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QUESTIONS

bioaccumulation, toxicity, 
remedial options, waste 
management, alternatives

PROBLEM

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



PER- AND POLYFLUOROALKYL SUBSTANCES (PFAS)  

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



Perfluoroalkyl substances - 
short and long carbon 
chains (C

2
-C

13
+), fluorine 

atoms attach to all bonding 
sites except for the last 
carbon group

Polyfluoroalkyl 
substances are not fully 
fluorinated, and have at 
least one lapse in the chain 
not a fluorinated atom 

STRUCTURE OF PFAS - (i) PFOS, (ii) PFOA, (iii) PFHXS 

(Buck et al. Perfluoroalkyl and Polyfluoroalkyl Substances in the Environment: Terminology, Classification, and Origins. 2011.)

PFAS are a group of nearly 15,000 synthetic chemicals



Source: Minnesota Pollution Control Agency • PFAS Monitoring Plan: Initial findings and next steps 



Environmental Working Group, 2024. https://www.ewg.org/interactive-maps/pfas_contamination/

PFAS – IT’S EVERYWHERE 



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

 HUBRIS

Removing and destroying PFAS 
from MN water and biosolids   
$14 - $28 billion over 20 years

New “short-chain” PFAS are more                   
difficult and up to 70% more 
expensive than old “long-chain” 
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



Separation technologies
Ion 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 (POINT SOURCE)



TREATMENT TECHNOLOGIES (SAFF) 
1. injects air into 

contaminated water, 
concentrating PFAS in 
foam

2. foam is removed

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

Groundwater 
pump & treat (P&T)

In Situ Sorption (sequestration) 

?





15 miles

S. WASHINGTON COUNTY, MN



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

MN MOAT



“Pump & Treat is remediation in perpetuity”
(Makay & Cherry, 1989)

ECONOMIC COMPETITION



100+-million Americans’ water impacted with 
PFAS above federal drinking water standards.

Solving this is THE BIG PROBLEM



BIOREMEDIATION

Use of naturally 
occurring or 
deliberately 
introduced 
microorganisms or 
other life forms to 
consume or 
breakdown 
environmental 
pollutants



“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



HYDROGEOMICROBIOCHEMISTRY

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

Bioremediation

Geology

Biology

Chemistry



MICROBIAL INFALLIBILITY HYPOTHESIS 

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

“……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.” 



BIOFILM GODFATHER

“Biofilms form in all 
environments with 
sufficient nutrients – 
worldwide”  

Costerton (1995)

In nature, >80% of microbes 
exist within a biofilm



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  
 
 

KNOWN PFAS BIODEGRADING MICROBES

BIOFILMS EXECUTE BIOREMEDIATION



BIOFILMS IN THE WORLD

Bamford, NC, et.al., Microbial Primer: An introduction to biofilms – August 1, 2023



Biofilms form via cell-to-cell 
communication 

Microbes form attachments 
to surfaces. Proteins signal 
nearby cells (quorum sensing)

Signaling recruits new 
cells, horizontal gene transfer, 
colony aggregates and forms 
a biofilm. Colony builds

BIOFILM DEVELOPMENT

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



BIOFILM FORMATION

Contaminant destruction 
occurs at surfaces – pore 
surfaces, fractures, 
boundaries.  

Planktonic microbes are 
quickly removed, sessile 
microbes accomplish 
remediation



BIOFILM COMMUNICATIONS

Dr. Bonnie Bassler (YouTube - 18:11)
https://youtu.be/KXWurAmtf78?si=JLtbt3IzhO-yS63K



Chemical & Engineering News, March 21, 2021 



MICROBES 
COLLECTIVELY 
ORGANIZING



BIOFILM FORMATION

•MICROBES COLLECTIVELY ORGANIZING



• Biofilms ~97% water, ~10 to 100 µm thick

• EPS layer ~0.2 to 1.0 µm

• EPS 65–95%, microbes 5-35% 

EPS composition determined by 
environment, growth circumstances, 
microbial strains (DNA-in-the-neighborhood), 
and nutrient supply

Lack of nutrients = biofilm cells disengage 
from surfaces

SCALE & COMPOSITION



SCALE

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



understudied microbiome
Biotrans-for

mation 
pathways 

molecular 
mechanisms

IN SITU PFAS BIODEGRADATION

UNKNOWNS



contaminant 
fate

ideal for       
in situ 

applications
cost effective sustainable

IN SITU PFAS BIODEGRADATION

BENEFITS





BIOFILM MEDIATED PFAS DESTRUCTION IN GROUNDWATER



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

MICROBE SOURCING



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

Channel flow occurs 
within pores & fractures 

& 10 – 1,000 X faster

BIOFILM ENVIRONMENT



ISOLATES V. CONSORTIUM

• Stable isotope probing
• Metagenomics
• Transcriptomics
• Metabolomics 
• New genes
• Carbon tagging/

biodegradation 

New and novel testing and destructive technologies 







MICROBIAL 
CONSORTIUMS



FLUORIDE EFFECT





DoD Investigate Cleanup

2019 $256.5M $245.1M
2020 $242.5M $28.8M
2021 $174.1M $77.3M
2022 $181.7M $78.5M

INTENSE FINANCIAL PRESSURE

1 Current removal cost 
equal to rate of 
production estimated 
$20 to $7,000 
trillion/yr 

 2 PFAS drinking water 
removal    $3.2 - $5.7 
billion/yr
 

1 A.L., Ling Univ. St. Thomas, Mar-2024                             2 

American Water Works Association



PFAS SOURCE REDUCTION



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



NOTHING LASTS FOREVER



QUESTIONS
Keith B. Rapp
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BIOTRANSFORMATION PATHWAYS 



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

‘OLD PFAS’ ‘NEW GEN PFAS’


