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PFAS

PFAS Sources

https://www.defence.gov.au/environment/pfas/pfas.asp

Distribution Statement A: Approved for Public Release; Distribution is Unlimited. PA# AFRL-2021-2665



4

PFAS Contamination

https://www.ewg.org/interactive-maps/pfas_contamination/map/
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Aqueous Film Forming Foams (AFFFs)

I.T. Cousins et al. Environment International 94 (2016) 331-340
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In the News
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PFAS Species

I.T. Cousins et al. Environment International 94 (2016) 331-340

Z. Wang et al. Environ. Sci. Technol. 51 (2017) 2508-2518
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PFAS Treatment
• Incineration

• Temperatures of 600 - 1000 ⁰C1

• Sorption onto Granular Activated Carbon (GAC)

• Extremely active research area generating many novel methods
• Adsorption

• Filtration

• Sono-chemical Destruction

• Electrochemical Oxidation

• Photolytic Oxidation

• e- Beam destruction

• Plasma Based Methods

• Biological Methods

• Treatment Trains

• Others
1Mills, Marc A., D. Bless, K. Dasu, D. P. Siriwardena, AND A. Dinal. Thermal Treatment of PFAS in Environmental Media: A review of the 
state-of-the-science. Workshop: Thermal state of the Science, Cincinnati,OH, February 25, 2020
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Objectives

• What is the Mechanism for thermal Decomposition of PFCAs?

• What byproducts can we expect to be formed?

• Does this change with respect to chain length or temperature?
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Theoretical Methods

PFCA Models

C2 Trifluoroacetic Acid (TFA) C3 Perfluoropropanoic Acid (PFPA) C8 Perfluorooctanoic Acid (PFOA) 

Energetics
• Density Functional Theory (DFT)

• *M06-2X-D3alt/def2TZVPP

• All ground state minima and transition states are confirmed

via the diagonalization of the mass weighted hessian matrix

• Transition states are further verified to connect products and

reactants through intrinsic reaction coordinate (IRC)

computations

*D3alt refers to D3 dispersion corrections with the parameters in GAMESS edited to resemble those in Gaussian16

Kinetics
• Transition State Theory (TST)

• Arkane (RMG)

• Calculated at temperatures ranging from 298 -1500 K at 50K

intervals

• Tunneling corrections included based on the asymmetric

Eckart model
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Favored Decomposition Pathways @ 298.15 K

Energies in kcal mol-1 including ZPE Corrections (0.970 scaling factor)
M06-2X-D3alt/def2TZVPP
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Favored Decomposition Pathways @ 298.15 K

Energies in kcal mol-1 including ZPE Corrections (0.970 scaling factor)
M06-2X-D3alt/def2TZVPP
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TFA Decomposition Model
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TFA Initial Decomposition Rates
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Favored Decomposition Pathways @ 298.15 K

Energies in kcal mol-1 including ZPE Corrections (0.970 scaling factor)
M06-2X-D3alt/def2TZVPP
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Favored Decomposition Pathways @ 298.15 K

Energies in kcal mol-1 including ZPE Corrections (0.970 scaling factor)
M06-2X-D3alt/def2TZVPP
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PFPA Decomposition Model
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PFPA Initial Decomposition Rates
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Kinetically Favored PFPA Decomposition Rates
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Favored Decomposition Pathways @ 298.15 K

Energies in kcal mol-1 including ZPE Corrections (0.970 scaling factor)
M06-2X-D3alt/def2TZVPP
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Favored Decomposition Pathways @ 298.15 K

Energies in kcal mol-1 including ZPE Corrections (0.970 scaling factor)
M06-2X-D3alt/def2TZVPP
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PFOA Decomposition Model
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PFOA Initial Decomposition Rates
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Kinetically Favored PFOA Decomposition Rates
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HF Elimination Rates
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Epox Decomposition Rates
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Experimental Thermal Decomposition of PFCAs

F. Xiao et al. Environ. Sci. Technol. Lett. 7 (2020) 343-350

Measured yields of F from (a) PFOA and (b) PFOS
during GAC thermal reactivation performed in an open
system under a flow of CO2 (open symbols) and in a
closed system with air (closed symbols).

(c) Proposed thermal decomposition pathways of
PFOA in an inert atmosphere on the basis of thermal
decomposition products of PFOA identified by
TD−Pyr−GC−MS.

Distribution Statement A: Approved for Public Release; Distribution is Unlimited. PA# AFRL-2021-2665



29

PFCA Homolytic Bond Cleavage

Energies in kcal mol-1 including ZPE Corrections (0.970 scaling factor)
M06-2X-D3alt/def2TZVPP

ΔGrxn (kcal mol-1)

Carbon-Carbon Bond Cleavage 298.15 K (25°C) 873.15 K (600°C) 1473.15 K (1200°C)

TFA   →  CF3 + HOCO 75.1 49.8 24.6

PFPA →  CF3 + F2C-C(O)OH 71.0 43.3 15.8

PFOA →  CF3 + F12C6-C(O)OH 75.4 46.8 18.4

Carbon-Fluorine Bond Cleavage

TFA   →  F + F2C-C(O)OH 106.6 85.8 64.0

PFPA →  F + F3C-CF-C(O)OH 99.5 79.3 58.1

PFOA →  F + F3C-(C5F10)-CF-C(O)OH 98.4 77.6 55.8

Carbon-Oxygen Bond Cleavage

TFA   →  OH + CF3CO2 95.0 71.7 47.6

PFPA →  OH + CF3CF2CO2 94.0 69.4 44.0

PFOA →  OH + CF3(C5F10)CO2 93.9 70.5 46.3

1,2 HF Elimination ΔGa (kcal mol-1)

TFA   →  HF + F2C-O-CO 50.5 49.8 49.6

PFPA →  HF + F3CCF2-O-CO 56.5 57.7 59.6

PFOA →  HF + F3C(C5F10)-O-CO 55.5 56.6 58.3
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Objectives

• What is the Mechanism for thermal Decomposition of PFCAs?

• What byproducts can we expect to be formed?

• Does this change with respect to chain length or temperature?
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Conclusions
• PFCAs Decompose similarly independent of chain length

• Entropic stabilization at high temperatures leads to favorable ΔGrxn of Homolytic bond cleavages

• TFA

• C-C bond cleavage is competitive at 600 °C and favored at 1200 °C

• PFPA

• C-C bond cleavage is favored at both 600 °C and 1200 °C

Distribution Statement A: Approved for Public Release; Distribution is Unlimited. PA# AFRL-2021-2665
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Future Work

• Determine rates of bond cleavage reactions at relevant temperatures

• Variational Transition State Theory (VTST)

• Investigate bimolecular decomposition mechanisms

• Investigate relevant radical reactions

• Reactions with OH and H
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Functional Benchmarking – Δ Hf with Aug-cc-PVDZ Basis

Energies in kcal mol-1

Species B3LYP B3PW91 PBE0 M05-2X ωB97x-D MP2 Experiment

CF4
-200.24 -208.35 -211.92 -215.95 -209.08 -212.59 -223.02

C3F8
-368.84 -388.86 -401.37 -407.52 -391.85 -398.08 -426.55

CF3OH -214.03 -210.47 -211.82 -217.36 -213.29 -217.55 -220.70

HF -60.67 -60.27 -58.56 N/A -61.07 -61.62 -65.14

2F 33.50 33.44 31.34 26.55 32.75 33.50 37.95
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Basis Set Benchmarking with M06-2X-D3 funtional

Basis Set Mean Max Dev

def2TZVPP 0.77 1.68 0.45

6-311+G(d,p) 5.67 16.44 7.92

6-311+G(2df,p) 1.96 4.84 2.22

6-311+G(3df,2p) 1.27 3.07 0.87

Jun-CC-pVTZ 3.02 8.18 4.11

Aug-CC-pVTZ 3.13 8.32 4.12

Aug-CC-pVQZ 1.26 3.49 1.79

Aug-Pcseg-2 1.05 6.28 1.75

Aug-Pcseg-3 0.96 4.36 1.20

Aug-CC-pV5Z 0.00 0.00 0.00

Benchmarking done on set of 33 decomposition reactions of Perfluoromethanesulfonic Acid (PFMS) and Perfluoroethanesulfonic Acid (PFES) including activation and 
reaction energies. Energies in kcal mol-1.
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MS Data for Thermal Decomposition

F. Xiao et al. Environ. Sci. Technol. Lett. 7 (2020) 343-350
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Experimental Thermal Decomposition of PFCAs

I. Titaley et al. SERDP ESTCP Symposiom 2020 (2020)
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TFA Free Energy Surface @ 298.15 K

Energies in kcal mol-1 including ZPE Corrections (0.970 scaling factor)
M06-2X-D3alt/def2TZVPP
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TFA Free Energy Surface @ Incineration Temperatures1,2

Energies in kcal mol-1 including ZPE Corrections (0.970 scaling factor)
M06-2X-D3alt/def2TZVPP

1Mills, Marc A., D. Bless, K. Dasu, D. P. Siriwardena, AND A. Dinal. Thermal Treatment of PFAS in Environmental Media: A review of the 
state-of-the-science. Workshop: Thermal state of the Science, Cincinnati,OH, February 25, 2020
2Kucharzyk, K. H. et al. Journal of Environmental Management 2017, 204, 757-764.
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PFPA Free Energy Surface @ 298.15 K

Energies in kcal mol-1 including ZPE Corrections (0.970 scaling factor)
M06-2X-D3alt/def2TZVPP
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PFPA Free Energy Surface @ Incineration Temperatures

Energies in kcal mol-1 including ZPE Corrections (0.970 scaling factor)
M06-2X-D3alt/def2TZVPP
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PFOA Free Energy Surface @ 298.15 K

Energies in kcal mol-1 including ZPE Corrections (0.970 scaling factor)
M06-2X-D3alt/def2TZVPP
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PFOA Free Energy Surface @ Incineration Temperatures

Energies in kcal mol-1 including ZPE Corrections (0.970 scaling factor)
M06-2X-D3alt/def2TZVPP
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