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Prelude:  Summary of 2022 Presentation

• Fluorotelomer alcohols (FTOHs) are a category of PFAS that have 
been measured in air above background at locations downwind of 
landfills and wastewater treatment plants

• FTOHs are being found at elevated concentrations in landfill gas in 
an ongoing USEPA-funded study

• Nationwide, air emission of FTOHs via landfill gas may be 
comparable in magnitude to the discharge of PFAS via leachate

• It may be necessary to evaluate the impacts/consequences of FTOH 
emissions from landfills
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Outline

• Preliminary levels of PFAS measured in landfill gas (LFG)

• Expectations of levels of PFAS in ambient air due to LFG emissions

• Risk assessment considerations of PFAS exposure

• Methods to measure PFAS impacts from landfills
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Barlaz et al. Study of PFAS in Landfill Gas
2023 Research Summary (USEPA Funded)

“We estimate that 21,862 million m3 (mM3) of LFG are treated by a 
flare or engine and 22,978 Mm3 LFG are released as fugitive 
emissions. While preliminary, at an average total PFAS 
concentration of 5 x 107 pg/m3, this would result in 1150 kg/yr of 
PFAS in fugitive LFG, assuming 100% PFAS destruction efficiency 
in a flare or engine and 0% PFAS attenuation in soil. The volumes of 
LFG that are released by fugitive emissions and treated in a flare or 
engine are within 5%. Thus, estimated emissions will increase if 
PFAS destruction in a flare or engine is incomplete. To put this 
estimate into some context, we estimated that 660 kg/yr of PFAS 
are released to wastewater treatment plants in 2017.”

4https://cfpub.epa.gov/ncer_abstracts/index.cfm/fuseaction/display.abstractDetail/abstract_id/10990/report/2023



PFAS in Landfill Gas
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Barlaz et al. (2023):  https://cfpub.epa.gov/ncer_abstracts/index.cfm/fuseaction/display.abstractDetail/abstract_id/10990/report/2023
Lang et al. (2017): https://pubs.acs.org/doi/10.1021/acs.est.6b05005

• Source: 2023 Progress 
Report of NC State Study 
(Barlaz et al.)

• Volatile fluorotelomer 
alcohols (FTOHs) dominate

• Data from 28 landfills
• 10X higher than previous 

report

• Average concentration = 
50,000,000 pg/m3 = 50 
µg/m3

• 10X higher than in 2022 
Progress Report

• Perspective: Compare to 
benzene at 6,000 µg/m3

• Fugitive PFAS flux estimate = 
1,150 kg/yr

• Compare to leachate 
estimate of 563 to 638 kg/yr
in leachate (2017 Lang et al.
study)

• Variability important
• More than order of 

magnitude difference 
between 25th and 75th

percentile concentrations

https://cfpub.epa.gov/ncer_abstracts/index.cfm/fuseaction/display.abstractDetail/abstract_id/10990/report/2023
https://pubs.acs.org/doi/10.1021/acs.est.6b05005


PFAS Measurements in Air Near Landfills (Canada)

• Outdoor air measurements (not 
raw landfill gas)

• Paired downwind v. upwind 
samples imply landfill emissions

• Excess (down v. up) FTOHs
• 2,000 – 25,000 pg/m3

• Excess Me/Et FOSA/FOSE
• 20 – 70  pg/m3

• Elevated levels of FTOHs also 
seen in other landfill studies 
conducted around 2010

• WWTPs are similar FTOH sources

6Ahrens et al. (2011), Environ. Sci. Technol. 45:8098–8105



Structure and Properties of 8:2 FTOH

7ITRC: https://pfas-1.itrcweb.org/wp-content/uploads/2022/01/PhysChemProp_Table_July2023-FINAL.xlsx

• Experimental Henry’s Law Constants 
(air/water) per ITRC for 8:2 FTOH reported at 
0.0037 atm-m3/mol and 0.05 atm-m3/mol –
compare to benzene at 0.0055 atm-m3/mol 
and ethanol at ~0.000005 atm-m3/mol

• Solubility appears limited – median about 0.2 
mg/L (but reported values vary considerably)

• Log Koc about 4 – some stickiness to solids
• Overall:  8:2-FTOH is fairly volatile
• C—H bonds allow 8:2 FTOH to be degraded;  

one of the stable breakdown products is PFOA
• Robust toxicity data for FTOHs have not been 

developed yet

8:2 FTOH



Estimating Impacts from Landfill Gas Constituents

𝐷𝐹 = 𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟 =
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝐿𝑎𝑛𝑑𝑓𝑖𝑙𝑙 𝐺𝑎𝑠

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝐴𝑚𝑏𝑖𝑒𝑛𝑡 𝐴𝑖𝑟
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• DF allows for the estimation of exposure to a chemical present in 
landfill gas assuming emission to the atmosphere and dispersion

• DF depends on landfill characteristics, exposure/ambient location, 
meteorological conditions, time of day, etc. – values will vary, perhaps 
by order of magnitude

• Approaches to ballpark estimates of DF
• Use landfill gas markers such as H2S or CH4 in combination with data & intuition

• Use the results of dispersion modeling studies of landfill emissions



Empirical DF Values

• Empirical H2S data suggest DFs of 30,000 – 1,000,000 based on 
concentrations in landfill gas (LFG) and ambient air
• H2S in LFG per AP42 ~30 ppm =30,000 ppb

• Elevated H2S in LFG – e.g., 1,000 ppm = 1,000,000 ppb

• Ambient air – assume < 1 ppb (low odors)

• Dilution factor =  30,000 – 1,000,000

• CH4-based estimates
• LFG contains ~50% CH4  = 500,000 ppm

• MI landfill study – Ambient CH4 median = 2.4 ppm, maximum = 7 ppm

• Background CH4 ~ 2 ppm

• Median DF = 500,000/(2.4 – 2) = 1,250,000 , Max DF = 500,000/(7 – 2) =100,000

• Overall – DFs might range from <100,000 to >1,000,000
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Image from https://www.epa.gov/sites/production/files/2016-11/documents/pdh_full.pdf
MI Landfill Study:  Xia et al., Atmosphere 2023, 14, 906. https://doi.org/10.3390/atmos14060906

𝐷𝐹 = 𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟 =
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝐿𝑎𝑛𝑑𝑓𝑖𝑙𝑙 𝐺𝑎𝑠

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝐴𝑚𝑏𝑖𝑒𝑛𝑡 𝐴𝑖𝑟

https://www.epa.gov/sites/production/files/2016-11/documents/pdh_full.pdf


Modeled DF Values

• Relevant factors from dispersion modeling studies
• Emission sources:  Fugitive, flares, energy recovery IC engines and turbines, etc.
• Gas system collection efficiency, combustion device destruction efficiency
• Configuration of sources – fugitive area emissions, point stack emissions
• Property boundaries and off-site receptor locations
• Meteorological data

• DF Results from a survey of modeling studies
• AERMOD-based modeling

• Flare:  Median DF = 1,500,000
• IC Engine:  Median DF = 3,800,000
• Fugitive:  Median DF = 2,600,000

• ISCST3-based modeling
• Fugitive:  Median DF = 390,000

• Overall – modeling indicates DFs ranging from >100,000 to >1,000,000
• Mix of sources and modeling inputs will be relevant to the overall DF
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𝐷𝐹 = 𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟 =
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝐿𝑎𝑛𝑑𝑓𝑖𝑙𝑙 𝐺𝑎𝑠

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝐴𝑚𝑏𝑖𝑒𝑛𝑡 𝐴𝑖𝑟



Implications of DF Values

• What DF values are implied by present + historic knowledge of FTOHs ?
• Barlaz et al. (2023) – average FTOH in landfill gas (LFG) = 50,000,000 pg/m3

• Ahrens (2011) – excess FTOHs in ambient air from 2,000 – 25,000 pg/m3

• Implied DF values are 2,000 to 25,000 – lower than DF estimates from surrogate 
chemicals and modeling

• Possible that FTOHs in LFG have decreased since the 2010 timeframe ?

• What of DFs suggest regarding present-day exposure from LFG emissions ?
• Assume

• Average FTOH in LFG = 50,000,000 pg/m3

• DF values ranging from 100,000 to 1,000,000

• Implied ambient air concentrations range from 50 pg/m3 to 500 pg/m3
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𝐷𝐹 = 𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟 =
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝐿𝑎𝑛𝑑𝑓𝑖𝑙𝑙 𝐺𝑎𝑠

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝐴𝑚𝑏𝑖𝑒𝑛𝑡 𝐴𝑖𝑟



Implications of FTOH Impacts Landfill Air Emissions

12Source:  Himmelstein et al (2012), Toxicology 291:122-132. 

• Assume incremental exposures from landfills range from 50 pg/m3 to 500 pg/m3

• Compare to background:  Measured 8:2-FTOH Concentrations in Air (circa 2010)
• Outdoors:  < 0.9– 4,600 pg/m3

• Indoors:  300 – 209,000 pg/m3

• Ski-wax applications: 830,000 – 250,000,000 pg/m3

• Incremental exposures may be comparable to or within the range of background, but … 
background may now differ, and variability is tremendous

Multiply ng/m3 by 1,000 to convert units to pg/m3
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• Once absorbed into the blood, 8:2-FTOH 
distributes to tissues

• Some portion converts to stable 
metabolites PFOA and 7:3-FTCA

Human Exposure to 8:2-FTOH

• Tested very high 8:2-FTOH concentrations –
3,000,000,000 – 30,000,000,000 pg/m3 

• Rapid clearance, but some metabolism
• PFOA – ~0.09 – 0.12% males and ~0.02% 

females of applied doses
• Smaller levels of 7:3-FTCA, 8:2-FTCA, and PFNA

• “No toxicity is expected in humans from 
typical ambient 8:2-FTOH air exposures.”



• Assume
• FTOH concentration of 50 pg/m3 to 500 pg/m3

• 20 m3/day inhalation volume
• 70 kg adult
• Possible 0.1% conversion to PFOA

• Calculate/estimate
• FTOH exposure

• 0.014 ng/kg-d to 0.14 ng/kg-d

• Effective PFOA exposure (with 0.1% conversion)
• 0.000014 ng/kg-d to 0.00014 ng/kg-d

• Compare to
• PFOA background exposure of 0.27 ng/kg-d (see 2022 talk)
• Reference/safe dose of 3 ng/kg-d for PFOA (EPA RSL Tables)

• Conclude (optimistically)
• No significant risks from exposure to FTOHs

• However, recognize some caveats
• Assessment is a crude order-of-magnitude estimate
• Not all FTOHs or PFAS have been considered
• Alternate views exist on PFOA/PFAS toxicity

14Image source:  Michigan.gov/PFASresponse

Health Risk Assessment Perspectives



PFAS Transport Perspectives

• If 1,000 kg/yr of FTOHs are released from landfills per year, what are 
the environmental consequences ?

• Calculate the increase in PFAS in soil under the assumptions:
• All FTOHs convert to PFOA & deposit to uniformly to soil across the U.S.
• Mix into the top 6 inches of soil over 3,000,000 square miles
• Soils have a bulk density of 1,600 kg/m3

• Soil concentrations of PFOA would increase by ~ 0.0005 µg/kg (ppb) 
per year

• Localized impacts to soils (near sources) could be higher

• Perspective:  Soils in the northeastern U.S. contain ~ 0.3 ppb of PFOA 
as present background levels
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• Stack Emissions Testing Methods – Current official EPA Methods
• OTM-45 – Focus on long-chain, polar compounds
• OTM-50 – Focus on short-chain products of incomplete combustion

• FTOHs not included in OTM-45 or OTM-50 as published (maybe OTM-55?)

• No official ambient air sampling methods – research and lab methods exist
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https://www.epa.gov/sites/default/files/2021-01/documents/otm_45_semivolatile_pfas_1-13-21.pdf
https://www.epa.gov/system/files/documents/2024-01/otm-50-release-1_0.pdf

<= OTM-45 / OTM-50 =>

Characterizing and Measuring Air Impacts of PFAS Emissions

https://www.epa.gov/sites/default/files/2021-01/documents/otm_45_semivolatile_pfas_1-13-21.pdf
https://www.epa.gov/system/files/documents/2024-01/otm-50-release-1_0.pdf


OTM-50 30 AnalytesOTM-45 50 Analytes

Analyte Lists – No Overlap, No FTOHs
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https://www.epa.gov/sites/default/files/2021-01/documents/otm_45_semivolatile_pfas_1-13-21.pdf
https://www.epa.gov/system/files/documents/2024-01/otm-50-release-1_0.pdf

PFAS Group PFAS
CAS  Registry 

Number

PFBA 375-22-4

PFPeA 2706-90-3

PFHxA 307-24-4

PFHpA 375-85-9

PFOA 335-67-1

PFNA 375-95-1

PFDA 335-76-2

PFUnDA 2058-94-8

PFDoA 307-55-1

PFTrDA 72629-94-8

PFTeDA 376-06-7

PFHxDA 67905-19-5

PFODA 16517-11-6

PFBS 375-73-5

PFPeS 2706-91-4

PFHxS 355-46-4

PFHpS 375-92-8

PFOS 1763-23-1

PFNS 68259-12-1

PFDS 335-77-3

PFDoS 79780-39-5

FOSA 754-91-6

MeFOSA 31506-32-8

EtFOSA 4151-50-2

N-MeFOSE 24448-09-7

N-EtFOSE 1691-99-2

MeFOSAA 2355-31-9

EtFOSAA 2991-50-6

Perfluoroalkylcarboxylic acids 

(PFCAs)

Perfluorinated sulfonic acids 

(PFSAs)

Perfluorinated sulfonamides 

(FOSAs)

Perfluorinated sulfonamide 

ethanols (FOSEs)

Perfluorinated sulfonamidoacetic 

acids (FOSAAs)

PFAS Group PFAS
CAS  Registry 

Number

4:2 FTS 757124-72-4

6:2 FTS 27619-97-2

8:2 FTS 39108-34-4

10:2 FTS 120226-60-0

ADONA 919005-14-4

GenX 13252-13-6

9Cl-PF3ONS 756426-58-1

11Cl-PF3OUdS
763051-92-9

83329-89-9

NFDHA 151772-58-6

PFEESA 113507-82-7

PFDoS 1260224-54-1

PFMBA 863090-89-5

PFMPA 377-73-1

PFecHS 67584-42-3

8:2 FTUCA 70887-84-2

10:2 FDEA 53826-13-4

8:2 FTA 27854-31-5

6:2 FHUEA 70887-88-6

6:2 FTCA 53826-12-3

3:3 FTCA 356-02-5

5:3 FTCA 914637-49-3

7:3 FTCA 812-70-4

Additional Targets

Fluorotelomer sulfonates (FTS)

Fluorinated Replacement Chemicals

https://www.epa.gov/sites/default/files/2021-01/documents/otm_45_semivolatile_pfas_1-13-21.pdf
https://www.epa.gov/system/files/documents/2024-01/otm-50-release-1_0.pdf
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AP42 Combustion Control Efficiencies for Landfill Gas

• Are the halogenated species 
values relevant to PFAS ?

• Are PFAS harder to destroy ? 
Note low ratings on factors

• PFAS emission studies
• PWIA study – expect results 

soon ?

• EREF study in progress



Short(est) Chain Perfluorinated Alkyl Substances

19Images from https://pubchem.ncbi.nlm.nih.gov/

• Very stable compounds

• Expected to be significant products of incomplete combustion 
(PICs) in PFAS combustion processes

• Serve as a focus of EPA research – no clarity on assessing risks

Carbon tetrafluoride

Hexafluoroethane



Conclusions

• Fluorotelomer alcohols (FTOHs) are a category of PFAS that have been 
measured in air above background at locations downwind of landfills and 
wastewater treatment plants

• FTOHs are being found at elevated concentrations in landfill gas in a 
soon-to-be-completed USEPA-funded study

• Nationwide, air emission of FTOHs via landfill gas may be comparable in 
magnitude to the discharge of PFAS via leachate

• Awareness of PFAS air emissions from landfills may increase
• It may be prudent to evaluate the impacts of FTOH emissions from landfills
• Preliminary evaluation suggests the consequences of FTOH emissions may be 

minor 

• Landfill-specific studies may be necessary and/or important
• Abilities to measure and assess FTOHs lag behind other PFAS
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Thank you!                         For more on PFAS  
• Steve Zemba, PhD, PE (in MA)

• szemba@sanbornhead.com

• 802.391.8508

Thanks to the Environmental Research and Education 
Foundation (EREF) for partial support of this work

ITRC Technical Resources for PFAS
https://www.itrcweb.org/Team/Public?teamID=78

• Fact sheets

• Web-based Technical and Regulatory 
Guidance Document

• On-line Training Materials

mailto:szemba@sanbornhead.com
https://www.itrcweb.org/Team/Public?teamID=78

