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Why Are They Hard to Destroy?

Electron-dense 
shell resists 

chemical attack

Partitioning complexities 
require multi-media 

applicationsBond energy 
resists thermal 

attack

Variable PFAS 
chemistry further 

increases 
complexity
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Objective

Can PFAS be destroyed by ball milling in environmentally 
relevant earth materials in realistic site conditions? 

PFOS and PFOA 
Spiked Sands

AFFF impacted soils 
from a Canadian FFTAAFFF Spiked Sands
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Success at Lab Scale

*SSV = Canadian guidance value 2018
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Success at Lab Scale
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Success at Lab Scale
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Lab Scale Fluoride Recovery
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Success at Horizontal Ball Mill (HBM) Scale
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Success at HBM Scale
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Success at HBM Scale
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Industrial Scale Remediation

• Ball milling has been 
shown to successfully 
destroy PFAS at the <1L, 
1L, and 25L scales

• Industrial scale 
remediation tested using 
267L horizontal ball mill

Grinding media: mild steel balls (1.3 to 3.8 cm 
diameter). 
RPMs: 42 (75% of the critical speed). 
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Results – PFOS/PFOA

• Similar 
destruction of 
both PFOS and 
PFOA, with and 
without KOH

• Destruction of 
both linear and 
branched PFOS 
isomers

Mixing period, high heterogeneity, 
ongoing work to establish accurate 
T=0 concentration

No KOH With KOH
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Results – 6:2 FTS
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• Without KOH no 
destruction of 6:2 
FTS occurs

• Addition of KOH 
allows for 
degradation of 6:2 
FTS, with minor 
formation of 
PFPeA

• PFPeA is in turn 
destroyed by ball 
milling
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Results – National Foam 

• Targeted LC-MS 
analysis only 
reveals 6:2 FTS

• Addition of 
KOH with ball 
milling results in 
degradation of 
6:2 FTS, with 
formation of 
PFPeA

• Formation of 
PFPeA is 
substantially 
higher than 6:2 
FTS, indicating 
substantial 
precursor load
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Results – National Foam High Resolution 
Analysis
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• HR-MS analysis 
identified the 
presence of 6:2 
FTSAB and 
smaller 
quantities of 
other 
fluorotelomers

• 6:2 FTSAB 
follows similar 
degradation 
trends to 6:2 
FTS
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Results – National Foam Degradation 
Mechanism

+ 6:2 FTSAB
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• HR-MS analysis 
identified numerous 
novel transformation 
products

• Degradation occurs 
through reductive 
electron attack of 
nitrogen atoms, 
breaking C-N bonds
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Industrial Scale FFTA Soils

Planetary Mill 
Scale (<1 L, Lab)

Horizontal Mill 
Scale (25 L, Lab)

Horizontal Mill 
Scale (265 L, 
Industrial)

Success Success Success

In Progress Success Success

Success Success ?

PFAS Spiked 
Sands

AFFF Impacted 
FFTA Soils

AFFF Spiked 
Sands
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Initial Evaluation of Degradation
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Soil 1: 31% PFAS Degradation Soil 2: +18% PFAS ‘Creation’

Made conclusive remarks difficult based 
on standard targeted analysis only
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Characterization of PFAS on FFTA Soils

16 mg/kg
56% ‘missing’ 

PFAS

5.2 mg/kg
85% ‘missing’ 

PFAS

High PFHxA 
suggests a 6:X 
fluorotelomer 

present in AFFF

• PFAA precursors present 
in both types of soil
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Total PFAS destruction estimates

• Free fluoride analysis – best evidence of PFAS destruction. 

Discrepancies in mass balance imply hidden PFAS transformations and/or destruction. 

Targeted analysis alone cannot be used to judge remedial effectiveness for these two soils.
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Leachability and Soil Quality Health

• Soil health testing 
performed by A&L 
Canada Laboratories

• Synthetic 
precipitation 
leachability 
procedure (SPLP) 
performed by ESG
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Leachability and Soil Quality Health
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Key Operational Parameters

• Evaluation of success across multiple scales 
(PBM, HBM, industrial) has allowed for 
identification of key parameters

• PFAS destruction and fluoride recovery is 
highest with:
– Dry soil
– KOH amendment

• Upcoming work is being performed to 
optimize additional operational parameters
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Conclusions

• Success at the industrial scale more conclusively confirmed on 
simpler samples.

• Results identify KOH plays a key role in enabling destruction of 
polyfluorinated (fluorotelomer) PFAS

• Enhanced analytical protocols, including free fluoride analysis, TOP 
assay, and high resolution mass spectrometry is critical to 
understand extent of degradation, transformation, and destruction 

• Ball milling has shown potential to be a promising technology for 
destruction of PFAS
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Next Steps

• Develop and implement enhanced analytical protocols 
for ongoing ball milling work

• Optimize operational parameters
• Conduct on-site pilot-scale testing
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Questions
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Mechanochemical Destruction via Ball Milling

• Literature reports the destruction of several halogenated organic 
chemicals by planetary ball milling with a co-milling reagent

Planetary ball mill

DDT

PFBS PFHxS

Lindane (HCH)
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Mechanochemical reactions

• Mechanical action promotes reactivity and 
surface chemistry states that are not 
attainable in ambient conditions

Al2KNaO8Si2

MILLING
FRACTURE OF SAND

UNPAIRED 
ELECTRONS

INITIATES 
DESTRUCTIONS

NUCLEOPHILIC 
ATTACK

Figure modified from Cagnetta, Huang and Yu (2018)


