 ko l | H. l i 221340
bt et bttt e 3
50 100 1 250 300 350 450 5 550 L] 650 oo 50 800



Figure A4-7: Class 10 of 3M 6_90 - Positive
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Figure A4-8: Class 11 of 3M 6_90 - Positive
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Figure A4-9: Class 12 of 3M 6_90 - Positive
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Figure A4-10: Class 13 of 3M 6_90 - Positive
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Figure A4-11: Class 14 of 3M 6_90 - Positive
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Figure A4-12: Class 15 of 3M 6_90 - Positive
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Figure A4-13: Class 16 of 3M 6_90 - Positive
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Figure A4-14: Class 17 of 3M 6_90 - Positive
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Figure A4-15: Class 19 of 3M 6_90 - Positive
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Figure A4-16: Class 31 of 3M 6_90 - Positive
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Figure A4-17: Class 32 of 3M 6_90 - Positive
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Figure A4-18: Class 33 of 3M 6_90 - Positive
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Figure A4-19: Class 34 of 3M 6_90 - Positive
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Figure A4-20: Class 37 of 3M 6_90 - Positive
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Figure A4-21: Class 38 of 3M 6_90 - Positive
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Figure A4-22: Class 1 of 3M 6_90 - Negative
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Figure A4-23: Class 2 of 3M 6_90 - Negative
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Figure A4-24: Class 3 of 3M 6_90 - Negative
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Negative

Figure A4-25: Class 5 of 3M 6_90 - Negative
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Figure A4-26: Class 21 of 3M 6_90 - Negative
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Figure A4-27: Class 22 of 3M 6_90 - Negative
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Figure A4-28: Class 23 of 3M 6_90 - Negative
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Figure A4-29: Class 24 of 3M 6_90 - Negative
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Figure A4-30: Class 25 of 3M 6_90 - Negative
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Figure A4-31: Class 26 of 3M 6_90 - Negative
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Figure A4-32:

Negative
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Figure A4-33: Class 30 of 3M 6_90 - Negative
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Figure A4-34: Class 32 of 3M 6_90 - Negative
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Figure A4-35: Class 40 of 3M 6_90 - Negative
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3M 4 97 — Mass Spectrums and Chromatographs
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Figure A5-1: Class 2 of 3M 4_97 - Positive
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Figure A5-2: Class 3 of 3M 4_97 - Positive
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Figure A5-3: Class 4 of 3M 4_97 - Positive
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Figure A5-4: Class 5 of 3M 4_97 - Positive
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Figure A5-5: Class 8 of 3M 4 97 - Positive
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Figure A5-6: Class 9 of 3M 4 97 - Positive
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Figure A5-7: Class 11 of 3M 4 97
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Figure A5-8: Class 13 of 3M 4 97 - Positive
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Figure A5-9: Class 14 of 3M 4 97 - Positive
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Figure A5-10: Class 15 of 3M 4 97 - Positive
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Figure A5-11: Class 19 of 3M 4_97 - Positive

Class 19
Positive
Bosen's samples
IM 4_8T 1 18, 1. TOF MS ES+
10 i 364 573 072 0.02000a
SITET] Ay 1814
531,678
o
383 Ji?s!
T0RA4n | ,:.n:“
! I.bﬂ Z.i'lU . 160 4.2)0 . .'r.bl'l ’ 660 . 700 ’
3M4_ST 12_06_2018 pos i MS
100 ama 523,066 0020008
529004 1
N <4
445
512084
Ol e e e e e e e
00 d 200
3IMA_BT 12_06_2018_pos 1: TOF M3 E3+
100+ 723,058 0.02000a
1.1423
Fa
0.4
21é0s0 atien
I,
" o0 200 :
IM4_ST 12,06 3018 _pes 1: TOF WS ES+
P TIC
38067
#
M‘_-U_-—‘\_
T T T Y Time:
100 200
box_8
WAT_97 09_26_2017_pos 561 (4 611)
100 B51 006
6210775
P
2 0803
[z *
| | I | ]
6082004, 625 0298 B37.3727 640, 2302
£11.0305 ! | BADITH gaq 365
616 0863
I(J i .f TN L, i 518?'?‘1. wlle l- || Eﬁ}“ 5.
6lo 612 ' Bla ' 616 618 B0 B2 624 65 BB
623.0601 m/z

1 TOR MS
1

ES
&

+
Tod




Figure A5-12: Class 28 of 3M 4_97 - Positive
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Figure A5-13: Class 29 of 3M 4_97 - Positive
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Figure A5-14: Class 31 of 3M 4_97 - Positive
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Figure A5-15: Class 32 of 3M 4_97 - Positive
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Figure A5-16: Class 1 of 3M 3M 4 97 - Negative
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Figure A5-17: Class 2 of 3M 4 97 - Negative
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Figure A5-18: Class 3 of 3M 4 97 - Negative
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Negative

Figure A5-19: Class 5 of 3M 4 97 - Negative
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Figure A5-20: Class 29 of 3M 4 97 - Negative
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3M 3 98 — Mass Spectrums and Chromatographs
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Figure A6-1: Class 2 of 3M 3_98 - Positive
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Figure A6-2: Class 3 of 3M 3_98 - Positive
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Figure A6-3: Class 12 of 3M 3_98 - Positive
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Figure A6-4: Class 13 of 3M 3_98 - Positive

Clase 13

Positive
Basen's samples
313,38 12_08_3018 g% 1 TOF M ES=
00+ 2m H9002 0020008
ant oo 4 Thed
- &
A58
J 21400
040 190 150 300 30 X00 350 400 430 500 550 400 e50  TO0 780
0384 12_06_301, 1. TOF ME ES~
4 12,08 2000 pee 13 384 674 8.62000
mee 12808
< J
"os0 1m0 150 200 280 300 350 400 450 500 S50 600 680 | 100 750
30030 12_00_7010_pex 1+ VO M EG
54 4.1 449 07 0020008
st cai YAbes
L a0y |
LR
|
€50 100 150 200 250 390 250 400 450 500 550 €00 650 T00 750
390 12_06_T010_pos OF MEES
o e ©72 0070008
At 36 e
E 441
07350 &
s - e e e e e e
0sa 100 150 200 TR0 A00 as0 400 460 E00 E&0 &00 &50 700 160
313,38 12_08_2018_3es 1. TOF MEESs
oy am 543,649 0.02000
e 676 e 335
s
- aaz AT (e
ey "'"‘".;' 507440358
a%0 e | 140 700 7A0  AN0 | 350 AN0 480 &D0 | 840 | Gon | G50 | 700 750
30398 12_06_2018_pes
100,
Bl
e
030 100 150 To0  zs0 300 750
3,90 12_06_2010_pes 1 Tor MePse
sy e
WTOTE \aw it 1797
450 i1
ol T sonae a2
. 17 say LT
L arar SM 3
e e Tima
af0 100 180 200 280 350 280 400 480 800 880 €00 680 700 780

Bosen's samples
B 3_98 12_05_2018_pos 850 (5.164) 1. TOF MSES»
100 6083680 B 62l
5850504
=
B09.3713
5034354
5103885
5
AN 5004360
1
SBT0534 59 4340 [} 1 |
. i | i 5813652 5933M2 801 4388 BO44372 696 3107 | 6113764 8123862
P PO A (SR R prU S o I e mep T T oo e

584 | s | 55 | 560

582 534

Mass value is found 599.0662 m/z

536 | 58 | BO0 | 802 | 604 | 606 ' 608 | B0 | 612 | 614



Figure A6-5: Class 14 of 3M 3_98 - Positive
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Figure A6-6: Class 15 of 3M 3_98 - Positive
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Figure A6-7: Class 16 of 3M 3_98 - Positive

Class 16

Positive
Rosen's samples

398 13_08_2018 son 1 TOF M3 ES=
e a0t 251671 0.020008
WS008 AT
LI
LL T Tt
©E0  1ea 188  Fon | *R0 | a0 | &kN  4bo | 460 | &b BRn | &hn  &Ra | Tho | ThO
IN 3.3 12_06_2010_p 1: TOF M3 E3+
i 114 443 061 8 02000
Ty 20wt
»
080 166 180 200 280 400 380 400 480 400 850 600 &80 700 780
AW 396 12_06_3018_paa 1: TOF M5 ESe
e an 491065 0.020008
St 1 Thed
»
s |
50
A\
050 100 150 200 250 300 150 400 450 500 | 550 €00 &50 700 750
e 3 i
ol ST AT | 22984
¥ <4
i s 1. 130 o0 50 200 350 00 550 w00 650 700 180
IN3_90 12_08_2018_pen 1 TOFMEESs
100 P o T 17807
'\-;'z‘al!‘l | saman
» 4% i
avgxar
o :w.w:au\d\\ \j 5" -'/-
b ki e N "J'l\ l'\_/\J o= TiiG
WS 100 150 200 280 300 350 400 450 S00  SAD &0 &S0 700 750
Bosen's samples
3 3_98 12_06_2018_pos 583 {4.634) 1 TOF MSESs
i P 8526
557 0781
P
| 5HE 4331
544 4071 3580806
4050872 50 sans
[ 5075 5604385
456 3540 5454088 £ ;
a5t T1 4gq gsps | 4B60590 ) 547 0820 [ 5964133 5710953 5904384 6243831 6324580
| IR ’ r 502 3357 527 47 - ! | " it 8154377 |,
L L LA LA LA AL RARL AAAAN AR RAAAY VAL LAY LAARY LAY LSS LAAS LA LAY LA LS makid LAAA) LALAY ALY ARR RALS) ARAL LELA) ARAL LAAS) LARMY LAtAR RAALY MAAAS LAELE LALAS (AL RAALT ARSI RAAATUARLLL T 3
450 0 480 470 480 490 500 510 530 530 S0 550 560 570 580 580 800 610 BI0 B30 640

Mass value is found 543.0620 m/z

A -

151



Figure A6-8: Class 17 of 3M 3_98 - Positive
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Figure A6-9: Class 19 of 3M 3_98 - Positive
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Figure A6-10: Class 28 of 3M 3 98 - Positive
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Figure A6-11: Class 31 of 3M 3_98 - Positive
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Figure A6-12: Class 32 of 3M 3_98 - Positive
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Figure A6-13: Class 34 of 3M 3 98 - Positive
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Figure A6-14: Class 37 of 3M 3_98 - Positive
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Bosen's samples

Figure A6-15: Class 21 of 3M 398 - Negative
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Bosen's samples

Figure A6-16: Class 23 of 3M 3 98 - Negative

Class 23

Negative

3M3_9F 12_DE_2018_neg 665 [5.228

100

o84 595 533 600 602 604 G0B

L5253

BD5.5919

;
SHES/E  g0E.332S

G608

Mass value is found 610.9205 m/z

A-160

1
610 612 &14 G616 618 620 622 624 626 626

1: TOF MS ES-
£33.3544 15183
5343627
e
522 554
Sz 5353587
i !
’ g2i73qp | BRADOR2 !
1 6148745 630.8061 52:-':1243 6374236 Ba11097 s 0
i PET| R 1 PP [ |...] Jllll.u. .|||.I|LI|1|I.L|||I|J.IL|I.I|I| H mz

630 532 634 G536 638 B40 B4z 44



Figure A6-17: Class 24 of 3M 3 98 - Negative
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Figure A6-18: Class 25 of 3M 3 98 - Negative
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Figure A6-19: Class 26 of 3M 3 98 - Negative

Class 26
Negative

I_ ullblil

A
Bosen's samples
3M 3 0B 12_D5_2016_neg 507 (4505 1: TOF MS ES-
- £.1325
100 4B3.0417
4085304
#
s550E31
2B D41
r
Y
4522453
4809403 ||, .
4B5.0355) 40g gaz1
4470473 e
|45 5734 L3271 - B05.3193 -
amors 257520 gi3ceTa ki | 172545 sz [ ss7ome ST 3,'5133139”2
T T

Mass value is found 462.9488 m/z

L R D L R Lt L R L s e (e R s R LU Bl A UKl kb Bl by e ARl ) S R il i) a0 ) Wl i i
0 390 400 210 420 430 440 450 460 490 460 450 SO0 S10 G20 530 540 550 560 STO SBO 590 SDO B1D S20

A-163



Figure A6-20: Class 30 of 3M 3 98 - Negative
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Figure A6-21: Class 40 of 3M 3 98 - Negative
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APPENDIX B - KMD RESULTS

B-1



Table B-1: KMD Results Listing

Mode
AFFF Formula Sample [/l class || (-/+)|F| Theoreticalm/=  Error |~  Inputed m|= Graphmj~ ion Time (min) | =/ Notes
3M_3_98 23 - 310.943 -7.39685409  310.9407 310.941 5.34 Detected: Moderate noise but clear peak
23 - 360.9398 -3.60170865  360.9385 360.939 4.05 Detected: Other close peaks
24 - 392.9447 [ 392.9447 392.945 4.05 Detected
Class S/R/3B - 405.0725 -2.46869388  405.0715 405.072 3.13 Detected
23 - 410.9366 -1.46007924 410.936 410.936 4.46 Detected: Other close peaks
24 - 442.9428 -2.03186506  442.9419 442.942 4.47 Detected
Class S/R/3B o 455.0693 -1.53822725  455.0686 455.069 3.78 Detected
23 - 460.9334 -1.95255974  460.9325 460.933 4.76 Detected: Other close peaks
Class S/R/3B = 505.0661 -1.3859572 505.0654 505.065 4.26 Detected
Class S/R/3B - 555.0629 0.54047929 555.0632 555.063 4.63 Detected
23 = 560.9270 -0.89138159  560.9265 560.927 4.58 Detected
Class S/R/3B - 655.0565 655.0547 655.055 5.20 Detected: Moderate noise but clear peak
24 - 792.9193 [ 792.9193 792.919 4.63 Detected
Class 21 - 256.9183 2.72460156 256.9187 256.919 4.72 Detected: Other close peaks
21 - 406.9087 -1.72028762  406.9077 406.908 4.30 Detected: Moderate noise but clear peak
23 - 410.9366 -11.1939409  410.9346 410.932 4.33 Detected
23 - 460.9334 -3.03731515  460.9319 460.932 4.66 Detected
23 - 510.9302 -4.30587192 510.928 510.928 4.93 Detected
21 = 556.8991 -1.97522316  556.8975 556.898 5.18 Detected
23 - 560.9270 -5.34828953 560.9241 560.924 5.16 Detected: Other close peaks
21 = 606.8659 46.303475 606.8939 606.894 5.38 Detected
23 - 610.9238 -304.129582 610.738 610.738 5.31 Detected
23 - 610.9238 -2.94635763  610.9217 610.922 5.31 Detected
21 - 656.8977 -10.1994572 656.8907 656.891 5.54 Detected
PR-3 = 676.9156 -5.31824056  676.9118 676.912 Blon Detected
23 - 710.9175 -3.51658244 710.9146 710.915 5.59 Detected: Other close peaks
23 - 760.9112 -0.26284276  760.9112 760.911 5.70 Detected: Other close peaks
Class PR-3 - 376.933 0 376.933 376.933 4.02 Detected: Other close peaks
23 - 410.9366 -1.46007924  410.9358 410.936 4.27 Detected: Moderate noise but clear peak
23 - 460.9334 -0.86780433  460.9328 460.933 4.58 Detected
23 - 510.9302 -2.34865741  510.9292 510.929 4.87 Detected: Moderate noise but clear peak
23 - 610.9238 -1.30949228 610.9227 610.923 3.45 Detected
23 - 310.943 -5.46723998  310.9413 310.941 5.46 Detected
23 - 410.9366 -5.11027735 410.9345 410.935 4.33 Detected
23 - 460.9334 -2.16951082  460.9324 460.932 4.66 Detected: Other close peaks
23 - 510.9302 -2.15293596 510.9291 510.929 4.93 Detected
23 - 610.9238 -730.369319  610.4776 610.478 3 Detected
23 - 610.9238 -3.2737307 610.9218 610.922 5.31 Detected
PR-3 - 676.9156 -5.46596947  676.9119 676.912 SHEL Detected
PR-3 - 726.9124 -6.46570343  726.9077 726.908 4.31 Detected
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