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Per- and Polyfluoroalkyl Substances (PFAS) 
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Source: Wang et al. (2017) 

Common Single 
Chemical Bonds 

Average Bond 
Energy (kJ/mol) 

H-F 565 
C-F 485 
H-O 459 
Si-O 452 
H-H 432 
H-Cl 428 
H-C 411 
H-N 386 
H-Si 363 
H-Br 362 
C-O 358 
C-C 346 
C-Cl 327 
H-P 322 
H-Si 318 
C-Si 318 
N-Cl 313 
C-N 305 
H-I 295 

C-Br 285 
N-F 283 
C-S 272 
N-Br 243 
Si-Si 222 
C-I 213 
N-O 201 
P-P 201 
N-N 167 

Source: Data from J. E. Huheey, E. A. 
Keiter, and R. L. Keiter, Inorganic 
Chemistry, 4th ed. (1993). 

• Ubiquitous use as surfactants 

• Bio-accumulative 
• Hydrophilic 
• Lipophilic 

• Evidence for adverse health impacts 

• Persistent (‘Forever Chemical’) 

• Presence in the environment: 
• Manufacture 
• Commercial products 
• Consumer products 
• Wastewater 
• Solid waste 

• Resilient to treatment 
• Chemical 
• Biological 
• Thermal  

• Low adsorption to soil/sediments 

• Evolving regulatory environment 
• Groundwater 
• Potable water 
• Discharges to WWTPs 



Waste Infrastructure 

Source: Sunderland et al. (2019) 

Focus on Wastewater and Leachate 

3 



Treatment Technologies for PFAS in Water 
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Source: Ross et al. (2018) 



• Separation 
▪ Reverse Osmosis, Nano Filtration 
▪ Evaporation 
▪ Adsorption 
▪ Ion exchange 

• Conversion 
▪ Chemical oxidation 
▪ Electro-chemical oxidation 
▪ Sonolysis 
▪ Thermal destruction 
▪ Biological treatment 

– Aerobic 
– anaerobic 

 

Available Treatment Avenues for PFAS in Water 
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• PFAS have not been reported to mineralize  
• Polyfluorinated PFAS can bio-transform to PFAA: 

8:2FTOH  PFOA and PFHxA 
▪ slow transformation rate 
▪ Formation of transient intermediates 

• Enzymatic transformations 
▪ Too slow for commercial applications 

– Reaction half lives ranging from weeks to months 
▪ Enzymes are not selective 

– 6:2FTOH (white-rot fungus)  
– PFOA (horseradish peroxidase and fungal laccase enzymes) 
– PFOS – not reported 

• Phtyo-remediation, bio-concentration 
▪ No significant uptakes 
▪ Ecotoxicological concerns from re-release 

Biologically-mediated  & Biological Processes 
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• PFAS are chemically reduced 
▪ Thermodynamically, could serve as terminal electron acceptors with 

possible pathways for mineralization 

• Anaerobic PFAA biodegradation appears feasible when an electron 
donor is provided 
▪ Analogous to biological reductive de-chlorination of organochlorines 
▪ Disassociation of C-F bond was demonstrated for fluoroacetate 
▪ Biological degradation of tri-fluoroacetate not proven, demonstrating 

that attach of multiple F bonds is challenging 

Organochlorine are naturally occurring with geological timeframes for 
the evolvement of microbial metabolisms. 
In strongly reducing aquifers required for reductive defluorination, 
methanogenesis is thermodynamically preferential. 

 

Thermodynamics of PFAS Biodegradation 
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The sun set on Biological PFAS Treatment 
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View from the Sagamore, Lake George NY 



PFAS Air Emissions from Wastewater Treatment 
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Source: Ahrens et al. (2011) 

• Passive air samplers 
▪ Mainly gas-phase contaminants 

• 63-day period at Ontario WWTP 
• Sampling rate 4m3/d (140 scfd) 

 
 
 

 



• Dominant volatilized compounds: 
▪ 6:2FTOH and 8:2FTOH 
▪ PFOS and PFBA 

• Emission patterns vary within WWTP, compounds, and processes 
▪ FTHOS, FOSA, and FOSE emissions higher near headworks 
▪ Conversion as wastewater treatment progresses 

• Emissions decrease with increasing chain length 
▪ Even chain lengths PCFAs outweigh odd chain length compounds 

• Elevated emissions from aeration tanks 
▪ Increased volatilization and aerosol formation 
▪ Volatilization accounts for >99% of emissions 

• PFOS emissions are an underestimate 
▪ Sampler saturation 

• Yearly emissions estimate (simple dispersion model): 
▪ WWTP  - 2,560 g/yr 
▪ Landfill  - 1,000 g/yr (same research, similar approach) 

Take-away: Turbulent flow  greater emissions 
 
 

Summary of Findings 
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• PFOA volatilization accounts for >99% of water-to-air flux 
▪ PFOA emissions from aerosol production is negligible 
▪ PFOA volatilizes in neutral form 

• PFOS and PCFAs are volatilized in their protonated form 
• Aeration increases PFOS, PFOA and shorter-chain compounds 

▪ Less relevant for long-chain compounds (C9 – C14) 

• Concentrations of longer-chain dissolved PFACs decrease as the 
compounds become associated with floc formation 

• Air Emissions (Ahrens et al, 2011)  - 2,560 µg/yr/person 
• Emissions with effluent 2-10 times greater: 

▪ 34,000 µg/yr/person (PFOS, Switzerland, 7 WWTP) 
▪ 4,400 µg/yr/person (PFOA, Germany, 22 WWTP) 

 
 
 

Summary 
PFAS Volatilization 
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• PFAA mass balance  

• 5 MBR leachate treatment plants (China) 
▪ 11 PFAS compounds 

PFAA Mass Flow through Leachate Treatment 
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NF/RO 

Concentrate 

Bioreactor 
UF NF/RO 

Raw Leachate 

Waste Sludge Return Activated Sludge 

Concentrate 

Permeate Permeate Effluent 



PFAA Reduction through Volatilization 
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-38% -20% -57% -64% -20% 

• Overall average PFAA reduction 40% (20% - 64%) 
• Mass flow reductions: PFPrA, PFHxA, PFHpA, PFBS, and PFOS 
• Mass flow increases (varies by site): PFBA, PFDA, PFHxS, PFNA, PFPeA, PFOA 



PFOA Mass Flow (g/d) 
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Landfill Bioreactor UF NF RO 

Fa
ci

lit
y 

Le
ac

ha
te

 

Ef
flu

en
t 

RA
S 

W
AS

 

Pe
rm

ea
te

 

Co
nc

en
tra

te
 

Pe
rm

ea
te

 

Co
nc

en
tra

te
 

Pe
rm

ea
te

 
 Co

nc
en

tra
te

 

%
Re

m
ov

al
 

CZ 0.54 1.11 0.55 0.03 0.44 0.58 0.07 0.30 -87.4 

NJ 1.81 0.93 0.19 0.01 0.69 0.20 0.02 0.18 -98.9 

SH 171.3 81.9 24.0 1.26 38.6 25.2 0.06 32.9 -99.9 

SZ 27.3 44.8 16.5 0.83 23.1 16.6 0.04 13.3 -99.9 

Reductions through volatilization 
• PFOA up to 50% 
• PFBS up to 25% (not shown) 



• PFAS cannot be reduced by biological processes 
• Precursor conversion can increase PFAS in effluent mass due to 

precursor conversion (FTOH, PAPS, and FTS) 
• Sorption to biomass (sludge) removes PFAS from liquid phase 
• Volatilization and aerosolization remove PFAS from liquid phase 

▪ Volatilization appears to be the dominant process 
▪ Dry-deposition downwind of LFs and WWTFs is reported, indicating 

that aerosolization is also relevant 

• Efficacy dependent on large number of site-specific factors: 
▪ Leachate composition 
▪ Long-term trends and seasonal variation 
▪ Treatment process specific parameters 

Summary 
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Volatilization and sorption to biomass are separation processes that can 
reduce PFAS concentration as part of biological leachate treatment: 
• Separately and jointly, they are unlikely to reduce effluent 

concentrations to potable- and groundwater limits 
• Optimization may lower effluent PFAS concentrations to meet SIU 

permit limits 
• Research and data are necessary to characterize and quantify 

achievable treatment objectives 
▪ Site-specific objectives are more likely achievable than general goals 
▪ Impacts on air quality and off-air handling  
▪ PFAS remobilization from sludges is to be expected 

• Existing treatment technologies cannot treat leachate for PFAS 
▪ Competition from non-PFAS compounds limits efficacy of other processes 
▪ Only Reverse Osmosis (RO) can meet stringent discharge limits 

– Concentrate management adds complexity 

Conclusions 
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Questions? Comments? 
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Arie Kremen, PhD 
Subject Matter Expert: Leachate Management 
Tetra Tech 
arie.kremen@tetratech.com  
(w) 845.695.0213 

mailto:Arie.Kremen@tetratech.com

	Slide Number 1
	Per- and Polyfluoroalkyl Substances (PFAS)
	Focus on Wastewater and Leachate
	Treatment Technologies for PFAS in Water
	Available Treatment Avenues for PFAS in Water
	Biologically-mediated  & Biological Processes
	Thermodynamics of PFAS Biodegradation
	The sun set on Biological PFAS Treatment
	PFAS Air Emissions from Wastewater Treatment
	Summary of Findings
	Summary�PFAS Volatilization
	PFAA Mass Flow through Leachate Treatment
	PFAA Reduction through Volatilization
	PFOA Mass Flow (g/d)
	Summary
	Conclusions
	Questions? Comments?

