Global presence and fate
of PFAS precursors
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Presence of atmospheric FTOHs
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o GLOBAL presence of FTORSs.

e Precursors in plants

e Microbial conversions of precursors
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PFAS battle of the elements:
Winds VS Currents
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Volatile PFAS in the atmosphere; s
FTOHSs
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FIGURE 1. Simplified mechanism for the atmospheric degradation of 8:2 FTOH (blue box) illustrating its conversion into CgFy,CHO (green
box) and the competition between NO and either HO, or CH,0, radicals that limits the formation of perfluorocarboxylic acids (red box).
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(Wallington et al., 2006)
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Time for radical ideas

reaction

TABLE 1. Atmospheric Oxidation Mechanism of 8:2 FTOH

Atmospheric Chemistry of CgF17CH2CH20H

CsF17CH2CH20H + OH — CgF17CH2CHO

Atmospheric Chemistry of CgF;;CH,CHO

CgF17CH2CHO + OH — CgF47;CH2C(0)00

CsF17CH,C(0)0O0 + NO — CgF7CHO

CsF17CH2C(0)00 + NO2 — CgF17CH2C(O)O0ONO:

CsF17CH2C

(
(
CsF17CH2C(
(

0O)OONO2 — CgF17CH2C(0)O0 + NO2
0)00 + HO2 — products

CsF17CH2C(0)00 + HO; — CgF17CHO + CO4

CsF17CHO + OH — CgF1;C(O)0O0
CgF17CHO + hv— CgF1702
CgF17C(O)O0 + NO — CgF1702

Atmospheric Chemistry of CgF;;CHO

CsF17C(0)00 + NO; — CgF+17C(O)O0ONO;
CsF17C(O)OONO; — CgF1;C(0)00 + NO>
CgF17C(0)0O0 + HO; — CgF17COOH(PENAS) + O3

CsF17C(0)00 + HO; — CgF170,

CgFﬂOz + NO — CgFr,rO + NOZ

CgFﬂOQ + H02 - CgFﬂO + OH + 02
CgFﬂOz + CH302 - CaFﬂO + CH3O

Atmospheric Chemistry of CgF170;

CsF170; + CH30, — CgF17OH + HCHO

CgF170H — C;F15COOH(PFOAY)

rate

3.2 x 107" exp(—1000/7)?

1.0 x 1071 exp(—1000/7)?

8.1 x 10712 exp(270/T7)?

1.1 x 1071 (7/298) 104

2.8 x 108 exp(—13580/T)P

0.6 x 4.3 x 10713 exp(1040/7)?
0.4 x 4.3 x 10713 exp(1040/7)?

1.7 x 10" exp (—1000/7)

¢ =0.02

8.1 x 10-12 exp (270/T)?

1.1 x 10-11 (T/298)-10 2

2.8 x 1016 exp(—13580/T)b

0.10 x 4.3 x 10-13 exp(1040/T)?
0.90 x 4.3 x 10-13 exp(1040/T)?

2.8 x 10712 exp(300/7)?
4.1 x 10713 exp(750/7)?
2.7 x 1072 exp(—470/T)2
1.0 x 1013 exp(660/T)?
23 x 1060

5 Units of cm?3 molecule~" s~1. ? Units of s~'. ¢ PFNA = perfluorononanoic acid = CgF17COOH. ¢ PFOA = perfluorooctanoic acid = C;F1sCOOH.

(Wallington et al., 2006)
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The spread of FTOHs across the
atmosphere

Latitude
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FIGURE 2. Summed concentration of 82 FTOH and all of its degradation products at 50 m in altitude for (a) January and (b) July. The color
scale extends from (a) 0 to 55 = 10° molecule cm™* and (b) 0 to 1.4 = 10F molecule em™—2.

- Yield of 3-6% PFOA from 8:2 FT-OH; also smaller PFCAs
- Source: Arctic 5:1

tIife ~20-40 days (Wallington et al., 2006) \e,"f",Ep
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Toronto: arctic 5:1
first set
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FIGURE 2. Total air concentrations (sum of gas phase and particle phase) for FTOHs and PFASs across the North Atlantic Ocean a

Canadian Archipelago (see Figure 1 cruise track) and in Toronto, Canada.

(Shoeib et al., 2006)
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Some sites are cleaner
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All clean down south?
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FIGURE 1. Spatial distribution of 8:2 FTOH gas-phase concentrations determined during several cruises in the Baltic Sea and the
Atlantic and Southern Oceans. Note that the close-up of the Baltic Sea region is not to scale.

Figure 1. Gaseous concentrations (pg m™) of FTOHs, MeFBSA and MeFBSE
{a); FO5As and FOSEs (b), measured during February 2009.
ol GS
o B Gl

Sources, Transport, Exposure & Effects of PFASs
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(Dreyer et al., 2009)
(Del Vento et al., 2012)



Cold condensation or fata morgana?

Resurgence of FTOHs in Antarctic?
Trends across Atlantic Ocean as expected

Revolatilization of FTOHs from snow?

Yet
- NH 4x more land
- NH 9 x more people
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Figure 1. High volume air sampling sites during the cruise of the BV Polarstern in ANT-XXII from October 2010 to January 2011 from G

rermany to
the Antarctic, and concentrations (pg/m?), composition of individual PFASs in the marine atmosphere.
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Why passives might be useful
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8:2 FTOH Cpe(ng/g)

Testing of Polyethylene Sheets as Passive
Samplers for Volatile PFAS in Indoor Air

Maya Morales-McDevitt et al.
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Plenty of other precursors out there

(AFFF)

Table 2. Product FTOH Concentrations and Nontargeted Chemical Compositions

product
Masurf FS-115

Zonyl FSA

Capstone FS-35

Arctic 3 AFFF

targeted (ng uL™')

nontargeted

4.2 FTOH

26.1

9.4

6.7

6:2 FTOH 8:2 FTOH 10:2 FTOH
578.5 106.8 43.0
948.1 130.7 17.9
644.6 - -

1.6 0.3 -

composition
C:F,H,O
C,F;H;0
C,¢FsH,O
CsF, H;O
CyoF34HO
Cy4Fa3H;O
C6F7H O
CisF3H;0
C,F;H;O
C;F-H;O
CF 1 HO
C,F,HO
CF 1 HO
C,6FyH;O
CisF3H;0

peak center m/Q

279.996
349.994
710.009
810.002
909.988
626.002
725.999
825.997
164.025
214.023
314.015
645.996
314.018
726.002
825.986

mass error (ppm)
5.0
10.4
9.9
9.4
16.7
7.5
11.1
14.8
6.4
0.6
4.7
11.7
4.9
15.3
1.8

(Riedel et al, 2019)
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Plenty of other precursors in there
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Something in the air..
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... ahd in your blood

Y

Airborne Precursors Predict Maternal Serum Perfluoroalkyl Acid
Concentrations

(Makey et al. 2017)
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Figure 1. Exposure categories [low (n = 17), medium (n = 16), and
high (n = 16)] of PreFAA in air predicting serum PFAA levels in 50

women.
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Global presence -FTOHs

o Ditferent campaigns - routine detection in NH;
e Gradients from source to sink regions

e Much stronger gradients indoor vs outdoor

« Passive samplers as | tool for routine detection

* Presence of long-chain acids in humans (pre-cursors)?

UNIVERSITY OF BHODE IS1 AND SUPERFIIND RESEARCH PROGR AM



Precursors into the
Arctic




First signs of Atlantic PFASs?
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Origin of PFASs on ice?

e Similar ratios on ice and in snow: deposition!
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PFASs in Devon Ice Cap
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e (Inly atmospheric input

e little from sea spray

e [xidation of 8:2 FTOH
-> PFOA, PENA

e [xidation of 10:2 FTOH
-> PFDA, PFURDA

(Little commercial production)

(Young et al., 2007)
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Back in the Arctic

Only traces of PFASs in deeper Arctic water
(Atlantic water mass)

Little evidence for vertical transport

Model suggest PFASs in deeper Arctic will
INCrease

Both atmosphere and ocean transport

o For PFOS up to 30% from air
o For PFOA 30-60% from air

Seawater PFOA (pg L") Seawater PFOS (pg L)
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(Zhang et al., GBC 2017)
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Bioaccumulation of PFASs in the

Arctic

polar bear - 2985 ng/ ww
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Figure 1. Recently reported (2006—2010) PFOS concentrations in liver of marine mammals worldwide,®~%1%12:1313.1 92130366567,

Monitoring of Perfluorinated Compounds in Aquatic Biota: An
Updated Review

PFCs in Aquatic Biota

Magali Houde,*" Amila O. De Silva,” Derek C. G. Muir,” and Robert J. Letcher®

In [PFOS] (ng/g, wet wt)

In PFOS (ngfg, wet wt) =-3.285 + (1.14 * TL)

4
(r° = 0.51, p<0.0001)
2 4 Harwhal'%—‘
Walru
Zooplankton & N ic cod
"1 Redfish
4 Shrimp
-7
Clams
'4 ] L] L] L]
1 . 3 4 5 6 7

Trophic level (TL)

(Tomy et al., 2004)
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Foodweb effects
PFOS

e Foodweb matters.

=

- PFOS

| | | |

in Arctic Ocean:

| I | I
2000 2010 2000 2010

(Routti et al., 2017)
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Fig. 1. Time course incubation of [A) N-EtFOSA depleted and (B) FOSA formed
concentrations (based on n =3 replicate assays for each time point) in an in vitro
liver assay using adult male Wistar-Han rat microsomes. The initial N-EtFOSA
concentration was 300 nM.

Quepg
(Letcher et al., 2014) St GEP
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Pilot whales and FOSA

e Stay clear of metabolism

Pilot Whale Muscle (ng g')
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FOSA is out.. FBSA is in..

. <] (A)
e scotchguard formulations w
H i/____.{_- I ~|L FOSA
. .
In vitro assay 2 ] F FFFFFEF "

g:: Kjf 2t ij:_ 2

° o1/ FFFFFF

o Pre-2002 Wistar-Han Rat -lncubﬁ;::onﬁmle{mln} )
LaLi0rS B liver microsomes
© R e o e B
[ @
B
Post-2002 s = T —
g /{/—”t
E ;./"/{/ FFFF
e ol 5
é A F5C S‘-NHz
= 2 .(,f F F F b
? lﬁcubaﬁin Tlm.ﬁ trﬂin]ﬁlJ N ? .
STEED
w | Gk’

ources, Transport, Exposure cts of s
u al l e C er UNIVERSITY OF BHODE IS1 AND SUPERFIIND RESEARCH PROGR AM



Fish bioaccumulation is a concern
onwards

 PFAAs are well understood o “r
—X=Y Iﬁ —X=¥ it
- - - B - &1
Minster ng FmL™" Halle ng FmL™" ) EDE.-183 2 BDE-183
1982 18.0 = =
1983 24.0 g ¢ s‘ g P $
1984 19.0 - o 1 -
1985 210 - : g by * 8
1986 39.3 = m
1987 14.9 2 g
1988 259 4 4 1
ﬂsgg ggs R? =0.92; SE = 0.35; slope = 1.1; R =0.93; SE = 0.36; slope = 1.1;
1 5 intercept = 0.07; p< 0.001 intercept = -0.69; p < 0.001
1991 236 HCHs s ip HCHs cep P
1992 233 2 2
1993 293
1984 2 4 6 3 10 2 4 6 3 10
1995 23.4 248 . =
102 zas 28 log Kow log Kow
1997 30.8 15.9
1908 211 12.3 5 -C 6 -2
1999 28.1 14.8
2000 27.0 17.3
2001 215 28.0 ’ .
2002 151 235 =] - Very bioaccumulative ——
2003 14.0 201 g PFDos| E PFDoA
ooot a4 e & PFUND. - & PFUNDA
2006 103 167 g PO 0 | TscA aiteria
| ' - wos  f 5] i
2007 15.8 9.42 b 4 - e 4 nr_})s
2008 226 1.0 -
2000 1o 10.9 g I g I » ‘.\Blonctumu]nﬂ:_
100 0 20 40 60 80 100 2 [PPEHW  prEs pFOA T g PFHxA PFHIS proy T
% ’HE 7 t - T 3 :
] PFDA £ 3
PFHpA e PFNA
PFOS precursor PFSA PFCA precursor PFCA PFPiA Unidentified [} N [ PFHpA
2 2
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Fig. 4. Composition and concentrations (ng F mL ") of extractable organofluorine (EOF) in German blood plasma samples (perfluor- log Kow Number of fluorinated carbons

ooctane sulfonate, PFOS; perfluoroalkyl sulfonate, PFSA; perfluorinated carboxylates, PFCAs; perfluorinated phosphinates, PFPiAs).

Khairy et al., 2019 o
(Yeung and Mabury, 2016) ( ry ) S' b GFP

Sources, Transport, Exposure & Effects of PFASs
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Precursors in the Arctic
o Attects likely PFOA and PFOS, among others

e Evidence for importance of precursors in Arctic abiota

e And biota..

UNIVERSITY OF BHODE IS1 AND SUPERFIIND RESEARCH PROGR AM
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PFAS in plants = PFIANtS?

* lonic PFASs & - = iﬂiﬁﬁﬁi‘é‘;ﬂ%’;‘iﬂ.eaf * Neutral
’ Gaseous deposition to leaf P FAS S
via cuticle and stomata

Dry and wet deposition of
particles followed by
desorption into leaf

precursors)

Transport in the
transpiration stream
within the xylem

F FF FF FF FD Suspansion of ol R FRFR FR F

i particles by wind

Volatilization from F OH

4 @, and rain i
. soll FFFFFFFF

Desorption from soil / ‘
followed by root uptake ' ‘
from soil solution ‘

STr'EED
(Collins et al., 2006) w I Gk
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Chemists @ precursors - plantsy}
them down
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(Zhao and Zhu, 2017)
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Other breakdowns

roots leaves
8:2 FTOH 1:3 FICA, 7:2 sFTOH, PFOA PFOA
N-EtFSAA N-EtFOSAA, PROS PFOS, N-EtFOSAA
N-EtFOSA PEOS, N-EtFOSA PFOS, PFOSA
-[5A JHOS, FOSA FOSA, PFOS
b:2 FTSA b:2 FTSA, PFHpA b:2 FTSA, PFBA

e Conversion efficiency depends on plant, precursor and time

(Wen et al., 2018; Zhang et al., 2016, Zhao, Zhou, et al., 2018, Zhao et al., 2019, Zhao, Liang, et al., 2018(@"‘"'4"0

n:
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Mono- & D|—polyfluoroalkylphosphate'
(food packaging)

| | _OCH,CH,(CF,
-o “OCH,CH,(C

a] m others monoPAPs B diPAPs EPFSAs B PFCAs
W Fr1
FF2
B Fr3
. VP1
- P2
- P33
B P
Il I VPS
. — __ I MVP6
2100 2000 300 200 100 0
PFAS concentration (pg;’cmzi

(Schultes et al, 2019)

x:2 diPAP

F(CF2)x
C, PFCA

FZ)XF —> F(CF,)xCH,CH,0OH

x:2 FTOH

|

o) F O
> N
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x:2 FTAL x:2 FTUAL \\ Q
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0 ) / *1
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(@] (@]
F(CFz)x/\)kO’ — F(CFz)x-z)j\o_
x-1:3 FTUCA C., PFCA

(Rand and Mabury, 2014)_ g
S EEP
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Greenhouse Greenhouse

Treatment 2 Treatment 3 Field Study
—— Before Application ——— Before Application ——— Before Application
mm |nitial Application ——= Initial Application === Initial Application
= 1.5 Month mmm 1.5 Month = 1.5 Month
mmmm 3.5 Month mmmm 3.5 Month mmmm 4 Month
—— 5.5 Month —— 5.5 Month = 6.5 Month

M 0 n 0 - a n d D i PA PS WWTP Biosolids-Amended Soil (Treatment 2, Greenhouse Study)
i n plants 100 I 100 (A)
1: 1 - ﬂ 1:

il
Plant 04 i 0.1
% 0.01 0.01
2 h
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_
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c 1000 1000
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d
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2
© 1 1 - =
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(Lee et al, 2014)
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Fate of spiked 6:2 DiPAP in soil/plant

Soil Plant
®— 6:2diPAP —8— 6:2 diPAP
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Fate of spiked 6:2 DiPAP in soil/plant

t ;5 0f 2 months

Mostly in sail

st hydrolysis to b:2 FTOH

Then -> PFCAs
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Some conclusions and thoughts

e Porewater concentrations?
e Plants return short-chain PFASs to foodwebs

« Potential opportunity for bio-removal of PFASS

e Environ. proteins and BC likely important for partitioning
e Knowledge gaps for terrestrial pathways

* Role of atmospheric precursors important (e.qg., Arctic)
e [ndustrial vs marine signal for coastal biota

e The unknown bioaccumulating PFAS are of concern




AFFF precursors

/ ngupa
51 CEP
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Investigating PFAS transport across groundwater/surface-water boundaries

Fire Training Area

PFAS Plume

*Interaction with a surface
water body can cause Ashumet
significant dispersion of joudey
groundwater plumes

Inferred area of ° ®
pond discharge \ ®

Site Type N

. Groundwater
B Lake
@ Lake Seep

km
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Transport and fate of
AFFF precursors down under
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PFAAs and Low DO
PFAA Precursors
roundaw: —>

The slow conversion of precursors

In AFFF plume In WWTP recharge plume
e Preponderance of  PENA, PFOA, also from precursors

PFHxS, PFHxA
indicative of b:2 FTS

transformation

B osA
Bl c2 rs
Bl G2 s
B pros
= PFHXS
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% PFDA
PFNA
B rroa
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[ R

40+
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S
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(Weber et al., 2017) >
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Still more to be converted

e b:7 FIS
— PFBA, PFPeA,
and PFHxA

« 8:2 FTS
—> PHPeA, PEHxA,
PFHpA, and PFOA.

>

Concentration (nM)

140 B OsA
. - 82 Fi1S
120 G2 Fs
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)

(Weber et al., 2017)
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Not to Scale
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Other microbial
conversion
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erob

ic degradation of 6:2 FTOH

FF FF FF F
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PFAAs and

PFAA Precursors

Groundwater Flow —>

14 WWTPs sampled in 2014

Influent, effluent, biosolids
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WWTP down under

Ashumet
Pond

PFAAs and
PFAA Precursors

Groundwater Flow —>

Table 1
Summary results for influent, effluent and biosolids.
PFHxA PFHpA PFNA PFDA PFUdA PFDoDa PFHxS PFOA PFOS ZOPFAS

Influent
Mean 95 25 0.64 036 0.18 0.03 20 4.8 17 55
sD 15 33 20 0.68 031 0.10 54 6.9 35 117
Median 69 20 0.00 0.00 0.00 0.00 6.0 0.79 7.2 33
% detection 71 79 14 29 36 7.1 86 50 86 100
Effluent
Mean 18 36 13 3.0 0.49 0.11 20 22 25 94
sD 9.2 1.2 0.73 23 0.19 021 35 15 7.3 29
Median 13 3.0 1.1 28 033 0.00 7.0 18 6.6 57
% detection 93 100 71 86 79 14 100 93 86 100
Biosolids
Mean 0.50 0.26 1.1 17 12 57 0.11 6.5 25 45
sD 1.1 057 1.2 16 1.0 46 0.26 8.1 31 50
Median 0.00 0.00 1.0 11 1.4 58 0.00 0.0 11 40
% detection 27 18 64 100 73 82 18 45 91 100

o dtrongest increases for PFCAs, much less so for PFSAs

« PFDA (3x), PFDA (4x), PFUdA, PFDoDa (3x), PENA, PEHXA (2x)

(Gallen et al., 2018)
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Potential for side-chained
fluoropolymer to liberate precursors

Soil-Plant Microcosm
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Some summarizing thoughts

e Precursors are everywhere.

« 8:2F

(and

« FSA

H and 0:2 FTOH with global presence, and caused baseline contamination of Arctic
lobal?) air, snow, water.

ikely implied in contamination and sharp decrease of PFOS in Arctic region,

including trends in biota
e Atmosphere, plants, microbes breakdown precursors, with different endproducts

« WWTF

efficient transformers of precursors; less obvious for groundwater

e Much greater indoor concentrations, and associated human exposure

oooooooooooooooooooooooo
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