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PFAS ARE EVERYWHERE!

An overview of the uses of per- and polyfluoroalkyl

substances (PFAS)T

Juliane Gluge, @ ** Martin Scheringer, ©2 lan T. Cousins, ©° Jamie C. DeWitt,©
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Gretta Gcnl(_:lf-:r‘lman,d Dorte Her;ke,
Xenia Trier' and Zhanyun Wang/'

Environmental Sci. Processes Impacts, 2020, 22, 2345
T This article is Open Access: DOI: 10.1039/d0em00291g

Industries

Aerospace (7)

Biotechnology (2)

Building and construction (5)
Chemical industry (8)
Electroless plating
Electroplating (2)

Electronic industry (5)

Energy sector (10)

Food production industry
Machinery and equipment
Manufacture of metal products (6)

Mining (3)

Nuclear industry

Oil & gas industry (7)
Pharmaceutical industry
Photographic industry (2)
Production of plastic and rubber
@)

Semiconductor industry (12)
Textile production (2)
Watchmaking industry
Wood industry (3)

The numbers in parentheses indicate the number of

subcategories.

Uses

Cook- and bakingware Plastic, rubber and resins {4)

Dispersions Printing (4)

Electronic devices (7) Refrigerant systems

Fingerprint development Sealants and adhesives (2)

Fire-fighting foam (5) Soldering (2)

Flame retardants Soil remediation

Floor coveringincluding carpets and Sport article (7)

floor polish (4)

Glass (3) Stone, concrete and tile

Household applications Textile and upholstery (2)

Laboratory supplies, equipment and Tracing and tagging (5)

instrumentation (4]

Leather (4) Water and effluent treatment

Lubricants and greases (2) Wire and cable insulation, gaskets
and hoses

Medical utensils (14)
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LC-MS/MS ANALYSIS TELLS PART OF THE STORY

Replacements

Where it began... Precursors
FFFRFRF O RFFFR FRF Pl 0
F = vl NN Y. .7
OH ~" “OH NN OH
F FF FF FF F F FF FF FF F FFF FF F
Perflucrooctanoic Acid 8:2 Fluorotelc.mer Al .uh ol F F
(PFOA) 132y 2,3,2,u=Tutuflaore »
= “Teflon®" (heptafluoropropoxy)propanoicacid
(GenX)
R FR FR FR FO O
SN W VW VWY REEFEF 0 R FR FR FR F
F &5 ", ", & \09 FW/\SO cl - S0,
FREFFEF B 2 >OH -
Perfluorooctanesulfonic Acid FFF FF F 0 F L o FF 4000+
6:2 Fluorotelomersulfonic Acid
oo (PF:‘JS) gor (6:2FTS) 9-Chlorohexadecafluoro-3-oxanonane-1-sulfonate Compounds
= “Scotchguar (F538 major) “Dark Matter”
FEF O F FF FF FF F &
F o F 2 o¢§FFFFFFFFFF
S . cl
FFFF ’NH, L >3L°
FEFFEFFFO F% F FFFFFFF
Perfluorooctanesulfonamide
11-Chlororeicosafluoro-3-oxaundecane-1-sulfonic Acid
(F53B minor)

Perfluorobutanoic Acid
(PFOSA)

(PFBA)
FFEFEFEF

R FR FR FFR F 6*3%
F R FEFHF ©
F OH N F
W Hok/ ZS%F Fﬂ\owo)%(ﬁ
FFFFF FF F Q O OFFF FFFF . A\
N-Ethylperfluorooctanesulfonamidoacetic Acid
Dodecafluoro-3H-4,8-dioxanoate

(EtFOSAA)
(ADONA)

m

Perfluorononanoic Acid
(PFNA)

PFAS by LC-MS/MS
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LC-MS/MS ANALYSIS TELLS PART OF THE STORY

Total Organic Fluorine (TOF)

Where it began...

FFRFRF O
F

OH
FFFFFFFF

Perfluorooctanoic Acid
(PFOA)
= “Teflon®”

RFRFRFRFOQO
w7 aS\Oe F
Frd v rf

Perfluorooctanesulfonic Acid

= “Scotchguard®”

FF O
F
FFFF

Perfluorobutanoic Acid
(PFBA)

RFR FR FFR F
FWOH
FEFEFFEFE §

Perfluorononanoic Acid
(PFNA)

OH F
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FFF FF FF FO

0"
FFEFEFFEF
Ho)k/N‘

Total Oxidizable Precursors (TOPs)

Precursors Replacements
F F 0
RF F.y,F RFRF VR
~ RS - et ™ Py
K~ oH xR OH
FFFFFFFF F' FiF 'FF
8:2 Fluorotelemer Al ..h ol F F
327w

2,2,2,0= Tatraflaore
(heptafluoropropoxy)propanoicacid

(GenX)
FFFFR BF F

o R FR FR FR F
WS” Cl O&so;
FEEER E o ©oH F 4000+
FFFF FF
{eros) o2 F[UOFOE(?;"::E.I['-S??"OHICACM 9-Chlorohexadecafluoro-3-oxanonane-1-sulfonate Co m po u n d S
S “Dark Matter”
F FF FF FF F

o o FFEFEFEFEF
Paia

s .S cl

NH, HO %OW
- F F F FFFF FFF
Perfluorooctanesulfonamide

(PFOSA) 11-Chlororeicosafluoro-3-oxaundecane-1-sulfonic Acid
(F53B minor)

F o
%F S
Sy F F7 o o) o®
O OFFF FFFF e £

N-Ethylperfluoro idoacetic Acid

(EtFOSAA) Dodecafluoro-3H-4,8-dioxanoate
(ADONA)

PFAS by LC-MS/MS
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« Total Organic Fluorine: TOF

« Combustion lon Chromatography (CIC)
« AOF vs EOF
« What do the results mean compared to LC-MS/MS analysis?
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CIC TOF DETERMINATION APPROACHES

[ Water Sample or Soil Extract = Total Fluorine ]

L

SPE — Carbon
Cartridge

‘ resin

Combustion

!

IC

Nl

AOF

ISO_9562 2004
DIN 38409-59:2020-11(draft)
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CIC TOF DETERMINATION APPROACHES

[

Water Sample or Soil Extract = Total Fluorine

L

.

|

|

SPE — Carbon SPE — WAX or
Cartridge HLB Cartridge
‘ resin ‘ extract
Combustion Combustion

!

IC

Nl

AOF

ISO_9562 2004

DIN 38409-59:2020-11(draft)

b

IC

S

EOF

No Pre-
Treatment

!

Combustion

b

IC

S

Total
Fluorine

b

[

Inorganic Fluorine

Digestion

J

.

IC

V.

Inorganic
Fluorine

{

by subtraction

TOF

EOF & Subtraction Approaches: No Standard Methods — yet...
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TOTAL ORGANOFLUORINE ANALYSIS BY COMBUSTION IC

Scence of the Total Environment 673 {2019) 384-391

Contents lists available at ScienceDirect

Science of the Total Environment

jaurnal homepage: www.elsevier .comflocatel/sciloteny

Determination of adsorbable organically bound fluorine (AOF) and =
adsorbable organically bound halogens as sum parameters in aqueous —
environmental samples using combustion ion chromatography (CIC)

1000 °C @
m - JlUL
== lon
Adsorption

Ar/0,

U chromatography

3

Reference: von Abercron et.al.: Sci. Tot. Environ., 2019, 673, 384-391

Water sample or soil extract
diluted in water adsorbed in
carbon cartridges

Carbon resin transferred to boat
and combusted.

Hydrogen fluoride (HF) in

combustion gasses trapped in
water.

Water with HF injected to lon
Chromatography

Fluorine signal reported as Total
Adsorbed Organic Fluorine

Method described in Thermo
Scientific Application Note 73481
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BUREAU VERITAS LABORATORIES’ TOF-CIC SYSTEM

AOF Sample Pre-Treatment

- 8
e
-

HF Absorption

#2b
Combustion Unit

#4
lon Chromatograph

PFAS Adsorption
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WHAT DO TOF RESULTS MEAN?

Remember...

TOF by CIC is measuring the fluorine contribution from all of the fluorine-containing compounds in the sample

RFRFRFRFQP PFOS Mol. Wt. = 500 g/mol
-?‘ -.'? C:‘ -.:" S
F A ~OH F Mol Wt. = 19 g/mol 17x F = 323 g/mol
F FFFF FF F
323
(CSF%SC)s') Fluorine Contribution: 500 - 64.6%

Measured amounts...

Fiota (DY CIC) = 0.646 x 250 ng/L
PFOS (by LC/MS/MS) 250 ng/L PFOS

PFOS TOF equivalent (TOF-EQ) ~65%
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LC-MS/MS 2PFAS vs. TOF-EQ

6,000 -

20 soil samples

(3]
[=}
(=}
o

>
[=]
(=]
o

3,000 -

2ZPFAS or TOF-Equivalent (pg/kg)
&
8

EIPFAS ®TOF Equivalent from ZPFAS ORatio

TOF Equivalent from ZPFAS is ~65%
-calculated for each PFAS individually and summed

If you want ZPFAS and TOF-EQ reported with your PFAS data just ask!
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LC-MS/MS vs. TOF/AOF-CIC: SOIL SAMPLES

Measured TOF/AOF range typically 1x to 2x of
expected, up to 10x observed.

30,000 4,000
) _ ]
< 2
g-, o 3,000 -
~ 20,000 =
(e ] =
L =
3 g 2,000 |_|
= kS e
B % —
o
o 10,000 ‘(_5 -
E ZﬁS % 1,000 — F
o —
. | im allEiE
L 1

mYPFAS
same sample OMeasured TOF  =TOF Equivalent from ZPFAS
B TOF Equivalent from ZPFAS

OMeasured TOF

i Sample was primarily 6:2 fluorotelomer sulfonate
6:2FTS=58%F
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LC-MS/MS vs. TOF/AOF-CIC: SOIL SAMPLES

Measured TOF/AOF range typically 1x to 2x of
expected, up to 10x observed.

30,000 4,000
3’ Excess ’_@ -
T TOF = 3,000
g 20,000 \t;’\> | ]
g =
L 2
"c'; g 20001 | |
- 3 —
o S a
> 10,000 5 — o
E ﬁ s 1,0004 - =
& Expected — |
o e AL
. Hm i S =
L I

1
mYPFAS

same sample OMeasured TOF  =TOF Equivalent from ZPFAS
B TOF Equivalent from ZPFAS

OMeasured TOF

i Sample was primarily 6:2 fluorotelomer sulfonate
6:2FTS=58%F
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LC-MS/MS vs. TOF-CIC: AFFF SAMPLE

VERITAS

Organofluorine by CIC (mg/L)

8,000

6,000

4,000

2,000

TOF Data
7,000 mg/L

230x

53

IPFAS by LC-MS/MS (mg/L)
M Total Organofluorine by CIC

@ TOF-EQ from LC-MS/MS ZPFAS

CIC DL: 200 mg/L (due to sample dilution)

800

600

400

200

TOF-EQ from ZPFAS (mg/L)

LC-MS/MS Data

6:2 FTS = 53 mg/L
TOF-EQ = 31 mg/L

PFAS concentration (pg/L)
8
o
3

20,000
1
Reporting Limit
0
¥ ¥ K F T L PO O
X 0O o 4@ Q@ K & & &
EFTEL & EELEEE

F.F F. F FF 0

\/'  62FTS
FW o 58% Fluorine

F FF F F F

Supplier Information:

“...readily biodegradable and virtually nontoxic to aquatic
organisms. It is based on a natural protein foaming agent and
contains no harmful synthetic detergent... can be successfully
treated in biological wastewater treatment systems.”

Slide / 15
I



 AOF-CIC: How to Interpret Results

« How rugged is the method?
« Are there limitations?
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APPLICATION OF AOF-CIC TO SOILS

AOF-CIC reference method does not provide for soil analysis

Approach:
« Extract soils following the typical method for PFAS by LC-MS/MS
 Dilute solil extracts in water — How Much Methanol?

* Process as per reference method for water samples Methanol Concentration Study
Spike: 144 ug/L PFBS, 15% RSD

5120

. 100
Question:

80
6
4
2
0 0.8% 9 4.8%

16% 24% 32% 4.0%
)
Slide / 17

» What is the soil extraction recovery?

» Note: not relevant for PFAS by LC-MS/MS
due to isotope dilution calibration.

o o o

Measured TOF Concentration (ug

o

Percent Methanol (v/v



RESULTS: AOF-CIC RECOVERY INVESTIGATION

Soil extraction efficiency:

« PFAS standards spiked to real soil sample, extracted by Accelerated Solvent Extraction, and
processed by LC-MS/MS by isotope dilution mass spectrometry.

1.2

Extracted with Methanol/Water (70:30) +0.5% NH,OH — 2:1 solvent to soil ratio

1.0

Recovery
o o
(e)] (0¢]

o
>

0.

N

0.

o

PFBA
PFPeA
PFHXA
PFHpA

PFOA
PFNA
PFDA
PFUNA
PFDOA
PFTrDA
PFTeDA

BUREAU
VERITAS

soil spiked at 30 ug/kg each

PFBS
PFPeS

PFHXS
PFHpS

PFOS

PFNS

PFDS
PFOSA
MeFOSA

EtFOSA
MeFOSE

EtFOSE

MeFOSAA

EtFOSAA

4:2-FTS
6:2-FTS

(%]
—
L

N
0

HFPO-DA I

ADONA

OCI-PF3ONS

v
o
-]
o
h
L
o
O
—
—
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RECOVERY vs SOIL ORGANIC MATTER

Low Organic Matter: 5% * High Organic Matter: 40%

o = =
(o] N

Recovery
o
[e)}

0.4
0.2
0.0
< < < € € €« €« <€ < <€ ©Q V » Vv Vv VvV VvV < C W W ¢ g 0D VD n g 9D 90
PP X202058388FF2rLR88388gsEEE82233
o L L a4 o oo - 8 gL oo o a oLt 00 N O 8 &m0
a a o a o w o o o B Q@ 4 o ¥ 5 o6 & = o
o :E [3) Gj EE < c¥ Et
soil spiked at 30 ug/kg each = Q5
—
—
B Low OM Mineral Soil  ® 1:1 Mixture  ® High OM Peat Soil
% Only very high OM soil has significant impact on recovery.
[BUREAU | Slide / 19
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RECOVERY vs SOIL ORGANIC MATTER

» High Organic Matter: 40%

Low-Moderate Organic Matter: 5% to 20%

Replacements
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B High OM Peat Soil

W Low to Moderate OM
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HIGH OM SOIL RECOVERY vs SPIKE LEVEL

Precursors Replacements

Sulfonates

Carboxylates

Recovery
© 9o = B
[e)] [0¢] (@) N

©
~

0.2
0.0
) ) < & 5 & &5 5 ©
P Xy 8 L ((@ & 00\} & Qx\ ~2~Q <§ TS T <<’\ <<’\ 83 F TSP
NN R\ <<’>' ~25< VQQ(J K
M 12 pg/kg 50 pg/ke Y
No significant impact of spike level on high OM soil recovery
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HOW WELL DOES AOF-CIC COMPARE TO TOF-EQ?

AQF by combustion IC — non-targeted complemental are quite low

determination of PFAS in agueous samples _
Authors only evaluated at water analysis.

Carboxylic Acids Acronym % Recovery

Trifluoroacetic acid TFA <2

Pentafluoropropionic acid PFPrA <2 . . . .
Perfluorobutanoic acid PFBA 52 PFAS SOPs typically require minimum recoveries
Perfluoropentanoic acid PFPeA 95 0 0

Perfluorohexanoic acid PFHxA 84 60 A) to 70 A)'

Perfluoroheptanoic acid PFHpA 82

Perfluorooctanoic acid PFOA 64 . .

Perfluorononanoic acid PFNA 47 Possible Sources for Low Recoveries:
Perfluorodecanoic acid PFDA 41 . Combustion efficiency?

Do G0 HE—— « Carbon adsorption efficiency?

Trifluoromethanesulfonic acid TMSA <2

Perfluoropropanesulfonic acid PFPrSA 99

Perfluorobutanesulfonic acid PFBS 100

Perfluoropentanesulfonic acid PFPeSA 91

Perfluorohexane sulfonic acid PFHxS 94 ) ) . ) ) ]
Perfluorooctane sulfonic acid PFOS 64 Note: High variability in PFAS recoveries is often seen
Other in LC-MS/MS analysis as well, but is corrected for
6:2-fluorotelomer sulfonic acid 6:2 FTS 63 : : : :

Hexafluoropropyleneoxide Dimer Acid HFPO-DA 87 USlng |SOtOpe d||Ut|0n mass SpeCtrometry'

Tabular data adapted from App. Note
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RESULTS: AOF-CIC RECOVERY INVESTIGATION

Combustion efficiency:
 Individual PFAS standards transferred to ceramic boats and combusted directly.

1.4
Autosampler Wait up to Several Hours
1.2
1.0
-
$ 0.8
>
]
o 0.6
(a4
0.4
0.2
0.0 m M

S 3 2335232 TITIRPLBEL2BIITT o nITegepesses

L o I T & L o > QO oo I I o wow OO0 0 OO0 u»n v 4w b 5 S o

D-'a-l-l-u_a_o_o.u.u_tl—o-&&&flﬁ-D-u_u_u_l-l-'-_bONNr{logmo

& e - S E S EE T o6 Xy D

w T L o

O L

a O

i

i
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RESULTS: AOF-CIC RECOVERY INVESTIGATION

Combustion efficiency:
» Individual PFAS standards transferred to ceramic boats and combusted directly.

» Carboxylates I Sulfonates I Precursors 1 Replacements

' I I o
I 1 No Autosampler Wait |
I I I
1.0 I I I
- I 1L I
o 038 1 1 R 1
3 I I I
Q 0.6 I B B I
e« I I I
0.4 l N . l
I I I
0.2 | (N . I
I I I
0.0 : N n = :
I I I

I <€ € € € €« €« < <« <« <Tvw v vu v v Vv oala <« < W W g v N Dnlg < Vv v

PeFigzeRes8eqgzdzea 883888 EELI23 53

SE g ke aa g MESESEQQYY R o Q

R == E Y ey <8y

& O

—

—

Highly volatile PFAS may be lost during AOF-CIC e
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RESULTS: AOF-CIC RECOVERY INVESTIGATION

Carbon adsorption efficiency:

 Individual PFAS standards spiked to blank water and processed by TOF/AOF-CIC

Carboxylates
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L
o
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o
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PFUNA I

< <
S 2
T 5
o a

PFTeDA I

< < %) wn

mcuxo_oz :>E<Q-O

B oo Lo i
a o o o o

1828
BUREAU
VERITAS

Sulfonates

(%]
=
L
o

PFDS s

PFOSA s

MeFOSA NI———

EtFOSA mmasssss———

Precursors

MeFOSE mss——

EtFOSE s

MeFOSAA NI——

EtFOSAA NIEEE——

(%]
-
t-
N
<

2]
=
S
N
Yo

<
()

8:2-FTS I——

o
[a W
L

H

Replacements

<
=2
o
(a)
<<

Carbon Adsorption Efficiency is the Real Issue — May be related to sample acidification

9CI-PF30ONS

11CI-PF30UdS ms—
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RECOVERY COMPARISON: APP NOTE VS THIS INVESTIGATION

I I
Carboxylates I Sulfonates I
1.2 : :
1 1
1 I I
I I
I I
0.8 1 1
- I I

<))
> | I
& I I
0.4 I I
I I
I I
0.2 I I
I I
I I
0o - - 1 |
F & FF T T IT D F KL X LSS
CE LTI NS & L K X L o®
NS

B Application Note ® This Study

Our recoveries generally higher than the Application Note
PFAS <C4 not evaluated Slide / 26




CONCLUSIONS

1. Carboxylates and Sulfonates C4-C9 recovered with
good efficiency.

2. Some lower recoveries for high OM soils & highly
volatile PFAS. AOF carbon adsorption efficiency
could be improved.

3. Applicability to soil extract analysis is demonstrated.
4. Reduced cost & faster turn-around

5. Improved monitoring of remedial progress

6. Method improvements are under investigation.
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