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KEY TERMS

PFAS - Perfluoro And Polyfluoro Alkyl Substances
PFCA - Perfluoro Alkyl Carboxylic Acids

PFOA - Perfluorooctanoic Acid
PFBA - Perfluorobutanoic Acid
PFHXA - Perfluorohexanoic Acid
PFHpA - Perfluoroheptanoic Acid
PENA - Perfluorononanoic Acid
PFDA - Perfluorodecanoic Acid
PFUNA - Perfluoroundecanoic Acid
PFDoDa - Perfluorododecanoic Acid
PFTreA - Perfluorotridecanoic Acid
PFTA - Perfluorotetradecanoic Acid
PFPA - Perfluoropropanoic Acid
PFPeA - Perfluoropentanoic Acid

PFSA- Perfluoro Alkane Sulfonic Acids
PFOS - Perfluorooctane Sulfonic Acid
PFBS - Perfluorobutane sulfonic acid
PFHXS - Perfluorohexane sulfonic acid

PFDS - Perfluorodecane sulfonic acid

PFASs -

_ hon-
polymers

— polymers

Per- and polyfluoroalkyl substances (PFASs)

_ perflucroalkyl acids (PFAAs) |

_ perfluoroalkyl iodides (PFAls) __ Fluorotelomer iodides (FTls)
Cof 2! CoFane1CHLH

— per- and polyfluorcalkyl ether-based substances

— perflucroalkyl carboxylic acids (PFCAs), C F., ,,-COOH

— perfluoroalkane sulfonic acids (PFSAs), C F., ,.-50;H

CoF R — perfluoroalkyl phesphonic acids (PFPAs), C F,,,,-POH,

— perflusroalkyl phosphinic acids (PFPiAs), (CF. . NCFar i -POH

| perfluoroalkane sulfonyl fluoride (PASF) __ PASF-based substances
C,Fgne1SOSF C,F a1 30,8, R = NH, NHCH,CH,OH, ete.

Fluorotelomer-based substances

T C,FapeqCHyCH,R, R = NH, NHCH,CH,OH, etc.

per- and polyfluoroether carboxylic acids (PFECAs)
@.8., C;F s OC,F ;,OCF,COOH

per- and polyfluoroether sulfonic acids (PFESAs)

polytetrafiuoroetivlene (PTFE),
polyvinylidene fluoride (PVDF),

— fluoropolymers (FPs) — fluorinated ethylene propylene (FEP),
perfluoroalkoxyl polymer (PFA),
polyvinyl fluaride (PVF), ete

—+ side-chain fluorinated polymers — fluorinated urethang polymers®
fuorinaled oxetane polymers

— perfluoropolyethers (PFPEs) — 2.g.. HOCH,0-[C_F, "] CH,0H

fuorinated (meth)acrylate polymers®

ag., CﬁFﬁ 'E-FzﬂFzEU’aH

* These polymers are based on
manomers denved from PASFs or
fluoratelomer-basad raw matenals.

Source: OECD, 2015
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IN I R D I I N “A perfluorocarbon chain bonded to
fluorine atoms at most (polyfluoroalkyl)
or all available bonding sites

(perfluoroalkyl) and connected to
functional groups on both ends .”

v Highly Persistent

Sludge byproducts {biosolids) from
wastewater treatment plants are
spread on agricultural land as fertilizer
and can contain PFAS and lead 10
water and food contamination

Buck et al. (2011) and the OECD (2018)

Manufacturing site
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v' Long Range Transport Potential
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. v Bioaccumulation Potential

) . “
as milk, can become
contaminated if
livestock consume

Manufscturing sites can contaminate
ground or surface waters with PFAS,

or emit PFAS into the air where it can \/ Endocrlne ACthlty

PR DR U AL PFAS in food or water. } be inhaled or fall onto surfaces, even

can be conlomina!:-d w;n:n - far from point sources, and can \/

taminat il and bodi f wat

firefighting foam is used at . &con AR SO 0N nechadane G'J H uman Health EffeCtS
civilian and military airports or

PFAS-containing products are i v::m\:a;:m

dispased of in landfills. reatmen
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____Landfill

Consumer products (e.g.,
carpet, food packaging, and
non-stick cookware) can
contain PFAS, which can be
inhaled or ingested.

T -

PFOS -Restriction

discharge PFAS Into source waters
used by drinking water systems.

Wastewater treatment plants can J

&

Public drinking
water system

Residential
area

i —
D

-

_ Private wells can
e PN ; be contaminated
< with groundwater

Private well _.\conu’ning PFAS.

\'-

PFOA - Elimination PFAAs (PFOA,PFOS,
PFNA and PFHxS) are
found at ppb level in
bloods of 97 %
residents in
industrialized nations.

Groundwater

Drinking water can contain
PFAS, if contaminated source
water Is untreated

PFHxS - Elimination

J oy o

Possible Routes For PFAS Release Into The Environment
Source: United States Government Accountability Office, 2022

Source: TWI Limited



PFAS SAFE LIMITS
(US EPA)

DRINKING WATER

C

US EPA established non- Updated the health advisory
regulatory health advisories of = PFOA - 0.004 ng/L*
70 ng/L (C8 PFAAS) = PFOS -0.02 ng/L*

= Gen X-10ng/L
* PFBS -2 ug/L

Under the Comprehensive Environmental Response,
Compensation, and Liability Act (CERCLA), PFOA and PFOS
are classified as hazardous substances. (April,2024)

202

&/
2024

Announced the final National Primary

Drinking Water Regulation for six PFAS

PFOA — 4 ng/L
PFOS - 4 ng/L
Gen X — 10 ng/L
PFHxS — 10 ng/L
PFNA — 10 ng/L

PFAS mixtures — Hazard Index 1

(At least 2 or more of PFHXS, PFENA,
GenX, and PFBS)



Source: Zhou et al., 2024

rFrAao Liviil o

(SOIL & SLUDGE)

Media Country PFAS Regulation value
(ng/g dw)
Soil Queensland, PFOS 1
Australia PFOS+PFHx{2
PFHxS 3
PFOA 4
PFBA, PFPeAl
PFHxA
Sum C9 -C14 |10
PFCA
PFSA 1
n:2 FTS 4
USA PFOS 5.2
PFOA 2.5
PFBS 1900
Canada PFOS 10
Norway PFOS 100
The Netherlands PFOS 2.3
Denmark PFOS 390
PFOA 1300
PFOSA 390
Sewage United Kingdom PFOS 46
Sludge Austria PFOS+PFOA|100
Soll Germany PFOS+PFOA|100




PFAS OCCURRENCE IN
SLUDGE (ASIA)

Perfluoroalkyl Carboxylic Acids

No of
Studies Location Year WWTP P;);S S PEDOA/ orras |pETiDA)
PFOA|PFBA|PFHxA | PFHpA | PFNA |PFDA PFDoD |PFTreA r. PFPA | PFPeA |PFPrA
/PFUdA A PFTeDA|PFTriA
This Study Thailand 2024| Municipal 11| A | | | | | |
Kunacheva et
( Thailand 2011]Industrial 10| &4 A M | M M M M
al, 2011)
(Kwon et al., :
2017) South Korea 2017] Combined 12| 4 M M M M M M
(Ruan et al., _ .
2015) China 2010| Municipal 15| M M A A | M M M M M M
Ma & Shih,
(2010) ' Hong Kong 2010 Municipal 1414 M A A | M M M M M M

Globally, PFAS in sludge ranges from 2.1 to 500,000 ng/g (Saliu & Sauve, 2024; Zhou et al., 2024)

At least 10 analytes of PFAS were detected in sewage sludge.

%



PFAS OCCURRENCE IN

SLUDGE (ASIA) (Cont.)

PFOS PFOA PFOA Ultra short-
Perfluoroalkyl Sulfonic Acids It t' chain
Studies Location Year WWTP | No of PFAS PrECUIsor jatternative [precursor PFCA
NEt
PFOS PFBS PFHpS PFHxS PFDS FOSAA Gen X FOUEA TFA
This Study |Thailand 2024] Municipal 11| M M M M
K h : :
(Kunacheva Thailand 2011|Industrial 10| 4 M
et al, 2011)
Kwon et al.,] South _
( 2017] Combined 12| 4 % % % %
2017) Korea
Ruan et al., _ .
( China 2010] Municipal 15| 4 % M M
2015)
Ma & Shih, .
(2010) Hong Kong 2010] Municipal 141 4 % M

Gen X, introduced in 2009 as a replacement for PFOA, has been detected in Thailand's sewage sludge,
reflecting the growing use of newer PFAS compounds.

ed under

%



PFAS IN SOLID
TREATMENT
TECHNOLOGIES

=  Solidification and Stabilization
(Addition of Binders, Sorbents)

= Separation Technologies

(Soil Washing or Solvent Extraction)

= Thermal Destruction

(Commercial Incinerators, Municipal Waste

Combustors, Soil Desorbers, Pyrolyzers)



Dry, inert atmosphere : Primary Treatment Post-Treatment/Afterburner  Air Pollution Controls
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(Thoma et al..| (Kundu et al..| (Kim etal..2015) (Schlederer et al.. (Moreside, 2021) (Bamdad et al.. 2022)
2022) 2021) 2024)

HPFPrA ® PFBA = PFHxA PFHpA HPFOA mPFNA HPFDA B PFUnA or PFUnDA

B PFDoA or PFDoDA MPFTriA or PFTriDA MPFTreA or PFTeDA mPFBS W PFHXS mPFOS N-Me FOSAA N-EtFOSAA

B HFPO-DA (Gen X) m ADONA m9-Cl-PF30ONS m11-CI-PF30UdS m8:2FTS m6:2 FTS m4:2 FTS m10:2 FTS

PFPeS EtFOSA EtFOSE PFDS B PEFNS PFHpS B PFPeA

v High temperatures (700-800°C): PFAS in solids effectively decrease but are detected in liquid and gas by-products.
v Low temperatures (300-500°C): Several PFAS persists at trace level across all end products.

v' Short-chain PFAS and PFOS: Frequently detected, often at higher concentrations than initially present.



CHALLENGES

v’ There is significant potential to
better understand PFAS in
thermal degradation

v More research is needed to
optimize thermal treatment
conditions for PFAS

v Non-catalytic pyrolysis is well-
studied, but catalytic
approaches have been less
explored

v Analytical methods are needed
to close the fluorine mass
balance

OPPORTUNITIES

v' Deepening Understanding of
PFAS Fate

v’ Catalyst Development

v Analytical Advancements

v Optimization of Thermal

Techniques
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