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Overview of Signature®
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PFAS Signature® ___ Workflow

SPE Extraction |

= Source discrimination through the Gy - Direct Injection )

combination of analytical chemistry and data - Targeted Analysis ’

. e * High Resolution )
analytics

] ] * Data Filtering
= High-resolution mass spectrometry extends - Machine Learning Tool

the list from 40 to 520 PFAS analytes

= PFAS-focused data filtering tools allows for
informed and efficient data reduction

» Other Lines of Evidence ]

" Trained artificial intelligence/machine learning Tool Components
. - . e T ted Analysi
(Al/ML) tools allows for the identification and N .
. .. ) . igh Resolution MS Analysis
discrimination of PFAS Sources - Data filtering
= |dentifies gaps that would not have been * PFAS Suspect Screening Library

PFAS Source Library
Statistical Analysis

revealed by targeted analysis alone
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PFAS Signature®

Includes Database of Source Specific Signature Library

* AFFF Formulations
= More than 35 sources of different AFFFs
Landfill |

* AFFF-Impacted Sites (Multiple Matrices) Leac@
- WWTP located within AFFF impacted site Sw S
= AFFF impacted biosolids applied soill

= AFFF used for emergency response

e \Waste Sector "

= Landfill Leachates Mixﬂy Paper/ |
= Municipal WWTP related samples and additives . Textile

= Paper Mill related WWTP samples
= Compost

e Commercial Products Library is continually populated as
: more source data is generated
= More than 15 commercial products

* Metal Plating
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PFAS Signature® Can Assist in Establishing
Background

M
* From EPA Guidance EPA 540-R-01-003, Background e
Samples are needed.... s
= Gaps in the available data (certain chemicals were excluded from Suitanee
the sample analyses, or certain soil types were not collected). E""'”#é;‘;glﬁ"ﬁ,?;g,srgm
Sitgg ' Soil
Suspect screening library for up to 520 PFAS
» l|dentifies chemicals that would not have been identified
by the targeted analysis
» Supports development of the conceptual site model to i
validate assumptions B
» ldentifies contributing sources that are not the ‘known’ e ——
or expected source(s)

Guidance for Comparing Backaround and Chemical

Concentrations in Soil for CERCLA Sites (epa.gov)

© 2023 Battelle Memorial Institute m
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https://www.epa.gov/sites/default/files/2015-11/documents/background.pdf
https://www.epa.gov/sites/default/files/2015-11/documents/background.pdf

PFAS Signature® Applications

@’)\ Source identification, screening, and delineation
'|- Establishing Background

+/ Filling data gaps

II» Understanding PFAS transport

e On/off site migration

I{i  Mass balance evaluations

© 2023 Battelle Memorial Institute m
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High Resolution Mass Spectrometry
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Targeted vs Suspect Screening

Targeted Analytes

FF FF F O

* PFAAs F
F

* FTSS F'F FF F o
F .0
F W
o
F FF F F F
[ ]
FASAS F F FF FF FO
F W N
F W
o
F FF FF FF F
* FASAAs

Suspect
Analytes

ECF
Sulfonamides

Fluorotelomer
Betaines

Phosphorus
Compounds

H-substituted /
Unsaturated
PFAAs

Other
Substitutions

© 2023 Battelle Memorial Institute
All rights reserved.

BATTELLE



HRMS Data Filtering and Peak Confirmation

* PFAS homolog data filtering, followed by peak confirmations by HRMS analyst.
* Source analysis using PFAS Signature® methodology.

Level 1 - Reference Standard
Confirmed Structure (MS, MS?, RT)
1 12 - Level Zaz. Library Spectrum Match
. .\ . . evel « (MS, MS?2, Experimental Data)
Analyte identification confidence Probable Structure - Lrﬁ;eiﬂ gabz. Diagnostic Evidence
. . . i t ta
level followed Schymanski et al. . e —————
(2014) criteria Level 3 - Structure, Substituent, Class
cf. Charbonnet et al. 2022 Tentative Candidates (MS, MS?, Experimental Data)

Level 4
Unequivocal Molecular « MS isotope/adduct, fragment
Formula

Level 5 miz (MS)
Exact Mass
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An HRMS Example

i Component name Identificatio... Formula Label MNeutral m... Observed m/z  Mass error (mDa) Mass err... Expected R.. Observed R.. Resp.. 1+ Adducts  |sotope Ma.. Common Neutral Los.. Common Fragment lons...
12 91:2 FTB Identified C16H13F20NO2 CL2b 631.06269 632.0667 -3.2 -5.1 3031 2634917 +H 471 4398983 (CO2) 104.0706 (C4H1002N)

12 Tl ETD [Py A ALAIE SR o B 1Y £34_nEnno £33 nTca 19 23 e b e 14

ADECECA . W3 D £1__AD ACMDD (AT ANA NTNE (CALIANOATIRN

ltem name: 20220713024_55838-2-4_A_POS [tem name: 20220713024 55838-2-4 : Channel name: Low energy : Time 30.3145
Channel name: 9:1:2 FTB [+H] : (45.5 PPM) 6... tem description NN N N \_/\*
— - F ! o 632.06674
1 - = 8e7 F K
g Te7] w“ o < F F PP PP F ¢
3 g 2 :
S & 633.07032
2 & o J
: = : 433.18383 : '
g 0 \ A , 3 3Z1-1960 \470.18660 57804131 ' | 70308363 i 9881990° 104220136 113344995 1263.11487
I 1 I I T 1 I I 1 1 I 1 1

£ 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300

I I 1 I

30 30.25 305 30.75 Item name: 20220713024_55838-2-4_A_POS Channel name: High energy : Time 30.3145
ltem name: 20220713024 _55838-2-4 A_POS item description: [N
Channel name: 9:1:2 FTB [Fragment] : (45.5 P... " 63206719

[=] € de7 78.

7 3 2 Bl T R ——— 1068.43648 13
c 6000 g 2 o 91.05296 240.98391 387.15041 49298992 ** - / / / 100543340 1285.09881 4
5] -7 . T r!T ‘T !rr-Tr-~-7rTr--r‘rrrrrrrrX~— T~ rr-r-r--1T--- T r°r
*) _/\/L 100 200 300 400 500 600 700 200 900 1000 1100 1200 1300
§ 2 000_ Observ_gfj mass [m/z]

T T T - F F > F F F F F \ /
30 30.25 30.5 30.75 [ High Energy Fragments . N
Item name: 20220713024 _55838-2-4_A_POS F AN AN AT
9:1:2 FTB (4 expected fragments) (10 found generated fragments)

Channel name: 9:1:2 FTB [Fragment] : (45.5 P... :
(=]

: Expected m/z  Status Observed m/z | Mass error (ppm)  Mass error (mDa) | Detector counts  Observed RT (min) - | Formula Observed ion ratio  Passed ionratio  Expec
100000

104.07060 Found 104.06910 -1441 -15 872 30.30

0 568.07391 Theoretical 568.07137 447 25 15679 3031 C15H13FI9N . \N./
T i
.
S 572.04884 Found 572.04700 321 18 32065 3031 FYW!/\/
30 30.25 30.5 30.75 n

Retention time [min] ] |

%303
-~ o

Int... [Counts]

[=-]
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Targeted vs Suspect Forensics
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PFAS Signature® provides information that cannot
be obtained from targeted analysis alone

m 55365-65-1 m 55365-65-9

250,000 -

200,000 4

on, ng/L

150,000 4

100,000 4

Concentrati

50,000 -
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» Targeted analysis provides very limited information

* Only information on PFAAs which are commonly found associated

with many sources

* Not enough information to identify or discriminate PFAS sources
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PFAS Signature® Provides More PFAS Information
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A Source Library Case Study

Targeted Analysis of 3 AFFFs

Response
(Log Scale)

FHXSA PFBS PFDS PFECHS PFHpA PFHpS PFHxXA PFHxS PFNS PFOA PFOS PFPeS PFPrS

Targeted Analyte

MA(AR) M B (White) HC (Blue)
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PFAS Signature® Provides More PFAS Information

B, NotAorC

A&C, Not B

4:2 FTSHA (+)
7:1 PFAS ()

H-UPFOS (-)

N-CMAmP FASA C3 (+)
N-CMAmP FASA C4 (-/+
N-CMAmP FASA C5 (-/+
N-CMAmP FASA C6 (-/+

0
F r F o \ / N-CMAmP FASAP C4 (+
A\ /N\/\/”\)J\ o \N-CMAmP FASAP C5 (+
N\ N-CMAmP FASAP C6 (+
© N-MeFHXSAA (-)
N-OxAmP-FASA C4 (+)
N-TAmP FASAP C3 (+)
N-TAmP FASAP C4 (+)
PFBSaAm (-)
- PFBSAC (+)
PFHpSaAm (-)
PFHpPSAC (+)
PFHXSAC (+)
a PFPeSaAm (-)
’l\ =D EPeSAC (+)
g PFPrSaAm (-/+)
PFPrSAC (+)

F FF F

\L - 23 analytes

)
)
)
)
)
)

N-AHOB-FASAPS C6 (-)
N-DiIHOPAmMHOB-FASA C3
N-DIHOPAMHOB-FASA C4
N-DiIHOPAmMHOB-FASA C5
N-DiIHOPAmMHOB-FASA C6
N-DiHOPAMHOB-FASAPS C3 (-)
N-DIHOPAMHOB-FASAPS C4 (-)
N-DIHOPAMHOB-FASAPS C5 (-)
()

BN N =N N

)
)
)
)

N-DiHOPAMHOB-FASAPS C6
n-F5S-PFHPS (-)
N-HOEAMHOP-FASA C4 (+)
N-HOEAMHOP-FASA C5 (+)
N-HOEAMHOP-FASA C6 (+)
N-HOEAmMP FASAPS C2 (+)
N-HOEAmMP FASAPS C3 (+)
N-HOEAmMP FASAPS C4 (+)
N-HOEAmP FASAPS C5 (+)
N-HOEAmP FASAPS C6 (+)
N-HOEAmP FASAPS C7 (+)
N-HOEAmP FASAPS C8 (+)
N-HOEAmMP-FASA C2 (+
N-HOEAmP-FASA C3 (+

N-HOEAMP-FASE C6 (+)
N-HOEAMP-FASE C7 (+) o N
N-HOEAmP-FASE C8 (+) 5 “;M g
N-SHOPAmP-FASA C6 (-) e
N-SHOPAmMP-FASAA C5 (+) F
N-SPAMP-FASA C3 (+)
N-SPAmP-FASA C4 (-)
N-SPAMP-FASA C4 (+)
N-SPAmP-FASA C5 (-)
N-SPAmP-FASA C5 (+) F
N-SPAmP-FASA C6 (-) o
N-SPAmP-FASA C6 (+)
N-SPAmP-FASA C8 (-)
N-SPAmP-FASA C8 (+)
N-SPAMP-FASAPS C3 (-/+
N-SPAMP-FASAPS C4 (-/+
N-SPAMP-FASAPS C5 (-/+
N-SPAMP-FASAPS C6 (-/+
N-SPAMP-FASAPS C8 (-)

N

~— — — ~—

N-SPAmMP-MeFASA C3 (+)
N-SPAmP-MeFASA C5 (+) F o Fo
N-SPHOEAMP-FASA C4 (+) — N N NP R

E 0

)

)
N-HOEAmMP-FASA C4 (+) N-SPHOEAmMP-FASA C5 (+) \\0
N-HOEAmP-FASA C5 (+) N-TAMP-FASA C3 (+) F FF F
N-HOEAmMP-FASA C6 (+) PFDoDS (-)
N-HOEAmMP-FASA C8 (+) U-PFDS (-)
N-HOEAmMP-FASE C3 (+) U-PENS (-)
N-HOEAmMP-FASE C4 (+) U-PFUNDS (-)
N-HOEAmMP-FASE C5 (+)

57 analytes

16
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Machine Learning Insights
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PFAS Signature® Uses AI/ML to Train on, then Distinguish
Between, Sources

* Discriminates AFFF chemistry and
formulations through development of '1
source libraries with known samples il

* Source discrimination of AFFF vs
Non-AFFF in environmental samples

SSSSSS

Non-AFFF |

 Provides Delineation of Distinct
PFAS Sources and Co-Occurrence

© 2023 Battelle Memorial Institute m
18 All rights reserved. M



PFAS Signature® Can Differentiate Between AFFF Sources

ECF Based FT Based

AFFF 1.2 AFFF5 1

AFFF 1_1 (FEAE

AFFF 3
AFFF2_1

0.2-

 Discriminates AFFF

e chemistry and formulations
— R34 1 e
wrriia) 01 * |dentification of unknown
manufacturing source

-0.2-

- o mm mm mm mm mm mm mm mm mm mm e mm mm mm Em Em Em Em Em Em mm Em Em Em Em Em o

_gl4 —Ul2
Dim.1

© 2023 Battelle Memorial Institute m
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Visualizing a new, unknown sample

S
C° Signature® assesses how the unknown
LY sample compares to the training set to
? understand the similarities and
: “w.  differences between the unknown and
e - known sources
.0

0.4 0.2 0.0 0.2 0.4 0.6
MDS Dim. 1

© 2023 Battelle Memorial Institute m
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Analyte Importance for an Example Data Set
10 of 30 Most Important Analytes are non-target!

- 6:2FTAB (+) Con | ,

« N-SPAmP FASAPS C5 (-) — 'J

+ FHXSAA (-) ;'l

« N-SPAmMP FASAPS C4 (-) ||'|

. N-SPAMP FASA C4 (-) . e B

. 8:2 FTAB (+) ."l

. N-SPAmMP FASA C6 (-) %

«  N-SPAMP FASAPS C6 (-) : ; ; ; .

Importance

- 8:2 FASO2PA MePS (-)
=R,

© 2023 Battelle Memorial Institute m
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PFAS Signature® Identifies Commercial and
Waste Related Signatures

WWTP related Samples

R
= Methyl/Ethyl FASAAs, FASAs, n:3
¢ | FTCAs found in waste sector
IBEISG 5258
_oof o3 aser ™ N2 DIPAPs found in commercial
S | s products
I?D:"SPaperMiII related F FE EF F
WWTP
"Dim.1
e
29 © 2023 Battelle Memorial Institute mm
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PFAS Signature® Identifies Commercial and
Waste Related Signatures

?o
' conting matorial . Methyl/Ethyl FASAAs, FASAs, n:3 FTCAs
found in waste sector
(V)
N oo . %;,m C.'”S:er = n:2 diPAPs, diSAmMPAP, Methyl/Ethyl
= . 3 . > FASAAs found in commercial products
¢ ¢ . F F FF FF F nf
. Compost
e o« ¥ Commercial Products
0.4 0.2 0.0 Ny 0.2 0.4

23
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Site Applications
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Targeted Analysis - Data Interpretation
Using Radial Plots

ENPFBA  MPFPeA  MPFHXA PFHpA  EPFOA  MWPFNA  NPFDA PFPeS  MPFHxS  MPFHpS MPFOS MPFDS M4:2FTS  WE2FTS  M8:2FTS
PFOA/PFOS
1
05
100 PFHxA/PFOA PFHxS/PFOS
E = L] i
=
E | ]
= 10 - - -
_—
] | ] N -
‘ = = = N
- = B = E
v | PFBS/PFHpA PFHpA/PFOS
| I - I I l
0 [~ o - o - 5 s | o | - Z - v .
- =1 - - - = =] L] = ] - ] a a g S
0
% § ¢ P PFHpA/PFOA PFHxS/PFOA
g g —3 FF il = Fire
\ l ‘ l J—Y — —_—05 —§..__
e WWTP-E WWTP-POND

Fire Training Area and WWTP located
Downstream locations on Base

» Radial plots using ratios of commonly found PFAS

« Based on the targeted analysis data it is uncertain to inform whether there is an AFFF/Non AFFF
source of contamination

© 2023 Battelle Memorial Institute m
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PFAS Signature® Analysis — AFFF-impacted Site

0.50 1 o>’

. AFFF related with both ECF and FT chemistry near
source locations

High levels of PFAAs and other transformation products
with few detections of ECF precursors — Downstream
from the source locations, detections resulting from

0.254 . . . . .
@ environmental biotransformation and fractionation

Source
[

¢ e AFFF

No detections of AFFF related analytes

Dim.2

® Non-AFFF

0.00
1

® \Waste Sector

6:2, 8:2, 10:2 FTABs found only in current FTA and
Waste sector samples

PFHxSaAm, found only in WWTP influent

6-2 & 8:2 FASO2PA-MePS found in both WWTP
influent and effluent (2 orders of magnitude less)

-0.25 1

-0.25 0.00 0.25 0.50

o e ——
© 2023 Battelle Memorial Institute m
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Example PFAS Signature® Application

Objective: Compare PFAS detections on-base and off-
site locations

Limited Sample Collection:

e 20 samples collected from — on-base; nearby airport and
private well water from surrounding areas

Summary: \ @ — _Jpr'

* Highest PFAS concentration on-base (up to 100 ppb); 3N R WFECHS a'*ﬁ"f
 Downgradient migration of cyclic PFOS analog from airport Yy 2 detecfions | ,':1_
and other AFFF related precursors; i "'} "%"’1 by &
* Downgradient private well samples had slightly higher Y -‘ ‘ _ ng'her 0
PFAS concentrations compared to upgradient wells B, N “ RS
indicating fate and transport and other potential sources 05 1-'n-'-'lu_pgradlent ~
e Sampling one year later suggested further downgradient ' %
migration

© 2023 Battelle Memorial Institute m
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PFAS Signature® Summary

PFAS Signature®is a source discrimination/characterization tool
using a combination of advanced analytical tools and data analytics

(L

PFAS focused data filtering tools provides confidence on the PFAS
related data.

Good reproducibility of the workflow demonstrated on triplicate data
sets.

o~ 4

PFAS Signature® Tool has been demonstrated on environmental
samples collected from a variety of different source scenarios.

N

28 © 2023 Battelle Memorial Institute Mm

All rights reserved.



Acknowledgements to Battelle Team

= PI/PM

« Kavitha Dasu

* Analytical Chemists e Data Scientists
= Larry Mullins = Dave Friedenberg
= Cameron Orth = Brandon Hill

* Targeted Analysis * Data Filtering
= Jonathan Thorn = Brannon Seay

© 2023 Battelle Memorial Institute m
29 All rights reserved. m



.. BATTELLE

Director of PFAS Research
dasu@battelle.org It Ca n be done

Phone: (614) 424-3144

Cameron Orth www.battelle.org/pfas
Chemist Il

orth@battelle.org
Phone: (614) 424-4456

800.201.2011 | solutions@battelle.org | www.battelle.org



mailto:orth@battelle.org
mailto:dasu@battelle.org

