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Take Home Points

• Volatile PFAS (principally fluorotelomer alcohols – FTOHs) are 
present in landfill gas (LFG) and likely released to air

• Modeling estimates indicate low ambient impacts no significant 
health risks (see 2025 NY Federation talk)

• LFG combustion in flares, IC engines, & turbines likely destroys a 
substantial fraction of the FTOHs
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EREF Study on PFAS Emissions from Landfill Gas Combustion

3Image:  https://19january2017snapshot.epa.gov/lmop/landfill-gas-energy-project-data-and-landfill-technical-data_.html

Feeds

• Volatile PFAS
• FTOHs

• Other PFAS
• PFCAs/PFSAs

Emissions

• Volatile PFAS?

• PFCAs/PFSAs

• PIDs

Destruction ?   Conversion ?

PFAS = Per- and Polyfluoroalkyl Substances PFCAs/PFSAs = Perfluorocarboxylic and Sulfonic Acids
FTOHs = Fluorotelomer Alcohols PIDs = Products of Incomplete Destruction 

https://19january2017snapshot.epa.gov/lmop/landfill-gas-energy-project-data-and-landfill-technical-data_.html


Test Methods – Two Runs per Facility

Test Method PFAS
Landfill 1  
IC Engine

Landfill 2 
Flare

LFG Cartridge/GC-MS
De la Cruz et al. (2025)

FTOHs + 
Other volatile PFAS

X X

OTM-45
~50 PFCAs/PFSAs/Precursors

Similar list as 1633A
X X

OTM-45 Extended
(Sequential Extraction)

FTOHs (via GC/MS) X

OTM-50
PIDs (30 PFAS)
CF4, C2F6, etc.

X
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De la Cruz, F., Titaley, I., Wang, Y., Field, J., Barlaz, M. (2025). Nationwide Estimate of Volatile Per- and Polyfluoroalkyl 
Substance (PFAS) Emissions from U.S. Landfills via Landfill Gas.  Environ. Sci. Technol. 59(46):24899-24908

PFAS = Per- and Polyfluoroalkyl Substances PFCAs/PFSAs = Perfluorocarboxylic and Sulfonic Acids
FTOHs = Fluorotelomer Alcohols PIDs = Products of Incomplete Destruction 



Landfill 1:  IC Engine
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• LFG feed rate: 573 scfm

• [PFAS] in LFG: 3.8x107 pg/m3

• PFAS feed rate: 8.1x10-5 lb/hr

• Operating Temp.: 470 °C

EREF Study – Sources and Test Parameters

• LFG feed rate: 472 scfm

• [PFAS] in LFG: 2.5x108 pg/m3

• PFAS feed rate: 4.5x10-4 lb/hr

• Operating Temp.: 870 °C

Landfill 2:  Flare

https://19january2017snapshot.epa.gov/lmop/basic-information-about-landfill-gas_.html



Landfill Gas PFAS – Measured by F. De la Cruz

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

12:2 FTO

8:2 FTO

14:2 FTOH

12:2 FTOH

10:2 FTOH

8:2 FTOH

6:2 FTOH

Landfill 1
IC Engine

Landfill 2
Flare

3.8x107 pg/m3

8.1x10-5 lb/hr
2.5x108 pg/m3

4.5x10-4 lb/hr



EPA Methods to Measure PFAS Stack Emissions

OTM-45 – Focus on long-chain, polar compounds – includes FOSA and FOSE compounds

OTM-50 – Focus on short-chain products of incomplete destruction (PIDs)
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OTM-45 OTM-50

Isokinetic Method !
OTM-45:  https://www.epa.gov/system/files/documents/2025-01/other-test-method-45-rev1-final-1-14-25.pdf

OTM-50:  https://www.epa.gov/system/files/documents/2025-01/otm-50-release-1-r1.pdf

} FH

} BT XAD2

} BHS/XAD1

} BH COND

Analytical 
Samples

Non-Isokinetic

https://www.epa.gov/system/files/documents/2024-01/otm-50-release-1_0.pdf
https://www.epa.gov/system/files/documents/2025-01/otm-50-release-1-r1.pdf


Importance of Isokinetic Sampling (an aside)

• Stack tests typically report % 
Isokinetic measures

• OTM-45 – derived from 
particulate matter Method 5 – is 
designed to match velocities 
between the stack flow Vs and 
the sampling probe (nozzle) Vn

• Can Affect Particle-Bound 
Contaminants

• Non-isokinetic OTM-45 sampling 
results should be interpreted 
with caution
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Image:  De Nevers, Air Pollution Control Engineering, Waveland Press



Measured OTM-45 Emissions

9

• Σ PFAS from four 
fractions/samples
• Zero if all non-

detect
• Σ Detections + 

reporting limits if 
detected in one 
or more fractions

• ?? Artifacts ?

N-EtFOSE
?

HFPO-DA
??

PFBA PFBA

PFHxA

PFOA

PFHpA

PFPeA

PFHpA

PFPeA

PFHxA
PFOA



PFAS Emission vs. Input
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• Flare testing for FTOHs and OTM-50
• No Detections
• But … Reporting Limits 1000x OTM-45 Levels

Emission 
Source

PFAS Feed 
(lb/hr)

Measured PFAS 
Release (lb/hr)

PFAS % Measured 
in Effluent

IC Engine 8.1E-05 1.5E-06 1.9%
Flare 4.5E-04 1.8E-06 0.4%



PFAS Destruction in the Flare Testing

• Destruction Efficiencies
• 99.6% if FTOHs are 

true NDs
• 85% if 6:2 FTOH and 

8:2 FTOH are present 
at reporting limits

• Very low conversion of 
FTOHs to stable PFAS
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Conclusions

• PFAS destruction appears evident in landfill gas combustion 
based on flare testing
• Could be similar to volatile organic compounds (VOCs):  98%+

• Some FTOHs probably escape destruction in internal combustion 
(energy recovery) engines
• Could be similar to VOCs:  2% to 10% (AP42 analogy)

• Limited potential precursor conversion of FTOHs to stable PFAS 
was observed in testing

• Spiking is needed to “prove” high destruction efficiencies
• Implications of PFAS emissions – see 2025 talk
• Test methods can be applied at other landfills

• Recommend starting with landfill gas testing
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Characterization and Quantification of Per- and 
Polyfluoroalkyl Substances in Landfill Gas and 

Estimate of Emissions from US Landfills

Speaker:

Dr. Florentino De la Cruz
Assistant Professor

University of North Florida

Dr. Ivan Titaley and Dr. Jennifer Field

Department of Environmental and Molecular Toxicology, Oregon State University

Dr. Morton Barlaz

Department of Civil Construction and Environmental Engineering, North Carolina State University



Research Objectives

• Estimate the mass of PFAS that are present in landfill gas (LFG) as 
produced and the mass emitted
• Methods development

• Analytical: How do we analyze and what analytes?

• Sampling

• Sample a cross-section of US landfills in consideration of climate and waste 
age

• Assess the impact of soil attenuation

• Assess the contribution of the particulate phase PFAS

• Develop a model to estimate PFAS release



PFAS in Municipal Solid Waste (MSW)
Landfills – Engineered system to isolate waste to protect human health and the environment

oPFAS in landfill leachate
Target signatures: 5:3 and 6:2 FTCAs

oPFAS in ambient air near landfills
Four studies: Germany (Weinberg, et al., Atmos. Env., 2011), Canada (Ahrens, et al., 
ES&T, 2011), China (Tian, et al., ES&T, 2018), and Hong Kong (Lin, et al., Enviro. Int., 
2022)

Neutral/Volatile PFAS (i.e., FTOH) >>> ionic PFAS (PFCAs, PFSAs)
Landfill ambient air:

Active landfill > closed landfill
At landfill > upwind/downwind



PFAS in Landfill Gas (LFG)

Goukeh, et al., Chemosphere, 2023

o SPME-GC-MS

o 6:2 and 8:2 FTOH

o 6,000-10,000 ng/m3

Titaley, et al., ES&T Lett., 2023

o TD-GC-MS

o 6:2 and 8:2 FTOH

o 3,000-3,200 ng/m3

Lin, et al., ES&T Lett., 2024

o XAD-2, GC-HRMS

o 6:2 and 8:2 FTOH

o 170,000-740,000 (E) ng/m3

The most abundant PFAS in LFG are FTOHs

Levels of FTOHs in LFGs are ~two-to-three orders of magnitude higher than in ambient landfill air



Method Development

• Landfill Gas Sampling 
Considerations:

• Explosion/intrinsically safe 
equipment
• LEL of CH4 ~ 5% (v/v)
• HEL of CH4 ~ 17% (v/v)

• Eliminate fluoropolymer 
components

• Pump requirements (against 
vacuum)

• Precise measurement/ control of 
flow

Titaley, I., De la Cruz, F.B., Barlaz, M. A. and J. A. Field, 2023, “Neutral Per-
and Polyfluoroalkyl Substances (PFAS) in In Situ Landfill Gas by Thermal 
Desorption Gas Chromatography Mass Spectrometry,” ES&T Letters, 10, 
p. 214 – 221.



LFG Sampling System

Explosion-proof vacuum 
booster pump

Flow Controller
Temperature Probe
Pressure transducer

3 position 
Solenoid Valve

Well head

Main Header

Sampling Port
(Quick connect 
or barb hose)

Bypass line
For flow equilibration 
and system flushing 

prior to sampling

Exhaust

Microcontroller 
Board

Computer

GEM 5000 for 
measurement of 
gas composition

Data/electrical 
connections

Sorbent 
Tubes

Manifold

Glass 
fiber/particulate filter

A

B

C

Optimization:
How much volume to sample?
What flow rate?

Sampling ports are under 
vacuum: P ~ -30 in to -80 in H2O



Neutral PFAS Method Development
• TD-GC-MS

• Based on US EPA TO-17 and Roth et al., 2020

• List of analytes: (T = targets, S = suspect; tentatively identified)
• FTOHs, Me-, Et-FOSAs, and Me-, Et-FOSEs (T)

• FT-Acrylate (FTAc), FT-Methylacrylate (FTMAc), FT-Olefin (FTO), FT-Iodide (FTI), PFIodide (PFI) 
(T)

• 14:2 FTOH, sec-FTOHs, MeFBSA, MeFHxSA, and Me-, Et-FASEs (S)

• Flow 100 mL/min 

• Thermal Decomposition Experiment (Titaley et al. 2020; Titaley et al., 2023)

• Field Breakthrough Experiment
• Two sorbent tube in series

• Vary landfill gas volume

• Optimal sampling volume = 350 mL



TD-GC-MS Analysis Workflow

• Conditioned tubes 
are spiked with 
isotopically labelled 
standards

• Sampling is conducted
• Before analysis, tubes 

are spiked with method 
recovery standard:

• 7:1 FTAc (Dimzon, et al., 
2017)

• TD-GC-MS Analysis

Chromatogram/Mass spectrum Data

TD-GC-MS Analysis
Peak Table

-Compound ID
-Area

IS quantitation
Quantitation using 
Internal Calibration

Blank Correction
Volatile PFAS 

Concentration



Sampling locations

Landfill Main Header (MH)
Upstream and downstream 

of condensate knockout

Well head (WH)



Site Characteristics

Landfill Characteristics Value

Total number of sites (sampled at least twice) 30 landfills (in 17 states)

Precipitationa

Arid (0-20 in./yr.) 5 landfills

Moderate (20-40 in./yr.) 9 landfills

Wet (>40 in./yr.) 16 landfills

Waste Disposal Years 1950s – present (Landfill Ages: 13-69)

Waste Types Mostly MSW with some C&D and biosolids



PFAS Variation Across Landfills

• Wide range of PFAS 
concentrations across sites

• 28 of 42 target/suspect PFAS 
were non-zero

• 4-9 compounds detected in each 
sample



FTOH Dominates

• Over 95 % of the total PFAS is 
FTOH
• 6:2 FTOH = 51%

• 8:2 FTOH = 29%

• 10:2 FTOH = 12%

• 12:2 FTOH = 6%

• Likely Mechanism of Release
• Off-gassing of unreacted FTOH

• Transformations of side-chain 
fluropolymers (SCFP)

8:2 FTOH



Minor PFAS Detection

• Of the minor PFAS, only 
Fluorotelomer Olefins (FTOs) 
were consistently detected 
across all samples
• Range: 0–28,000 ng/m3

• Median: 316 ng/m3



Effect of Precipitation

• Wet (n=195) 
• 57 – 232,000 ng/m3

• Moderate (n = 48)
• 924  to 269,000 ng/m3

• Arid (n=48)
• 2,200 to 234,000 ng/m3

Wet < Arid and Moderate De la Cruz, et al., ES&T, 2025



How will the data be used?
Estimate the mass of PFAS in landfill gas and the mass released as 
emissions

Emissions

Attenuation in the cover soil?

Collection Flares

Passive Vents

Engines

Destruction Efficiency?

Production

(Likely small but quantity unknown)

PFAS Mass release = Volume x Concentration

Do this calculations for each known landfill in the US 

LF(i)



Total PFAS Emissions

Q (Flares +engines, m3) 2.19 x 1010

Q(Fugitive Emissions , m3) 2.30 x 1010

Q (Produced, m3) 4.48 x 1010

Note: PFAS destruction in flares and engines is unknown

For comparison: 
PFAS input to WWTP from leachate: 600 kg/yr (Lang et. al., 2017) 
Therefore, fugitive PFAS emissions from LFG is comparable to 
leachate releases

95% CI: 15- 5,600 kg/year

Median ~ 836 kg/year



Are volatile PFAS attenuated in landfill cover 
soil?
• Measure PFAS emissions using 

static chambers and soil gas 
probe

• Compare PFAS composition: 
Waste mass vs. chamber

Static 
Chamber

Soil Gas 
Probe



Impact of soil attenuation on PFAS emissions

• Comparable PFAS signature in 
the probe (sample collected 
within the waste mass) 
compared with the PFAS 
signature in the chamber sample 
(emission from landfill surface) 

• No discernable  PFAS 
transformations for the target 
PFAS as it passes through the 
soil.



Contribution of Particulate-bound PFAS

1.E 00

1.E 0 

2.E 0 

3.E 0 

 .E 0 

 .E 0 

 .E 0 

 .E 0 

 .E 0 

  
2 
FT
O
 

  
2 
FT
O
 

10
 2
 F
TO

 

12
 2
 F
TO

 

  
2 
FT
O

10
 2
 F
TO

12
 2
 F
TO

 
 
 
  
 
  
  

 
 
  
 
  
 

  

                                                
        

Arid

 et

1.E 00

1.E 0 

2.E 0 

3.E 0 

 .E 0 

 .E 0 

 .E 0 

 .E 0 

 .E 0 

 F
B
A

 F
 
xA

 
 
 
  
 
  
  

 
 
  
 
  
 

  

                                            
                     

Arid

 et



PFAS Exposure Risks



Summary

• Volatile PFAS concentrations in landfill gas vary significantly

• FTOH dominates PFAS in LFG (>95% of total volatile PFAS)

• Minor components are also present (e.g., FTO)

• No evidence of volatile PFAS attenuation in cover soils

• PFAS partitioning in the particulate phase is negligible

• Fugitive PFAS emissions from landfill gas are comparable to leachate 
releases.
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Questions ?

Steve Zemba Florentino De la Cruz

szemba@sanbornhead.com f.de.la.cruz@unf.edu

802.391.8508 904.620.1390
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Extra Slides
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PFAS Analytes – No Overlap, No FTOHs

38

OTM-50 30 AnalytesOTM-45 50 Analytes

OTM-45:  https://www.epa.gov/system/files/documents/2025-01/other-test-method-45-rev1-final-1-14-25.pdf

OTM-50:  https://www.epa.gov/system/files/documents/2025-01/otm-50-release-1-r1.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/system/files/documents/2024-01/otm-50-release-1_0.pdf
https://www.epa.gov/system/files/documents/2025-01/otm-50-release-1-r1.pdf
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CLIENT SERVICE AREAS

Solid Waste Energy Industrial Development


