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N PFAS history

FLORIDAPOLY
Percent with fluorine
PFAS accidentally invented in 1938 by DuPont
. . . Dessert & bread —
chemists as refrigerants wrappers
. @ Sandwich & burger 38%

After World War Il, marketed perfluorooctanoic IORAE
acid (PFOA) as “Teflon” to make cookware and . F’F'_ﬁ(%l

. . . aperboar: % F
water and stain-resistant fabrics H ol ) S ]

. . U 0% Paper cups ) Untreated "
In 1952, 3M discovered perfluorooctanesulfonic e
acid (PFOS), marketed in 1956 as “Scotchgard” Environ. Sci. Technol. Lett. 2017, 4, 3, 105 111
PFAS-containing firefighting foam, or aqueous f’"““"‘“”‘ @‘ |
film-forming foam (AI.:FF).— a foam mixture pFAsm I oo &"l‘i.'i'k
developed to extinguish fire NQ et Foundat.mp

(|
\._.--" _‘-.; O} )

> 3000 types of PFAS has been on the global - "
marketS ___‘E all ecr.':'arh

Environ. SC|. Technol. Lett. 2021, 8, 7, 538—544
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m What are major concerns of PFAS?

FLORIDAPOLY

PFAS Human Health Effect _ _ . _
» Pervasive, persistent, and bioaccumulative

_ Thyroiddisease
. = Increased -
—~ cholesterol levels —— . .
Developmental EMects Affecting Unborn Baby b - b Exposed tO PFAS In a Varlet Of Wa S
Delayedmammary gland development v/ ....---- Breastcancer \W y y
Reduced responseto vaccines . ._._ —_— Liverdamage —— " . . .
Lowerbirthweight ~ L * Measurable level in 98% American bodies
Obesity b - N I8
Early puberty onsat -~ L‘/ T Inflammatory S = o A . t d .th d h Ith 'I:f t
T T —— : ' bowel dissasa | o SSOCIa e WI a Verse ea e eC S
(pregnancy loss) ; i Testicular cancer—— )
Lower sperm count and mobility : Increase time to pregnancy o September 6, 2022, EPA designated PFOA
N e and PFOS as “hazardous substances” under
(increased blood pressure) . .
High certainty the Comprehensive Environmental Response,
= Y Compensation and Liability Act (CERCLA), aka

the Superfund.
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EN PFAS — EPA regulation

FLORIDAPOLY

Safe Drinking Water Act (SDWA)

« April 10, 2024, EPA establish MCL (enforcement level) for six types of PFAS,

include PFOA and PFOS (4 ppt), and PFHxS, PFNA, HFPO-DA (GenX), PFBS
(each 10 ppt) and mixture of these PFAS (Hl is 1).

March 2021, the EPA announced regulatory determinations for PFOA and PFOS but
no specific limits.

Toxic Substances Control Act (TSCA)

* In January 2024, the number is increased to 329.

EPA took regulatory actions to limit any future manufacture or importation of 271
PFSA chemicals on the U.S. market under the by 2007.

February 25, 2025
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perfluoroalkyl acids o
(PFAAs) PFPAS

PFASs o
(CnF2n+1 R)
> over 3000
PFASs may
have been
on the global
market

Different types of PFASs

Sub-classes of PFASs

PFCAso
(C._.F /. —COOH)

n-1" 2n-1

PFSAso
(erFnin—S0,H)

n° 2n+1

N 2n+1

(CiFann—PO3H,)

PFPiAs o

(CnF2n+1 po H CmF2m+1)

PFECAs & PFESAs
~Q=C.F.....—R)

n°2n+1 m’ 2m+1

(C.F

PASF-based
substanceso

(C\Fyngs—SO,—R)

n' 2n41

PFAA©
precursors

fluorotelomer-based
substanceso
(CoFonss—C,H,—R)

n 2n+i

fluoropolymerso
otherso

Examples of
Individual compounds*

Number of peer-reviewed
articles since 2002**

© PFBA (n=4) 928
O PFPeA (n=5) 698
O PFHxA (n=6) 1081
© PFHpA (n=7) 1186
O PFOA (n=8) 4066
O PFNA (n=9) 1496
O PFDA (n=10) 1407
O PFUNA (n=1m) 1069
O PFDOA (n=12) 1016
O PFTrA (n=13) 426
O PFTeA (n=14) 587
© PFBS (n=4) 654
O PFHxS (n=6) 1081
O PFOS (n=8) 3507
o PFDS (n=10) 340
O PFBPA (n=4) 3
O PFHXPA (n=6) 33
O PFOPA (n=8) 31
O PFDPA (n=10) 35
O C4/C4 PFPIA (n,m=4) 4
o C6/C6 PFPIA (n,m=6) 12
© C8/C8 PFPIA (n,m=8) 12
o C6/C8 PFPIA (n=6,m=8) 8
O ADONA (CF —0—C,Fe—O—CHFCF,—COOH) 4
© GenX (C,F, CF(CFi COOH) 26
o EEA(CF O CF —0—CF,—COOH) 6
O F-53B (CI—CSFH—O g A F —SO H) 14
© MeFBSA (n=4,R=N(CH, )H) 25
0 MeFOSA (n=8R=N( CH 134
O EtFBSA (n=4.R= NCH? 7
o EtFOSA(n =8,R=N(C, H )H) 259
© MeFBSE (n=4,R= N(CH )C H,OH) 24
o MeFOSE (n=8 R=N(CH,) cqu H) 116
O EtFBSE (n=4,R= NCH?CHO) i
o EtFOSE (n=8R= N(CH)CHO ) 146
O SAMPAP {[C4F,,SO,N(C,H,)C,H,0],—PO,H} 8
o 100s of others

O 4:2 FTOH (n=4,R=0H) 106
0 6:2 FTOH (n=6,R=0H) 375
0 8:2 FTOH (h=8,R=0H]) 412
0 10:2 FTOH (n=10,R=0H) 165
O 12:2 FTOH (n=12,R=0H) 42
© 6:2 diPAP [(C4F,,C,H,0),—PO,H] 23
0 8:2 diPAP [(CgF,.C,H 0) —-PO H] 25

172 g

O 1005 ofothers

o polytetrafluoroethylene (PTFE)

o polyvinylidene fluoride (PVDF)

o fluorinated ethylene propylene (FEP)
O perfluoroalkoxyl polymer (PFA)

o perfluoropolyethers (PFPEs)

Environ. Sci. Technol. 2018, 52, 5, 3325
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PFAS in drinking water

©

Drinking Water
ABOVE PROPOSED LIMIT

Drinking Water

BELOW PROPOSED LIMIT
@ Military Sites
@ Other Known Sites

-
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PFAS Contamination in the U.S. (February 5, 2024)
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PFAS in discharge
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Brunswick
P . % W g y L ]
§ . Valdasta -
@® Known users of PFAS | o S < S . e “®
. ‘{J T ——— -
® Suspected users of PFAS Hoo o° Talahssee J.k; "
H H H anama Ci Yozt
@ Airports previously required to use AFFF " -C:" :
@ Landfills and waste disposal facilities Avstechico i
PalmCoast
@® Sewage and waste treatment plants
C;r ¥ Daytona Beach
. - o FL".)E[:"JA
Suspected industrial discharges of PFAS : ®
| | Spring Hi ﬁ.ndo
'.'i'. o "l':,: :..;’_,;N: "iar‘gpa WintesHaven e el
iv TR . ‘ ‘
s"'.‘ o o{N -,' Sarasota > Part Saint Lucie
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W PFAS in landfill

FLORIDAPOLY
Landfill leachate | PFOA (nmol/L) PFOS (nmol/L) e
tration i
Us’ 242 0.20 e
Florida?3 3.63 (600 ng/L) 1.13 (550 ng/L)
Michigan* 2.87 0.57
North Carolina® 2.01 0.48

« Widely spread in closed (31 ng/L) and active landfills (up to 12,800
ng/L).

« Estimated mass flux of } ,,PFAS released from landfills was 36.8 g/ha-yr".

* 97% of PFAS was found in leachate’.

« PFAS from landfill will be leased for over 40 years'.

« Highly concentrated: more than 10 times than the paired WWTP influent

1 Waste Management, 2024, 175, 348-359
Data by March 2024 Environ. Sci.: Water Res. Technol., 2020,6, 1300-1311
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W PFAS in landfill

FLORIDAPOLY

Journal of Hazardous Materials
Wolume 402, 15 January 2021, 123453

Current on-site treatment is ineffective

ELSEVIER

Laboratory-scale and
13% stabilization and solidification (S/S)

0
un
=

45 .- . . .
S remediation of soil contaminated with per-
g 40 and polyfluoroalkyl substances (PFASs)
5 35 Mattias Sérengdrd ® O, &=, Pablo Gago-Ferrero b Dan B. Kleja = ¢, Lutz Ahrens ©
= 30
T 2 ] ; " Feasible PFAS treatment in landfill is limited
i ggiE - BE e
= 20 - | e
& - - = FContinuous Foam Fractionation for the Removal
: 15 of Per- and Polyfluoroalkyl Substances (PFAS) from Landfill
.E Leachate Waste Management :
E 10 Sanne J. Smith*, Karin Wiberg, Philip McCleaf, and Lutz Ahrens Volume 161, 15 April 2023, Pages 187-152 &
g s
5 Behavior of Per- and polyfluoroalkyl

0

substances (PFAS) infglq g1 E vertical flow
constructed wetlands treating landfill
leachate

[IN OUTyIN OUT ) IN OUT,IN OUT)IN PermConc) IN OUT)
Pond Aeration PAC Sand Two-staged Combined
Systems Tanks Filtration RO Treatment

Dreyton |. Lott °, Nicole M. Robey °, Rachel Fonseca ©, John A, Bowden © ®,

Timothy G. Townsend ? 8, =

Show more

February 25, 2025 9



N PFAS — Hinkley center efforts
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Occurrence and quantification

PFAS in Biosolids (2022), E-Waste (2022)
PFAS Releases from Landfills in Florida (2019)
Preliminary Evaluation of Leachate Treatment Processes (2017)

Investigation efforts*

Fate and transport

Impact of the Perfluoroalkyl Chain Length (2023) _:>
Bench-Scale Municipal Solid Waste Landfills (2023)
During Leachate Evaporation (2022), Gas Emissions

(2021)
Remediation

via Solar Photocatalysis (2019, 2022), Advanced Oxidation/Reduction (2019)
Aqueous PFAS Destruction or Solid Thermal Incineration (2020)
Non-Thermal Plasma Degradation (2020)

Management »
PFAS Remediation Residuals (2020)

_"Simplified title with highlights *Estimated by published data

February 25, 2025
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W PFAS — What are current issues

FLORIDAPOLY

Feasible and effective PFAS treatment in landfill?

Remediation

via Solar Photocatalysis (2019, 2022), Advanced Oxidation/Reduction (2019)
Aqueous PFAS Destruction or Solid Thermal Incineration (2020)
Non-Thermal Plasma Degradation (2020)

Management
PFAS Remediation Residuals (2020)

February 25, 2025 11



W PFAS — Management with Treatment Train

FLORIDAPOLY

Removal Degradation Tandem Parallel

methods [SSREEES methods treatment train treatment train
carbon Nanofiltration
Electrochemical Electrochemical Hydrogen
PFAS Bichar e idation PFAS
Nanofiltration Remediation Remediation

Iron

Journal of Hazardous Materials, 2020, 386, 121963

lon
exchange

Photolysis /

Photocatalysis ff >

Reverse Zero-Valent
0SMosis Iron

February 25, 2025 12
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PFAS — What we found is current issues

Ce (umol/g)

100
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100
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200 +
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COD (mglL) COD (mglL) COD (mg/L)
—=— PFPeA
—=— PFPeA 2.551 —e— PFHxA
2.554 —e— PFHxXA — " —e— PFOA
—e— PFOA = —— PFDA
= —o— PFDA 2 170
— (2]
2 1.70 - E
2 o
E g 12
1.2 4
8 5
5 :
= 2
< ]
B o . 5 11
2
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2
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m PFAS — What we found is current issues

FLORIDAPOLY

Observed (dots) and Fitted (lines) Breakthrough Curves of PFPeA, PFHxA, PFOA, and PFDA
PFPeA PFHxA

N eadMxeny » IS=1mM Obs » IS=1mM Obs
SR IS=1 mM Fit 1S=1 mM Fit
® [S=10 mM Obs ® [S=10 mM Obs I
——1S=10 mM Fit ——1S=10 mM Fit
< 1S=100 mM Obs < 1S=100 mM Obs|
IS=100 mM Fit 1S=100 mM Fit —=— PFPeA
S o ] 2551 —e— PFHXA
o ()
— —e— PFOA
I = —o— PFDA
2 1.70
I ©
| L g 1.2
2 5 6 7 I 0
c
i)
| ©
1o () NS PIS T YOI > I1S=1mM Obs 0 (d) < 1S=1mM Obs o]
COLS IS L AN W IS=1 mM Fit 1S=1 mM Fit fud
M \ ® [S=10 mM Obs ® [S=10 mM Obs L]
l P | —Is=10 mMFit —— 1S=10 mM Fit ® 1.1 4
0.8 “ | <« 18=100 mM Obs 0.8 1 » 1S=100 mM Obs o’
‘ IS=100 mM Fit 1S=100 mM Fit
Q 0.6 Q 0.6
@) (@)
4 3
« <
0.4 0.4
‘ I 1.0 T T T T T T T
0.2 1 0 1" 0.2 1 _1 0 1 2 3 4
“lr \4\ I
0.0 4o =2 2/ . . : &l!#z:.::a—.— 0.0 oY |Og(|S)
0 1 2 3 4 5 6 7 0 10 11
Pore Volume Pore Volume I
B
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W PFAS — What could be the solution

FLORIDAPOLY

v" Utilize built-in technology
v' Based on the surfactant characteristic of PFAS

v Green technology

v' Concentrating PFAS stream

v Eliminating competition of dissolved organic matter

Foam Fractionation Column

PFAS-free PFAS-concentrated Air Flow

7 T

15




W PFAS — What could be the solution
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Foamate

C
Normalized concentration = C_t
0

Sampling
« Column dimension: 7.0-cm ID x 40.0-cm length

Top  PFAS: Mixture of six types of PFAS, 100 ppb/PFAS type

» Co-surfactant: four types, 20 mg/L

Middle « Air purging rate: 0.5 L/minute

« Sampling location: top, middle and bottom part

« Sampling time: 0, 7.5, 15, 22.5, and 30 minutes

Bottom
« All samples are in liquid

This part of experiment is credited to Lin Qi, Ph.D. Candidate

February 25, 2025 16
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1.40
1.20

1.00

Foam fractionation results (selected): PFOA

DI water

Anioinc

| PFOA | C HF1502 PFCA

Non-ioinc

Zwitterionic

Cationic

PFOA

==@== D] (Bottom)

=== A nionic (Bottom)

=== Non-ionic (Bottom)
Zwitterionic (Bottom)

=== Cationic (Bottom)

=« @+« DI (Middle)

«« @+« Anionic (Middle)

«« i « » Non-ionic (Middle)

«« i -« Zwitterionic (Middle)

=« @ - » Cationic (Middle)

g == D] (Top)

=g == A nionic (Top)

e, == Non-ionic (Top)

e, == 7 witterionic (Top)

Cationic (Top)

February 25, 2025

17



w Foam fractionation results (selected): PFOS
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| _PFOS | C HF1703S | PFSA |

DI water Anioinc Non-ioinc Zwitterionic Cationic PFOS

=== DI (Bottom)

=== A mnionic (Bottom)

s Non-ionic (Bottom)
Zwitterionic (Bottom)

=== Cationic (Bottom)

++ @+ DI (Middle)

e -

«« @« « Anionic (Middle)

=+ @ » Non-ionic (Middle)

o« i@ - « Zwitterionic (Middle)
«« @ - « Cationic (Middle)
m—p == DT (Top)

g == Anionic (Top)

e, === Non-ionic (Top)

i s o, e Fowitterionic (Top)
|

) Cationic (Top)
To]

February 25, 2025
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m Biosolid biochar-PFAS adsorption

FLORIDAPOLY

Sewage sludge

Three types of biosolid: class A, AA and B
» Two-third of biosolid produced in Florida are treated to Class B

» Class B biosolid has limited land application and other beneficial usages

Common practices of biosolid disposal
 Land application
« Surface disposal

* Incineration

February 25, 2025 19
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400
SG
300
=
=
=
=
=

Biosolid biochar-PFAS adsorption

q. (nmol/g)

400

q. (nmol/g)

C. (pmol/L)
—

February 25, 2025

400

300 -

200 -

100

WO B

......
....

C. (nmol/L)

NO-Biochar-303.15K
NO-Biochar-313.15K
NO-Biochar-323.15K
Fe-Biochar-303.15K
Fe-Biochar-313.15K
Fe-Biochar-323.15K
CNT-Biochar-303.15K
CNT-Biochar-313.15K
CNT-Biochar-323.15K

— No-Biochar-Langmuir Model

""" Fe-Biochar-Langmuir Model

—— CNT-Biochar-Langmuir Model

leX Xul ER NoX }

I »

Isotherm parameter

Biochar Qum K R*
(nmol/g) (L/pmol)

SG-No 5547 3.05 0.87
SG-Fe 111.64 205 095
SG-CNT 5158 215 0.96
WO-No 56.43 1.05 0.33
WO-Fe 10198 235 071
WO-CNT 3954 2.57 0.96
BS-No 194 .00 .15 097
BS-Fe 469 .65 1.63 061
BS-CNT 23640 0.24 0.92
Maximum

Sorbent Type Adsorption Reference
Capacity (q,)

Powered Activated

Carbon 39.85 umol/g Qu et al. (2009)

Powered Activated

Carbon 390 umol/g Yu et al. (2008)

Granular Activated

Carbon 670 umol/g Qu et al. (2009)

Anion-Exchange 2920 umolig Qu et al. (2009)

Resin

20
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Cost breakdown vs market price

Stacked Cost Breakdown for Biochar Production Across Machines and Temperatures ¢ oG oL

Cost of Biochar Production vs. Market Price

FH
5000 A
6,0 6060
A A
3
=] 4000 A
£ (C O $C 8000 -
N
& A O
« 3000 1
© 7000 4
=
8
g 3
+ 2000 - CeCs© g 60001
S AP A° $Csts© E
ESPOES S 5000 -
oo @
1000 06'00000 =
A A S 4000 -
RPN, =
o 0/\00 g
0 + 3000
o e S
X & é?}b . ,\\Ifb . ,\1:9 ) e :\100 q?Qb O
<8 S & & o eé \g 2000 |
& &
P
Machines 1000 -
0_
-
jLﬁ’:l’ilf‘“-l:" x IIﬁtﬂr +L PT:iﬂtm.m _-F!T=dnui:ru-:|. At r O, .
Total cost = - . By T —
JH'I:u'ur]Lﬂ.r Fhml:lu.lr feedstock

o
&
Q;Q

Machines

— Market Low Price ($1800/ton)
= Market High Price ($8400/ton)
EEm Production Cost per Machine

February 25, 2025
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w Moving forward: Feedstock contamination: PFAS ?

FLORIDAPOLY
PFAS Type Concentration Method
(ng/g)

Biosolid
Perfluoropentanoic acid (PFPeA) 0.71 1633
Perfluorooctanoic acid (PFOA) 2.7 1633
Perfluorodecanoic acid (PFDA) 6.5 1633
Perfluorooctanesulfonic acid (PFOS) 15 1633
N-Methylperfluorooctanesulfonamidoacetic | 4.0 1633
acid (NMeFOSAA)
3-Perfluoropentylpropanoic acid (5:3 FTCA) | 95 1633
3-Perfluoroheptylpropanoic acid (7:3 FTCA) | 42 1633
Extractable Organic Fluorine (EOF) ND ELLE SOP
Biosolid Compost
Perfluorobutanoic acid (PFBA) 0.71 1633
Perfluorohexanoic acid (PFHxA) 5.7 1633
Perfluoroheptanoic acid (PFHpA) 0.35 1633
Perfluorononanoic acid (PFNA) 0.39 1633
Perfluorobutanesulfonic acid (PFBS) 0.54 1633
Extractable Organic Fluorine (EOF) 480 ELLE SOP

February 25, 2025

22



FLORIDAPOLY

Moving forward: “Complete the puzzle”

PFAS-concentrated Flow

PFAS-free Flow

PFAS-tailored Biochar Barrier

Foam Fractionation Column

PFAS-concentrated

PFAS-free

February 25, 2025
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m Moving forward: Zero waste of PFAS destruction

FLORIDAPOLY

X Recycling PFAS-saturated adsorbent back to landfill cannot solve problem

v|Destructing PFAS-saturated adsorbent and possibly regenerate adsorbent

Pyrolysis Incineration
(a) (b)
g L PFHAS PFBS TGA analysis of PFAS destruction
L .
5 ® f on Spent Granular Activated
S . Y | = hros Carbon

_ 200 400 500 | 600 7004 ' 100 200 400 500 |560 700

Temperature (°C)

Temperature (°C)
Environ. Sci. Technol. Lett. 2020, 7, 5, 343-350

Rotary kiln at 650-850 °C 1336 (kWh/m3)
| Energy intensive Circulating bed combustion chamber at 750 °C 1099
Hydrothermal treatment at 350 °C 317

February 25, 2025 24



m Moving forward: PFAS contamination of groundwater

FLORIDAPOLY
» PFASs accumulate in superficial soil layers, where P
PFASs are discarded. 2 “43f Niobile Colloid with PFAS |
Y

\ 4

Sprinkler

» Physicochemical processes influence sorption,

Adsorbed Colloid with
PFAS

biotransformation, and plant uptake of PFASSs in soil as i

well as distribution and speciation of PFASSs in
hasef Captured Colloid with

PFAS by Air

unsaturated zone.

15to 20 cm

» Adsorption at air-water interface retards PFAS
transport in unsaturated zone.

> Various physical, chemical, and biological processes : HHHHHHHH
influence the fate and transport of PFASs from the soil #8222 ] 0w e ctior Colloctor

to groundwater.

February 25, 2025 25



mMoving forward: Data management of PFAS contaminants

FLORIDAPOLY

MP Structure
Size
SSA
C%

Function Groups

Charge Density
Structure
PFAS
Low
.1“ Functional
Groups

February 25,2025

Chain Length

(3 D

Data Processing
(Feature reduction, Outliner
selection, Data normalization)

Data Arrangement
(Training-Test-Validation Sets)

Model Selection

(RF, SVM, XGB, GPR, MLR)

Output

e N

Output
C,, = Mass of Sorbate/Sorbent
K4 = Adsorption Coefficient

Model Evaluation
(Indicator: R2, RMSE, MSE

+

Data comparison from Task 1
and Task 2)

Interpretation and

Feedback

-/
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