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PROBLEM

use, extent, exposure
routes, persistence,
limited remediation
alternatives, foreverness

QUESTIONS

bioaccumulation, toxicity,
remedial options, waste
management, alternatives



PER- AND POLYFLUOROALKYL SUBSTANCES (PFAS)

All PFAS contain a chain of
carbon atoms bonded to
fluorine atoms

Fluorine




StrucTure ofF PFAS - (i) PFOS, (ii) PFOA, (iii) PFHxS

Perfluoroalkyl substances -
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least one lapse in the chain
not a fluorinated atom PFAS are a group of nearly 15,000 synthetic chemicals

(Buck et al. Perfluoroalkyl and Polyfluoroalkyl Substances in the Environment: Terminology, Classification, and Origins. 2011.)
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PFAS — IT’s EVERYWHERE

PFAS contamination in the U.S. (August 9, 2024)
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Environmental Working Group, 2024. https://www.ewg.org/interactive-maps/pfas_contamination/



PFAS planning document

HuBRIS

Minnesota’s PFAS Blueprint

PFAS costs $50 - $1,000 per pound,
but $2.7 - $18 million per pound to e T
remove and destroy from
environment

Removing and destroying PFAS
from MN water and biosolids
S14 - $28 billion over 20 years

New “short-chain” PFAS are more
difficult and up to 70% more

expensive than old “long-chain” M MminNesoTA
PFAS




TREATMENT TECHNOLOGIES V. REMEDIATION STRATEGIES

Treatment technologies exploit a contaminant’s chemical and

physical properties to immobilize, separate and concentrate, or
destroy the contaminant. Point source solution

Remediation strategies holistically address the entirety of
environmental conditions, exposures, environmental media and
corrective action options to eliminate mechanisms and
conditions in environmental contamination. Field scale solution




TREATMENT TECHNOLOGIES (POINT SOURCE)

Separation technologies
lon exchange resin
Colloidal/granular activated carbon
Nanofiltration
Reverse osmosis
Foam fractionation

Destructive technologies
Electrochemical oxidation
Plasma
Photocatalysis
Sonolysis
Supercritical water oxidation
Thermal degradation/incineration

Meegoda et al. A Review of PFAS Destruction Technologies. 2022.




TREATMENT TecHNoLoGIEs (SAFF)

1. injects airinto
contaminated water,
concentrating PFAS in

foam

2. foam is removed

Minnesota is the first state government in U.S. to use this
combination of innovative technologies to address "forever

chemicals.”

MPCA - 2022. https://www.pca.state.mn.us/news-and-stories/mpca-brings-cutting-edge-technology-to-minnesota-to-remove-pfas-from-water



REMEDIATION STRATEGIES
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Groundwater
pump & treat (P&T)
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Special Well and Boring Construction Areas
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A plume of PFAS chemicals under
the east metro is moving. The state
has a plan to stop it.

Preliminary plans would include a broad and complex
system of wells to control the underground flow.

By Chloe Johnson Star Tribune APRIL 19, 2024 — 6:00AM

A

DAVID JOLES, STAR TRIBUNE
3M dumped PFAS sludge in the Washington County landfill for years. It's one of
two sites that seeded underground chemical pollution that state officials now say
is migrating.
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MN Moar

Minnesota studying
“moat” concept -
network of extraction
wells to pump
PFAS-contaminated
groundwater, treat it,
and re-inject

Proposed infrastructure

® Extraction well

o'-.

Treatment plant

® Injection well



Economic COMPETITION
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“Environmental cleanup by bioremediation is not considered
practical currently. Implementation of [PFAS] bioremediation will
require uncovering and understanding the rare microbial
successes in degrading these compounds.”

“L.P. Wackett, et.al. — 2021. Microbial Biotechnology, 15, 773-792



HYyproGeoMicrRoBI0OCHEMISTRY

Interaction of chemistry, biology
(micro), geology, soil, sediment, rock
and groundwater contamination

Chemistry

Bioremediation




MicrosiaL INFALLIBILITY HYPOTHESIS

‘. if there is energy to be gained from a

compound [contaminant], a microorganism
will figure out how to extract it and create

a niche for itself.”

The Chemical Activities of
Bacteria

GALE, E. F. (ERNEST FREDERICK)

E.F. Gale, 1951 - The Chemical Activities of Bacteria



J. William Costerton

BioriLm GODFATHER

“Biofilms form in all
The Biofilm Primer

environments with
sufficient nutrients —
worldwide”

Costerton (1995)

In nature, >80% of microbes

exist within a biofilm A
2] Springer




Known PFAS BiobeGRADING MICROBES

Bacteria

Acetobacterium sp. Desulfovibrio aminophilus Sporomusa sphaeroides Pseudomonas sp.

Desulfovibrio aminophilus Sporomusa sphaeroides Acidimicrobium sp.

Burkholderia sp. Thauera aromatica Aliivibrio fischeri Rhodopseudomonas

Desulfococcus Bacillus spp Rhodococcus jostii Dehalobacter sp.
Fungi

Aspergillus niger (brown rot) Phanerochaete chrysosporium (white rot) Phanerochaete chrysosporium
Archaea

Thaumarchaeota Euryarchaeota

BioFILMS EXECUTE BIOREMEDIATION



BioFiLms IN THE WORLD
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Yellowstone Mudflats
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Bamford, NC, et.al., Microbial Primer: An introduction to biofilms — August 1, 2023



BioFiLM DEVELOPMENT

Biofilms form via cell-to-cell ;o
communication | oVl ® o
do O

Microbes form attachments y A
to surfaces. Proteins signal
nearby cells (quorum sensing) S
Signaling recruits new

cells, horizontal gene transfer,

Biofilm formation

Irreversible attachment

colony aggregates and forms  FlEEii
a biofilm. Colony builds

Maturation

Proteins signal development of exopolysaccharides (EPS), a protective
layer, with channels for flow, energy transmission, and horizontal gene
transfer. Biofilm matures
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BioriLtm COMMUNICATIONS

Biosensors and Bioelectronics 226 (2023) 115147

Contents lists available at ScienceDirect
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Can microbes save us from PFAS?

Researchers are investigating whether microbes can help break down fluorinated

contaminants

by XiaoZhi Lim, special to C&EN
March 21, 2021 | A version of this story appeared in Volume 99, Issue 10

)
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BioFiLMm FORMATION
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ScaLe & ComPOSITION

mto 10's of m

- e

* Biofilms ~97% water, ~10 to 100 um thick m——— —

* EPSlayer ~0.2to 1.0 um *‘/ﬁ“:
Pore Scale

e EPS 65-95%, microbes 5-35% cm to 10's of o

Biofilm Scale
10's of pm to 100's of pm

EPS composition determined by
environment, growth circumstances,

microbial strains (DNA-in-the-neighborhood), &) SO
and nutrient supply &>
Cell Scale S
1 pm to 10 of pm /
Lack of nutrients = biofilm cells disengage JLA

from surfaces R
S e



SCALE . —
4 ppt =1/2 drop in an Olympic-sized pool

PFOA/PFOS
standard is 1,000x
more dilute than
an equivalent TCE
plume




IN SitTu PFAS BIODEGRADATION

UNKNOWNS




IN SitTu PFAS BIODEGRADATION

BENEFITS




microbial biotechnology

Minireview

Nothing lasts forever: understanding microbial
biodegradation of polyfluorinated compounds and
perfluorinated alkyl substances

Lawrence P. Wackett ()
Department of Biochemistry, Molecular Biology and

Open Access
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MICROBE SOURCING

! Sampling Matrix: Bio-Sep® Beads

Accelerated Remediation Technologies, Inc. - https.//www.artinwell.com/about.asp



BioFiLM ENVIRONMENT

Liquid Flow Through Biofilm Channels
',l,.‘ @ ’.o ‘ \ ,",.,<} - o~ oY A J -

degieer andg

Channel flow occurs

within pores & fractures
& 10 —-1,000 X faster

Biofilm of Pseudomonas aeruginosa, Pseudomonas fluorescens, and Klebsiella pneumoniae.
P. Stoodley & Z. Lewandowski (1994) - Montana State University - Center for Biofilm Engineering (CBE)



IsoLATES V. CONSORTIUM

New and novel testing and destructive technologies

e Stable isotope probing
* Metagenomics

* Transcriptomics

* Metabolomics

* New genes

* Carbon tagging/
biodegradation




& MICROBAC"

Genomic Sequencing Report
Microbac Oak Ridge WO# 3/13/2024
Client: Kent Armstrong
Sample Project:
Sample ID: DWH-Z
Sample Collected: 1/30/2024

Sampe 16S Biomass: 2.9 X 10" gene copies/g

NCBI Taxonomy Browser to look up “Taxonomy Id”

https://www.nchi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi add number in “Search for” in upper
left box.

Summary:

There were 13.737 Million reads for this sample and the file size was 2.93 GB.
There were 91 identifications (ID’s) in the bacterial data set.
There were 0 identifications in the virus data set.
There were 4 identifications in the protists data set.
There were 5 identifications in the fungal data set.
There were 21 identifications in the Combined Kingdom data set.
There were 3 identifications in the Antimicrobial Resistance data set.
There were 22 identifications in the Virulence Factors data set.
There were 11 identifications in the phages data set.
There were 81 identifications in the Dark Matter (Beta) data set.
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= There were 13.737 Million reads for this sample and the file size was 2.93 GB.

=  There were 91 identifications (ID’s) in the bacterial data set.

= There were 0 identifications in the virus data set. 5

G

= There were 4 identifications in the protists data set. Ga@a-“’“

= There were 5 identifications in the fungal data set.

=  There were 21 identifications in the Combined Kingdom data set. ',;

= There were 3 identifications in the Antimicrobial Resistance data set. %

<
There were 22 identifications in the Virulence Factors data set. "25
®
= There were 11 identifications in the phages data set. %
»
= There were 81 identifications in the Dark Matter (Beta) data set. %
%
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Pseudomonas: versatile biocatalysts for PFAS

Lawrence P. Wackett ("

'Microbial Engineering Program, University of
Minnesota, Minneapols, MN.

“Biotechnology Institute, University of Minnesota,
Minneapolis, MN.

*Department of Biochemistry, Molecular Biology and
Biophysics, University of Minnesota, Minneapolis, MN.

Scope

Many believe in the concept expressed by the old saying,
‘A byrd in hand - is worth ten flye at large,

20% of new drugs and pharmaceutical compounds con-
tain fluorine and many are polyfluorinated aromatic com-
pounds (Han et al., 2021; Ogawa et al., 2021).

All classes of organofiuorine compounds present simi-
lar challenges for microbial metabolism. Those include
the chemical strength of the C-F bond, enzyme induction
given that C-F compounds present different binding inter-
actions compared to C-H and C-Cl analogues, and the
inherent toxicity of fluoride following defluorination
(Wacketl, 2022). The lack of any known polyfluorinated
natural products (Murphy ef al., 2003: Fincker and
Spormann, 2017) suggests that defluorination capabilities
will be rare in nature. In laboratory studies, Pseudomo-
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efforts are undermined by the substantial toxicity of fluoride, an anion that
powerfully inhibits metabolism. Microorganisms have contended with envir-
onmental mineral fluoride over evolutionary time, evolving a suite of detox-
ification mechanisms. In this perspective, we synthesize emerging ideas on
microbial defluorination/fluorination and fluoride resistance mechanisms and

identify best approaches for bioengineering new approaches for degrading
and making organofluorine compounds.
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INTENSE FINANCIAL PRESSURE

DoD Investigate Cleanup ! Current removal cost

2019 $256.5M  S245.1M equal to rate of

2020 $242.5M $28.8M production estimated
2021 $174.1M  $77.3M frzuﬁ.:,?, ;‘ﬂr,ooo

2022 $181.7M  $78.5M y

WALETWOLML. susse: wooue s e "B “HE® "B o TS
removal $3.2-S5.7

DRINKING WATER TREATMENT

PFAS remediation spending forecasted to triple by 2030  billion/yr

A new report form Bluefield Research anticipates that infrastructure investments, amid a changing regulatory env:
national spending on PFAS treatment systems.

E m E L A.L., Ling Univ. St. Thomas, Mar-2024 2
American Water Works Association



PFAS Source RebucTion

SECTIONS | 0 “« StarTribune

LOCAL

By 2032, almost anything you buy
in Minnesota will come in

PH‘O\.ND&D BEY

recyclable, compostable or
reusable packaging. Here's why.

Environmental groups and Twin Cities leaders say
requiring packaging be recyclable is key to reducing the
growing amount of waste.

By Christopher Magan Star Tribune JUNE 4, 2024 — 9:29AM

ELIZABETH FLORES, STAR TRIBUNE
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Earlier this year, the Food & Drug Administration tested for PFAS in a variety of foods. While the sample
sizes were small and may not reflect typical contamination levels, here’s what the FDA found.

673 PPT

(no skin)
(80 PPT

676 PP

216 PPT

253 PPT
(34 PPT

(loin/sirloin)

149 PPT

68.4 PPT

- BAKED SWEET POTATO
(no skin)

S.2PPT

765 PPT

865 PPT

ICED CHOCOLATE CAKE
17,640 PPT

s DAVED O'OIN
® HAKED LUD

192 PPT

154PPT

Natural Resources Defense Council
scorecard (Apparel)
https://www.nrdc.org/resources/going-out-f
ashion-us-apparel-manufacturers-must-elimi
nate-pfas-from-their-supply-chains

Green Science Policy Institute (Corporate
PFAS evaluation)
https://pfascentral.org/pfas-free-products/

Center for Environmental Health (Foodware)
https://ceh.org/wp-content/uploads/2021/0
8/foodware.jpg
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QUESTIONS

Keith B. Rapp

Krapp@baywest.com

612) 382-37/63
2 ® Bay West
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‘Op PFAS’ ‘New Gen PFAS’

® Carbon e Fluorine @ Sulfur ® Oxygen « Hydrogen @ Nitrogen PFBS
©6 © 6 Variations in chain

\ / e ® length and branching
@ /’\ /.\ / produce dozens of
> variant structures.

PFOS (8-carbon chain)

.\.’. .\.". ‘\./. ’\./. ® Production now L 6o 6 ©
; , . i ® e
e, N el el N heavily restricted.

® X
® | I8 7/ \ / \ V4 ‘\.
® e 66 666 ¢ PEHXS
®©®® ©66 6 ¢ A Stockholm
PFOA (8-carbon chain) ® Py e © Convention committee
e _ N e ¢ is reviewing whether to

(] ] .
.\ /. .\ /. .\ /. 0/‘ ban this substance.

: Expected to be /A /A /e
s ® ® ® e o0 o 9.

.\ / /
¢ o e e

® similarly restricted

® | /7 /N /N . this year.
e 66 6 ¢
© ‘GenX’
© e s ® US chemical firm
8:2 FTOH (10-carbon chain ' i
( in) Murdredsior o © o 9 o Chemours is being sued
®6 66 66 66 - » ® & & & over the presence of this
\ _/ \ _/ \_/ \_/ \_/ precursor compounds ® | ¢ o ’ ckephizatin Notth
‘\./.\ /.\ /.\ /.\ /.\Q can degrade into . & Carolina water supplies
o ® b b - -« PFOS or PFOA in the o e :
® e 66 66 - - environment. ®

Scientific American, Feb. 19, 2019. The Fluorine Detectives.




