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Motivation

*Measurements: aerosol concentrations, wet and dry deposition, even far from
point sources

*Human exposure: Airborne PFAS contributes directly (through inhalation) and
indirectly (through deposition to watersheds and water supplies)

*Sources: Production facilities (e.g., Chemours), use of PFAS-containing products
(e.g., firefighting foams; household products), waste streams (e.g., contaminated
soil, wastewater, landfills)

* Atmospheric PFAS Transformations: Limited knowledge regarding PFAS atmospheric
reactions and drinking water impacts

*Elevated concentrations: indoors, near industrial sources, in urban areas

Fate and effects of atmospheric PFAS are poorly understood:
they depend on PFAS chemistry and properties
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What PFAS compounds are present 'M«-:“ ®
in ambient NC air? mutl Alr s o2 el
in Wet/dry deposition? ' | | | Transfer and Transformation \szrch 208

Long-range transfer l Photodegradation’ W-—

) ) ] ] . of precursors k
What is the geographic distribution and l Depositof "8.2 FTOH
what does this tell us about sources? Eichange Sioemepartices SHimGe
Evaporation and - % o0 adsf,’,pt,on? FMPs
dissolving? ~ Flying dust
What is the contribution of wet/dry arople 55|

deposition to the Cape Fear watershed?

How does gas-to-particle conversion
(multiphase atmospheric chemistry)
during air mass transfer alter the fate
of certain PFAS species?
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Event-based wet/dry deposition sampling: in Wilmington and selected other
stations

Integrated gas and particle sampling: Weekly 6 day periods for one year.
Wilmington, RTP, Charlotte, Greenville, Fayetteville

Real-time measurement of highly polar gases: 1-2 weeks (exact mass chemical
lonization mass spectrometry)

Chemical analysis: Isolation and analysis by UPLC-ESI-HR-QTOF-MS. UPLC-ESI-
QQQ-MS

Calculate: deposition to Cape Fear watershed
Examine: influence of back trajectory, geography, season, sources

Laboratory experiments: of multiphase chemistry of hexafluoropropylene oxide
(HFPO)
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Example Aerosol Station @@PFAS

%”0D SS inlet

FAY

Operational singé
|11/16/2018

—"MNothing Compares_—_-

NC Department of Environmental Quality
Division of Air Quality

Thanks to

Joette Steger & Mitchell Revels
Fayetteville Regional Office

Site Address

John Griffin Middle School

8943 Fisher Road

Fayetteville, NC 28304

Slanted inlet prevents rain water being
aspirated

PFAS sampler inlet




Example Aerosol and Wet/Dry Deposition Station R
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Sample Collection and Analysis

Extraction Analysis by mass spectrometry to identify
compounds and report concentrations

Gas/Particle Phase Collector



Timeline of Sampling SR
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Virginia

App State UNCCH Wet/Dry Deposition.

- it | GRV Gas/Particle’Phase
Wet/Dry DePosmon s o pp v, I » E

wricrans Gas/Particle  ECU Wet/Dry Deposit

! Phase *
UNCC Wet/Dry Deposmon FAY Gas/Particle Phase
¥ e : 3 A

CHR Gas/Particle Phase . ol S
Fayetteville Works UNCW Wet/Dry
.2/ Deposition and
77 Gas/Particle
.g Phase

BHI Wet/Dry Deposition

South ‘Carolina

Dec 18 -Mar 19 April19-May 19 May 19— Sept19 Oct 19— Dec 19

Collect wet/dry deposition at Wilmington site XXXX XXXX XXXX XXXX
Collect wet/dry deposition at other locations 3 collections 3 collections
Gas/Particle phase collection XXXX XXXX XXXX XXXX
Airborne gas/particle collection real time XXXX




Source = at 34.22M Fr.EBEW

Meters AGL

Example of Data: Air Mass Back Trajectory and GenX Ramwater@.mmm

Concentration
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NOAA HYSPLIT MODEL
Backward trajectories ending at 0600 UTC 22 Nov 17
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Job ID: 14547 Job Start: Wed Feb 26 21:23 06 UTE 2016
Source 1lat; 34220000 lon. 77863000 hges: 200, 100, 10 m AGL

Tr: em:m' Direction: Backward — Duration: 24 his
Wertical Motion Caleulation Method: — Model Vertical Velogity

Metsorology: 00002 22 Mow 2017 - GDAS1

N

E1775

11/21-22/17

GenX <3 ppt (ng/L)
0.26 inches at UNCW
pH not analyzed

Source = at 34.22M 77.86'W

Meters AGL

NOAA HYSPLIT MODEL

Backward trajectories ending at 2100 UTC 08 Dec 17

GDAS Meteorological Data
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ok 10 1EHTE Joip Start; Sun Feo 25 15:3058 UTC 2016
Sawce 1 lat 34220000 lon: -TT.853000 hagts: 200, 100, 10 m AGL
Direction: Backwasd — Duratiore 24 hrs

‘i'mrtcal otion Caloulafon Method:  Modd Varbica Velooty
Matecrology: 00002 & Des 2017 - GDASH

N

E1781

12/8-9/17

GenX >500 ppt (ng/L)
1.8 inches at UNCW
pH4.68
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Outcomes

* The proposed research will provide critical and transformative
information regarding the atmospheric reactions, transport and
depols_ition of PFAS to surface and ground waters that feed drinking water
supplies.

* There is limited to no information on the atmospheric reactions these
PFAS compounds undergo during long range transport influencing
deposition.

* Ultimately, the knowledge gained from this research will benefit
stakeholders within NC and beyond.

* Results will be presented in peer reviewed publications and shared with
local, state and federal agencies
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Scheme 1. Suggested Mechanisms for Photoproduction of PFAS from Surface-Sorbed FTOHs. Species in Solid RectalA

PFAS Atmospheric Transformations on Surfaces Observed in the Present Experiments
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Sub-classes of PFASs Examples of

Individual compounds*

Number of peer-reviewed
articles since 2002**

o PFBA (n=4) 928 3% NORTH CAROLINA
o PFPeA (n=5) 498 @
O PFHxA (1-6) 1081 i
o PFHpA (n=7) 1186 . F I AS
o PFOA (n=8) 4066 ﬁ .
PFCAsc o PFNA (n-g) 1496 Testing Network
- o PFDA (n=10) 1407
(Canl'H-'l COOH} o PFUnAI-‘[n:::] 1089
o PFDoA (n=12) 1016
o PFTrA (n=13) 426
O PFTeA (n=14) 587
© PFBS (n=4) 654
prsha: Junte ]
(CnFm,—SOSH} o PFDS (n=10) 340
perfluoroalkyl acids o © PFBPA (n=4) 3
(PRAAS) PFPAS- 5 romineg) 5 Several of these PFAS sub-classes have
(anan_PO;Hz) o PFDPA (n=10) 35
© CalCa PHPiA (nm=g) ; been detected in atmospheric samples
ccecemneny : '
o i (nm= 12
(CaFanss=POH=CoFopnas) © C6CB PFHA (1=6.m=8) C Do members of these classes decompose
© ADONA (CF,—0—C F;—O—CHFCF,—COOH)
PFECAS & PFESAs © Gen(G,f,CFICE~COOH) % in th h d h
o EEA(C,F,~0~C,F,~0~CF,~COOH) . In the atmOSp ere or unaergo other
(CannH_O_Cszmﬂ_R) O F-53B{CI-CgF\,—O-C,F,—50H) 14 .
gmg;gz:*;:gg:ﬁggﬁ}m 2z transformations? Do these compound(s)
o EI:FBSA(n=:.1.,R=N(C2H5 H) 7 . . .
., PASF-based © EIFOSA (-8 R-N(CHJH) 256 impact drinking water through wet/dr
s Cubstances: e g P & gh wet/dry
n"ant C F, . —SO. —R o EAFBSE (n=4,R=N(C,H.JC,H,0H iti ?
(CoFapi—50,~R) o BB g NCHICH O A deposition-
> OVEr 3000 O SAMPAP {[C4F SO, N(C,H,)C,H,C],—PO,H} 8
PFASs may PFAA o o 100s of others
have been precursors o grz ggmmg-?g':'; 106
the global o B2 \n=6,k= 375
21nark:tg ova fluorotelomer-based 0 8:2 FFTSOHHI.h=8.R=ROgLJ 412
0 10:2 (n=10,R= 165
substanceso 0 12:2 FTOH (n=12,R=0H) 42
(CnF2n+|_C2H4_R] © 6:2 diPAP [(C4F,,C,H,0),~POH] 73
© 8.2 diPAP [(CgF, C.H,0),~PO_H] 25

© 1005 of others

O polytetrafluoroethylene (PTFE)

o palyvinylidene fluoride (PYDF)
ﬂuoropolymerso o fluorinated ethylene propylene (FEP)
otherso o perfluorcalkoxyl polymer (PFA)

o perfluoropolyethers (PFPEs)

*

PFASs in RED are those that have been restricted under national/regional/global regulatory or voluntary frameworks,
with or without specific exemptions (for details, see OECD (2015), Risk reduction approaches for PFASs. http://oe.cd/1AN).
** The numbers of articles (related to all aspects of research) were retrieved from SciFinder® on Nowv.1,2016.

Figure 1. “Family tree” of PFASs, including examples of individual PFASs and the number of peer-reviewed articles on them since 2002 (most of the
studies focused on long-chain PFCAs, PFSAs and their major precursors.).
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Wet/Dry Deposition of GenX near SEPFAS
Fayetteville Works Facility

Feb 28 — March 2, 2018
Rainwater GenX ppt
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Wet deposition of poly- and perfluorinated compounds in Northern Germany
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£ ] Rai ter PFAS C trati
E 200 alnwater oncentration
-
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c
Literat
ﬁ PFC rain water concentrations (ng L™') as reported in literature. I n I e ra u re
= site Smith Is, Lewes, Ithaca, Underhill, Kejimkujik, Algoma, Saturna Is., Egbertt, Toronto, Dalian, Winnipeg, Albany, Tsukuba Kawaguchi Scandinavia Barsbiittel,
§ 100 4 MD, USA  DE, USA NY,USA VT,USA NS, Canada ON,Canada BC Canada ON,Canada ON, Canada China MB, Canada NY,USA City, Japan City, Japan Germany
e 1 n 20 42 43 18 19 23 16 8 7 2 S| 11 4 4 5 20
504 category near near rural rural remote remote rural near urban urban urban urban urban urban rural/ semi-
urban urban urban urban rural
1 1 PFBS n.a. na. na. na. na. na. na. na. n.a. 0.6-2.1 n.a. n.a. <0.1 <0.1 <L0Q nd.—-1.1
0 PFHxS na. n.a. n.a. na. na. na. na. na. na. <0.49 na. nd-04 <0.1 <0.1 02-0.6 nd.-0.5
mos RN PFOS na, na, na, na, na. na, na, na na 99-113 06 +£004 <01-15 0.1-02 0.5-1 02-3 0.1-33
8§88 %8 PFBA <0123 <01-26 <0146 <01-09 <01-29 05-11 <01-5  01-08  01-21 na. na. na. 1-22 08-2 na nd.-94
gges PFPA <0.1-39 <0.1-10 <01-17 <0.1-36 <0.1-19 0.6-13 <0.1-6.1 0.1-04 02-11 na. na. n.a 0.2-1.1 0.6-0.8 na n.d.
c 39 g PFHXA <0142 <0.1-4.7 <01-10 <0.1-19 <01-23 <0.1-3 <0.1-32 <0.1-05 02-09 na. n.a. n.a. 05-15 09-2.7 na nd.—-1.9
PFHpA <0.1-31 <0.1-53 <01-11 <01-29 <0.1-54 <0.1-3.1 <0.1-10 0.1-24 <0.1-1.7 4.8-235 na. <0.1-2.3 05-12 0.7-3.1 na nd—-1.2
PFOA <0.1-37 <0.1-89 <0.1-10 <01-7.6 <0.1-3.1 <0.1-6.1 <0.1-2 0.7-38 1.0-11 329-40.8 nd. <0.1-7.3 1-17 1.3-38 82-17 04-93
PFNA <0.1-20 <0.1-77 <0.1-3.2 <0.1-19 <01-33 <0.1-76 <0.1-2.8 04-41 05-9.7 na. nd. <01-35 1.7-42 1-24 07-14 0.1-37
PFDA na. na. na. na. na. na. na. <007-1.1  <0.07-10 na. nd. nd-11 06-08 05-0.7 na nd.-7.5
I MeFBSE PFUNDA  na na. na na. na. na. na. <007-12 <007-37 na. nd. <01-09 06-08  05-0.7 na. nd.-14
in EEmEtFOSE PFDODA  na. na na na. na. na. na. <007-33  <007-52 na. nd. <01-07 01-02  01-02  na nd-17
o i 82FTCA  <0.07-04 <0.07-51 <0.07-11 <0.07-03 <0. <0.1 <011 <0.07-86 <0.07-56 na. 1+£008 na 1119 1-19 na. n.d.
£ [ PFTHA 10:2FICA  <0.07-0.1 <007-07 <007-13 <0.07-0.2 <0.1 <0.1 <0.1 <007-05 <007-06 na. 03 +£004 na na. na. na nd.
E’ [ PFDGA 8:2FTUCA <0.07-09 <007-07 <007-02 <0.07-0.6 <0.1 <0.1 <0.1 <007-05 <007-04 na. 012+£002 na 0.03-0.18 0.04-0.23 na n.d.
rY [ PFURA 10:2 FTUCA <0.07-0.1 <0.07-008 <0.07-0.5 <0.07-03 <0.1 <0.1 <0.1 <0.07-08 <0.07-07 na. 012£0.01 na <0.1 <0.1 na n.d.
2
n“é = ':,FF"-JN‘:‘\ Reference  (Scott et al., 2006) (Liu et al., (Loewen (Kim and (Taniyasu (Berger this study
1. Kannan, et al, 2008) etal
g 1 PFOA 2009) etal, 5 o L,
z W PFHpA 2005) 2007) 2004)
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Fig. 1. Daily total precipitation (0.1 mm = 0.1 L m™?), wet deposition rates (ng m™? d~"), and rain water concentrations (ng L~") of detected PFC. Note: PFOA concentration of
samples BAR-R1 and BAR-R3 were below the corresponding blank. Daily total precipitation was obtained from the nearby German Weather Service station Reinbek.
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Atmospheric Particulate Organic Matter (APM)
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Figure 3. Distribution of PFCAs, PFSAs, and 6:2 diPAP in outdoor APM (data for China were obtained from this study, and those for other
countries were obtained from previous studies; a: ]apan,—/6 b: Canada,” c: U.S.,”” d: Arctic,”® e: UK,** f: Ireland,* g: Germany,—/9 h: Norway42) and

proportional distribution of legacy PFASs in outdoor APM (value of legacy PFASs is arithmetic mean).
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Fig. 1. Box and whisker plots of concentration (ng/g) showing the distribution of PFASs in dust samples from Czech Republic, Canada and USA.The lower and upper ends of the box are
25th and 75th percentiles of data. The horizontal line within the box is the median value. The whiskers define the 5th and 95th percentiles and symbol @ illustrates outliers. Baxes tha

share the same letter are not significantly different at a 5% level in ANOVA analysis using Tukey’s test.
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Multiphase Environmental Concentrations
PFAS

TABLE 1.  Concentration (Range, Median, and Average; py/m® or ng/L) of Perfluorinated Carboxylates (PFCAs), Perfluorinated Alkylsulfonates (PFAS), and Fluorotelomer Sulfonates (FtS) in
Various Environmental Media in Urban Area (Albany, New York)

sampling
date site PFHpA PFOA PFNA PFDA PFURDA PFDoDA PFHxS PFOS PFDS PFOSA 6:2 Ft8° 82 ks’ XPFAs®
air (gas) May, Jul/06 L2 (n = 8) 0.13-0.42 1.89-6.53 0.16-0.31  0.24-1.56  ND-0.16 0.14-0.43  0.13-0.44 0.94-3.0 ND 0.22-226 ND-<LOQ ND-<LOQ 5.10-11.6
(0.23, 0.26) (2.86, 3.16) (0.20, 0.21) (0.66, 0.63) (<LOQ) (0.27, 0.27) (0.34, 0.31) (1.42, 1.70) (047, 067) (<LOQ) (=LOQ) (6.26, 7.29)
air
(particle) May, Jul/06 L2 (n= 8) <L0Q-0.810.764.19 <LOQ-0.40 0.13-0.49 ND <L00Q-0.38 <LOQ 0.35-1.16  <LOQ-0.18 <LOQ-0.79 ND-<LOQ ND-<LOQ 2.05-6.04
(0.29, 0.37) (1.57,2.03) (<LOQ, 0.13) (0.22, 0.27) (<L0Q, 0.12) (0,66, 0.64) (<LOQ) {0.23, 0.29) (<LOQ) {<LOQ) (3.96, 4.03)
lake water Feb—Nov/06 L2 & 3 (n=11) 1.15-12.7 3.27-15.8 ND-3.51 0.25-3.58 ND-1.45 ND—<LOQ <LOQ-4.05ND—-9.30 ND-0.3¢ ND-047 ND—1.46 <L00-0.32 9.49-359
(4.09, 4.77) (7.20, 8.61) (1.63, 1.70) (1.38, 1.64) (<LOQ) (063, 1.68) (2.88, 4.14) (<LOQ) {<LOQ,) (<LOQ, 0.35) (<LOQ) (21.1, 21.8)
Aug/06-
rain water Ma?.-f()?r' L1&28&3 (n = 11) <LOQ—2.32 <LOQ-7.27 <LOQ-3.48 ND-1.14 <L0Q-0.86 <LOQ-0.71 ND-0.36 <LOQ-1.51 ND-00.41 ND-<LOQ ND-0.41 <L0Q—-3.19 0.91-13.2
(0.56, 0.69) (2.15, 2.53) (1.04, 1.27) (<LOQ, 0.41)(0.41, 0.44} (<LOQ) (=LOQ) (=LOQ, 0.36) (<LOQ) (<LOQ) {<LOQ, 0.56) (6.60, 6.19)
Feb/06,
snow Jan—Mar/07 L1&2&3 (n= 21) <LOQ—1.61 <LOQ—19.6 <LOQ—-4.94 ND-1.37 ND-1.08 ND-0.41 ND-0.35 <LOQ-1.93 ND-<LOQ ND-057 ND-0.34 ND-3.37 0.91-23.9
(0.39, 0.45) (2.72, 4.89) (0.55, 0.91) (0.32, 045) (<LOQ, 0.30) (<LOQ) (<LOQ) (0.52, 0.62) {<LOQ) (<LOQ) {<LOQ, 0.44) (554, 7.98)
SRWs Jan—Mar/07 all P&R (n = 14) <LOQ-6.44 0.51-29.3 <LOQ-5.90 ND-8.39 ND—1.99 ND-1.60 ND—-135 <LOQ-14.6 ND ND-2.14 <L0Q-21.3 <LOQ-5.84 1.11-81.8
(1.13,1.61) (3.80, 6.58) (0.71, 1.30) (0.46, 1.15) (<LOQ) (<LOQ, 0.30) (0.35, 1.40) (0.81, 2.21) (<LOQ, 0.33) (1.22, 4.03) (=<LOQ, 1.09) (9.85, 15.1)

4 The number analyzed (n = 11 for lake water, n = 10 for rainwater, and n = 15for snow). ® The number analyzed (n = 2 for lake water, n = 7 for rainwater, and n = 12 for snow).
¢The sum of PFCAs and PFAS except for two FtS. The values in parentheses indicate “median” and "arithmetic mean” and LOQ was 0.25-0.75 ng/L for PFOA and 0.25 ng/L for
others in agqueous samples. For air samples, LOQ was 0.12 pg/m? for all gaseous and particulate compounds except for particulate PFOA (0.195 pg/m?) and PFOS (0.07 pg/m?).
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Fig. 1. Concentrations (pg m~—) of semi-volatile and volatile PFCs in gas-phase samples taken at landfills (LC (a) and LA (b)) and at the corresponding reference sites (RC(c) and RA
(d)). Sampling periods: 11.08.—18.08.2009 (LC) and 27.08.—-02.09.2009 (LA). Note the different scales. Asterisks mark the 3-day samples.
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Figure 1. Concentrations and spatial distributions of neutral and ionizable PFASs in the air around two landfills (SK and BD) and the suburban
reference site (JN) in Tianjin, China. SK-Central and BD-Central represents the central area of the two landfills, SK-Up and BD-Up represent
upwind sites, SK-Down and BD-Down represent downwind sites. (A) neutral PFASs; (B) ionizable PFASs (C > 4).
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Example Research: Removal of ABPFAS
Atmospheric Ethanol by Wet Deposition

* Wet deposition is estimated to remove
6%-16% of ethanol emitted to the
o atmosphere annually. The large range
@ 2.8 indicates uncertainty in global models
. : ‘ with limited wet deposition
1 L ' concentrations
* Global wet deposition flux of ethanol

Average ethanol from storms with terrestrial derived back

concentration [nM] trajectory 1.99 Tg/year and marine
conc . | derived back trajectory 0.44 Tg/year
10 Total flux: 2.43 Tg/year
e 100
® 500
@ 1000
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