
Environmental Science
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ju

ne
 2

02
3.

 D
ow

nl
oa

de
d 

on
 3

/9
/2

02
6 

6:
52

:4
4 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Mechanochemic
aCentre for Green Chemical Science, Univers

E-mail: j.sperry@auckland.ac.nz
bSchool of Chemical Sciences, University of
cEnvironmental Decontamination (NZ) Lim

kapish@edl-asia.com
dOffice of Research and Development, U.S. E

Triangle Park, North Carolina, USA
eThe MacDiarmid Institute for Advanced Ma

New Zealand

† Electronic supplementary information (
details, PFAS analysis, non-target produc
curves. See DOI: https://doi.org/10.1039/d

Cite this: Environ. Sci.: Adv., 2023, 2,
982

Received 21st April 2023
Accepted 4th June 2023

DOI: 10.1039/d3va00099k

rsc.li/esadvances

982 | Environ. Sci.: Adv., 2023, 2, 982
al destruction of per- and
polyfluoroalkyl substances in aqueous film-forming
foams and contaminated soil†
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and Jonathan Sperry *ab

Per- and polyfluoroalkyl substances (PFASs) are a class of synthetic chemicals of concern that exhibit extreme

persistence within the environment and possess physicochemical properties that are resistant to targeted

degradation. Comprising substantial concentrations of PFASs, aqueous film-forming foams (AFFFs) present

a major exposure pathway to the environment having been applied to land at firefighting-training sites

globally for decades. This has led to significant contamination of environmental media. Herein, we

demonstrate that mechanochemical destruction (MCD) is an effective method for the destruction of PFASs

in an AFFF concentrate and an authentic sample of PFAS-contaminated soil derived from

a decommissioned firefighting training facility. Both targeted analysis and non-targeted analysis were used

in this study to evaluate the degradation of PFASs in complex substrates during MCD treatment.

Destruction efficiencies of target PFAS subgroups ranged from 99.88% to 100%. The only additive

employed for MCD treatment was quartz sand, which was used only for the liquid AFFF sample, with no

additives required for the destruction of PFASs in the contaminated soil. This confirms the viability of MCD

for both the remediation of PFAS-contaminated land and the destruction of stockpiled AFFFs.
Environmental signicance

The burden of resolving the environmental issues associated with widespread industrial and commercial use of per- and polyuoroalkyl substances (PFASs) is
enormous. PFASs are extremely persistent upon release to the environment and are associated with negative health effects. The high stability of these industrial
chemicals makes destruction challenging and technologies capable of scaling to a level required to treat PFAS-impacted soil and legacy stockpiles such as
aqueous lm-forming foams (AFFFs) are urgently required. Herein, we report an effective mechanochemical technique that can achieve high rates of PFAS
destruction (>99%) for AFFF concentrates and contaminated soils. This scalable process will likely nd utility as an effective destruction technique for PFASs in
real-world samples.
Introduction

Following the discovery of PFASs in animal tissue samples by
Giesy and Kannan in 2001,1 as well as subsequent research
which identied PFASs in human sera,2 there have been
a multitude of studies focused on the environmental impact
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and occurrence of this class of extremely persistent pollut-
ants.3,4 An imperative aspect of applied environmental research
is the identication, assessment, and implementation of treat-
ment technologies capable of destroying PFASs in former
commercial products (e.g., AFFF concentrates) and real-world
impacted matrices (e.g., soil).5,6 To this end, the availability of
bona de treatment techniques is extremely limited, especially
for processes that can effectively destroy PFASs at an industri-
ally relevant scale. As such, international environmental regu-
lators are exploring conventional and innovative technologies to
deal with global PFAS issues, especially AFFF concentrate
stockpiles and AFFF–contaminated soils.7,8

Research to date has indicated that PFAS sources are
extremely varied, however, one of the major pathways of
contamination in the environment is associated with the
decades-long use of AFFFs at military and aviation reghting
training facilities.3,9,10 The use of AFFFs at these sites has
inherently led to two major problems: (1) the lack of
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d3va00099k&domain=pdf&date_stamp=2023-07-01
http://orcid.org/0000-0002-3858-3761
http://orcid.org/0000-0002-9335-1074
http://orcid.org/0000-0002-3626-7618
http://orcid.org/0000-0001-7288-3939
https://doi.org/10.1039/d3va00099k
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3va00099k
https://pubs.rsc.org/en/journals/journal/VA
https://pubs.rsc.org/en/journals/journal/VA?issueid=VA002007


Paper Environmental Science: Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ju

ne
 2

02
3.

 D
ow

nl
oa

de
d 

on
 3

/9
/2

02
6 

6:
52

:4
4 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
environmentally sound AFFF disposal technologies makes it
difficult to safely arrange for the disposal of stockpiled AFFF;
and (2) heavily contaminated soils that have the potential to
leach PFASs into groundwater creating a public health hazard.
Such issues are further compounded by the wide range of AFFF
formulations that have been used over several decades, with
these AFFF concentrates comprising varying proportions of
proprietary PFASs, solvents, and other surfactants.11

The exact composition of any given AFFF product is pro-
tected, usually by patents, product trademarks, and trade-
secrets.12 In most cases, the ambiguous ‘uorosurfactant’
classication that appears on AFFF manufacturer labels are
largely precursor substances that transform into recalcitrant
PFASs within the environment. For example, precursor
compounds commonly used in historic AFFF concentrate
formulations included 8 : 2 uorotelomer alcohol and per-
uorooctane sulfonamide which can transform to per-
uorooctanoic acid (PFOA) and peruorooctane sulfonic acid
(PFOS), respectively.13 Additional PFAS precursor subgroups
include uorotelomer sulfonates (FTSs), uorotelomer
sulfonamide betaines, uorotelomer sulfonamide amines,
and other per- or polyuorinated compounds.9,11,14 Therefore,
AFFF-contaminated sites typically have a wide variety of
PFASs present in the soil and groundwater, some of which
have transformed biotically or abiotically into their
environmentally-stable ‘end-products’ that cannot be broken
down further by natural processes (e.g., PFOA, PFOS).9,14 For
these reasons, suitable destruction technologies for PFASs in
AFFF products or AFFF-impacted matrices must have the
capability to destroy the sum total of PFASs due to the pres-
ence of unknown precursors in AFFF products, as well as
environmentally persistent end-products in AFFF–impacted
soil.

We have recently studied the degradation of per-
uorosulfonic acid (PFSA) standards under mechanochemical
destruction (MCD) conditions on quartz sand, which high-
lighted the radical-mediated degradation pathway of these
compounds ultimately resulting in the formation of stable Si–
F bonds embedded in the silica matrix.15 Other studies have
also established the effectiveness of MCD to destroy a variety
of topical persistent PFASs under laboratory conditions.16–21

This degradative phenomenon can be explained by the
mechanical activation of the matrix and the generation of
highly reactive surface sites on freshly formed surfaces which
initiate and propagate the mineralisation of organic
substances, such as PFASs.22–25

To the best of our knowledge, there are only three available
studies where researchers demonstrated the ability of the MCD
technique to destroy PFASs in real-world contaminated soils26,27

or sediments.28 All three studies used potassium hydroxide
(KOH) to enhance PFAS destruction during MCD treatment,
with one group using the piezoelectric material, boron nitride
(BN). It should be noted that using KOH as a grinding agent for
PFAS-impacted solids will likely lead to detrimental side-effects
when establishing scale-up parameters: the MCD process is
known to generate harmful potassium uoride (KF) when KOH
is used, and the end product would have a very high pH
© 2023 The Author(s). Published by the Royal Society of Chemistry
requiring specialist handling. It is likely that both KOH and BN
would be prohibitively expensive co-milling agents for the
treatment of contaminated environmental matrices at any
meaningful scale beyond the laboratory.

The principal objective of the research described herein was
to carry out a proof-of-concept case study to determine whether
the degradative mechanisms observed in previous fundamental
research also apply to PFAS-containing products (e.g., AFFF
concentrates) and PFAS-impacted solid matrices (e.g., AFFF–
contaminated soil), without the use of unfeasible co-milling
agents. Furthermore, we are not aware of any targeted studies
that apply the MCD technique for the destruction of PFASs in
commercial AFFF products as a potentially scalable treatment
method for obsolete foam concentrate stockpiles. Hence, there
exists signicant literature gaps related to the feasibility and
technical capability of MCD to treat PFASs in real-world prod-
ucts and impacted matrices.

Materials and methods
Chemicals and reagents

Tridol S3, a commercial C6 AFFF concentrate manufactured by
Angus Fire (UK), was sourced from the New Zealand Defence
Force (NZDF). High purity quartz sand (99.2% SiO2) was sourced
from Sigma Aldrich for use in AFFF treatment trials. The AFFF–
impacted soil was provided by the NZDF, originating from
a contaminated military site in regional New Zealand.

Non-targeted analysis of AFFF concentrate

Prior to MCD treatment trials, elementary non-target high reso-
lutionmass spectrometry (HRMS) was employed to determine the
PFAS/uorosurfactant component(s) of the AFFF concentrate.
The AFFF was dissolved in methanol at 3 mL mL−1 and directly
infused into a quadrupole time-of-ight (QToF) mass spectrom-
eter. A Bruker MicrOToF-QII system at the University of Auckland
was used for qualitative analysis, equipped with ESI and operated
in negative ion mode, with a resolution of 20 000. Bruker Data-
Analysis soware (version 4.1) was used for data processing. The
NIST PFAS Suspect List and analytical chemistry literature were
used for the screening of suspect ions.11,12

Mechanochemical processing

2.5 mL of the as-received Tridol S3 AFFF concentrate was
pipetted directly onto 25 g of quartz sand to prepare a solid
mixture for mechanochemical milling. No pre-conditioning of
the AFFF concentrate was conducted. The AFFF–quartz sand
mixture was placed into a stainless-steel cylindrical milling
vessel with an internal volume of 500 cm3. Twenty stainless steel
balls (15 mm diameter, 13.5 g each) were also placed into the
vessel with the AFFF–spiked quartz sand and sealed with
a stainless-steel lid. A Retsch PM100 planetary ball mill (Ger-
many) was used for all mechanochemical experiments. The ball
mill rotational speed was set to 425 rpm and operated for
various time intervals from 15 minutes up to 1440 minutes. A
custom milling program was set to switch the direction of the
vessel rotation every 15 minutes for the specied time of the
Environ. Sci.: Adv., 2023, 2, 982–989 | 983
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trial run to avoid caking on the internal walls of the milling
vessel. Each data point was generated from a discrete trial run.
All experimental runs were conducted under ambient temper-
ature, pressure, and humidity. The overall milling procedure for
the AFFF–contaminated soil was similar to the AFFF–quartz
sand trials, except that 25 g of dried AFFF–contaminated soil
was placed directly into the milling vessel (i.e., pre-mixing with
an AFFF concentrate was not required). Additional details are
provided in the ESI.†
Targeted analysis of AFFF–spiked quartz sand and PFAS-
contaminated soil

Liquid chromatography tandem mass spectrometry (LC-MS/MS)
analysis of all samples was conducted by Analytica Laboratories
Limited (New Zealand). Samples were extracted for analysis using
a method based on EPA method 537.1, ISO 25101, and ASTM
method D7968-17a. In summary, 0.1 g of sample was weighed
into a 50 mL polypropylene centrifuge tube and 10 mL of 1%
ammonia in methanol was added. The solution was sonicated
for 60 min, then 0.6 mL of 50% acetic acid in water was added
and the solution was sonicated for a further 15 min. Aer
centrifugation, 0.1 mL of the extract was added into a poly-
propylene high pressure liquid chromatography (HPLC) vial
containing 0.9 mL of 50% methanol in water and was analyzed
by LC-MS/MS. While other PFASs were almost certainly present
in the AFFF concentrate and impacted soil, targeted analysis by
LC-MS/MS was deemed to be the most suitable primary analyt-
ical technique for this exploratory study as the results quantita-
tively assessed the degradation of key topical PFASs, including
peruorosulfonic acids (PFSAs), peruorocarboxylic acids
(PFCAs), and FTSs. The PFASs listed on Table S1 of the ESI† were
tracked for the determination of the overall PFAS content in the
AFFF concentrate and the contaminated soil. Extractable organic
uorine (EOF) analysis was also employed in this work. Further
EOF details are provided in the ESI.†
Fig. 1 Structures of PFASs of interest identified in Tridol S3 by QToF
HRMS: (a) 6 : 2 FTSAS, (b) 6 : 2 FTSAS sulfoxide, and (c) 6 : 2 FTS.
Results and discussion
Destruction efficiencies for PFASs in AFFF spiked onto quartz
sand

The general properties of the Tridol S3 AFFF concentrate are
shown in Tables S2 and S3 of the ESI.† Tridol S3 is primarily
comprised of water, with 1% to 5% PFASs/uorosurfactants and
about 15% to 20% nonuorinated organic compounds. Prior to
commencing the MCD trials, the Tridol S3 was analysed by
QToF high resolution mass spectrometry (HRMS) to qualita-
tively identify the major PFAS components present in the
proprietary AFFF concentrate blend. The most abundant
compounds were two related PFASs: 6 : 2 uo-
rotelomermercaptoalkylamido sulfonate (FTSAS) and 6 : 2
FTSAS sulfoxide. These PFASs have been previously identied as
major components of various AFFF concentrates, including
Tridol S3.12,29 6 : 2 FTS was detected by both QToF HRMS and
LC-MS/MS. The structures of these substances are shown in
Fig. 1, and their putative identication is provided in Table S4.†
The relative abundance of 6 : 2 FTS in comparison to its likely
984 | Environ. Sci.: Adv., 2023, 2, 982–989
precursor compounds (6 : 2 FTSAS; 6 : 2 FTSAS sulfoxide) was
approximately 5%. While not quantitative, this indicative value
conveys the variable uorosurfactant content related to the
proprietary mixture of the Tridol S3 AFFF concentrate.

LC-MS/MS was used to evaluate the concentration of 35
target PFAS analytes, or analyte groups, in the AFFF–spiked
quartz sand samples that were discretely milled up to 1440 min.
The three major PFAS subgroups that were identied and
quantitatively tracked during the MCD process were FTSs,
PFCAs, and PFSAs, with FTSs making up the majority of PFASs
detected in the samples.

The sum concentration of target PFASs in the initial sample
was 22.72 mg kg−1, increasing to a maximum concentration of
41.96 mg kg−1 in the 60 min sample, as shown in Fig. 2. Once this
maximum was reached, rapid degradation of PFASs ensued.
Unless otherwise stated, the dashed lines presented in this study
are for visualization of degradation curves only. The substantial
increase in the total PFAS concentration of target compounds was
most likely associated with the degradation of precursor non-
target PFASs into target substances which could be quantita-
tively assessed by LC-MS/MS. For example, the C–S bonds of the
functional group heads for 6 : 2 FTSAS and 6 : 2 FTSAS sulfoxide in
the Tridol S3 were likely cleaved, resulting in the degradation of
these substances into 6 : 2 FTS which could in turn undergo
parallel chain shortening reactions, as described in our previous
study.15 The destruction efficiency (DE) of SPFAS was 99.99% aer
960 min milling time, following approximately rst-order kinetics
aer the initial increase.

The degradation progression of each PFAS subgroup was
diverse, though the trend of SPFAS degradation was generally
followed. The nal DEs for each subgroup was 99.99% for
FTSs, 99.88% for PFCAs, and 100% for PFSAs. These trends
are comparable to the effective destruction rates of PFAS
standards observed in our previous study, using a similar
mechanochemical setup and procedure.15
© 2023 The Author(s). Published by the Royal Society of Chemistry
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6 : 2 FTS, which was the most abundant target PFAS in the
AFFF concentrate that could be quantitatively tracked, had a DE
of 99.99% at the culmination of the milling process (Fig. 3a). 4 :
2 FTS and 8 : 2 FTS were also present in the AFFF concentrate,
both achieving a DE of 100% upon extended mechanochemical
treatment.

All PFCAs reached a DE of 100% by 960 min, excluding
peruorohexanoic acid (PFHxA) which achieved a maximum
DE of 99.82% by 960 min (Fig. 3b). PFOA, PFHxA, per-
uoropentanoic acid (PFPeA), and peruorobutanoic acid
(PFBA) had the highest initial PFCA concentrations in Tridol
S3. As with the FTS results, PFCAs quickly degraded aer
reaching their respective maximum concentration (Fig. 3b).
Unusually, the concentration of PFHxA, PFPeA, and PFBA
increased aer 480 min, reaching a maximum concentration
at 720 min, followed by degradation. This observation
strongly indicates that these PFCAs were intermediate prod-
ucts associated with the degradation of target (e.g., 6 : 2 FTS)
and non-target PFAS (e.g., 6 : 2 FTSAS, 6 : 2 FTS sulfoxide).

While only trace concentrations of PFSAs were detected by
LC-MS/MS, their inclusion in the overall degradation prole was
warranted due to their particularly recalcitrant properties. Both
Fig. 2 Degradation curves of SPFAS and PFAS subgroups for the
AFFF–spiked quartz sand.

Fig. 3 Degradation curves of target (a) FTSs, (b) PFCAs, and (c) PFSAs de

© 2023 The Author(s). Published by the Royal Society of Chemistry
peruorohexane sulfonic acid (PFHxS) and PFOS achieved a DE
of 100% by 120minmilling time (Fig. 3c). While PFHxS revealed
degradation-only kinetics, PFOS showed formation and degra-
dation kinetic progression, suggesting that PFOS was an inter-
mediate product of other non-target precursor PFASs. Larger
graphical versions of individual PFAS degradation curves are
shown in Fig. S1–S3 of the ESI.†

Overall, the concentration changes of compounds quantied
by LC-MS/MS indicated the degradation of target PFASs during
MCD treatment. The reproducibility of PFAS destruction was
investigated during the preliminary stages of the method
development process where replicate samples were milled
under identical mechanochemical conditions, achieving
destruction efficiencies within a reasonable margin. EOF anal-
ysis revealed a 97.8% reduction of non-target PFAS content in
the AFFF–quartz sand matrix aer MCD treatment (Fig. S4†).
While optimization of the MCD technique at benchtop scale
was not undertaken as part of this study, this work provides
a compelling case for the potential of mechanochemical tech-
niques to address AFFF stockpiles.

As a comparison to the results presented in this work, Battye
and colleagues recently conducted MCD experiments that
employed signicantly lower AFFF spiking concentrations on
nepheline syenite sand in order to simulate the capabilities of
the MCD technique to process an ‘ideal’ AFFF-impacted
matrix.27 It is important to make the distinction that one of
the goals of the current study was to carry out AFFF–quartz MCD
experiments as part of a higher level proof-of-concept project to
determine the feasibility for MCD to treat AFFF stockpiles, not
just contaminated matrices with relatively low concentrations
of PFASs. When using horizontal balls mills (1 L volume), Battye
and co-workers observed comparatively lower destruction rates:
the total destruction achieved for 6 : 2 FTS was 23% with no
KOH and 91% when KOH was used as a co-milling agent.27

While the exact details of the mechanochemical setup and
operating conditions were not disclosed, it is well known that
small horizontal ball mills are generally lower energy systems
that do not impart the same ball-to-ball and ball-to-surface
collision intensities as planetary ball mills.30,31 Thus, the
termined by LC-MS/MS in the AFFF–spiked quartz sand.

Environ. Sci.: Adv., 2023, 2, 982–989 | 985
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mechanical activation of the solid matrix would have been
signicantly reduced, which would in turn negatively affect the
destruction of target PFAS in the matrix, unless a strong Lewis
base (e.g., KOH) was used as a co-milling agent.

The use of quartz sand in the work described herein
demonstrates the effectiveness of an easily accessible, inex-
pensive, and inert co-milling agent for the non-thermal treat-
ment of AFFF concentrate stockpiles. It is envisaged that these
results will inform ongoing optimisation research and scale-up
activities with suitable industry partners that have developed
full-scale mechanochemical systems that impart the requisite
intensity of ball-to-ball and ball-to-surface collision points in
large continuous-ow vessels.23,32,33
Fig. 4 Degradation curves of SPFAS and major PFAS subgroups
detected in the milled AFFF–impacted soil samples.
Destruction efficiencies for PFASs in AFFF–contaminated soil

The PFAS-contaminated soil used in this study was derived from
a decommissioned NZDF reghting training facility,
comprising a sandy matrix with a low to moderate level of
organic matter. An untreated sample was analysed for a general
suite of chemical and physical soil properties, shown in Table
S5 of the ESI.† The untreated soil was also analysed by LC-MS/
MS to determine the starting concentration for each target PFAS
which was tracked during subsequent MCD trials. While other
organic pollutants were likely present in the sample, these were
not included in the analysis. Baseline concentrations revealed
that the major PFAS subgroups present in the soil were FTSs,
PFCAs, PFSAs, and peruoroalkane sulfonamides (FASAs)
(Table S6†). This study evaluated the concentration changes of
target PFASs in contaminated soil subsamples that were
discretely milled up to 1440 min. The degradation curves of
total PFAS and the major subgroups are shown in Fig. 4.

The sum concentration of target PFASs in the starting soil
sample was initially 0.56 mg kg−1, increasing to a maximum
concentration of 0.99 mg kg−1 upon 60 min of mechanochem-
ical treatment. In line with the explanation given for the AFFF–
spiked quartz sand, the considerable increase in the total PFAS
concentration of target compounds was due to the degradation
of precursor non-target PFASs into target substances which
could be quantied by LC-MS/MS.

The degradation progression of each PFAS subgroup
produced variable and irregular concentration curves compared
to one another. Nevertheless, all PFAS subgroups were below
the limits of detection for the analytical method used in this
study by 1440 min mechanochemical treatment.

8 : 2 FTS was themajor FTS compound in the AFFF–impacted
soil sample. 6 : 2 FTS was also present in the soil sample at
signicant concentrations, while 4 : 2 FTS was detected at trace
concentrations only. The concentration of 8 : 2 FTS and 6 : 2 FTS
increased considerably upon 60 min of MCD treatment, aer
which they both began to slowly degrade before more rapid
degradation via approximately rst-order kinetics (Fig. 5a).

PFCAs followed two distinct reaction progression pathways.
The rst group revealed initial degradation from 0 min to
240 min followed by a long plateau period up to 960 min, aer
which these substances were completely degraded (Fig. 5b). The
PFCAs in this set comprised short chains like PFBA and PFPeA
986 | Environ. Sci.: Adv., 2023, 2, 982–989
(C4–C5), as well as long chains peruorodecanoic acid (PFDA),
peruoroundecanoic acid (PFUnDA), peruorododecanoic acid
(PFDoDA), peruorotridecanoic acid (PFTrDA), and per-
uorotetradecanoic acid (PFTeDA) (C10–C14). The second
group showed sporadic formation and degradation from 0 min
to 120 min then a sustained formation and plateau period up to
960 min, followed by rapid degradation. The PFCAs that fell
under this group were PFHxA, peruoroheptanoic acid
(PFHpA), PFOA, and peruorononanoic acid (PFNA) (C6–C9),
which were likely degradation products of non-target precursor
compounds of historic AFFFs used at the re-training site.

Several PFSAs detected in the AFFF–impacted soil sample,
with PFOS and PFHxS making up the largest individual
components (Fig. 5c). The degradation of PFOS followed
roughly rst-order degradation kinetics until complete elimi-
nation was observed at 600 min. PFHxS only showed sustained
degradation from 60 min up to 240 min, at which point it could
no longer be detected. Other short chain (C3–C5) and long
chain (C9–C10) PFSAs were also detected at trace concentra-
tions in the contaminated soil sample, though these substances
were rapidly degraded within 15 min upon exposure to MCD
conditions. More detailed graphical versions of individual PFAS
degradation curves for FTSs, PFCAs, and PFSAs in the contam-
inated soil samples are shown in Fig. S4–S6 of the ESI.†

FASAs were also present at very small concentrations in the
contaminated soil sample and revealed degradation-only kinetics
upon mechanochemical treatment (Fig. S7†). The inclusion of
this subgroup was especially justied due to the detection of
peruorooctane sulfonamide (PFOSA), which is a toxic insecticide
and a likely precursor for PFOS, that was completely eliminated
by 360 min mechanochemical milling time.

Apart from the trend observed for C6–C9 PFCAs, the general
kinetic progression for all other PFASs revealed degradation
only reactions once a maximum concentration was observed
within the initial 120 minutes of milling. The sand content of
the soil likely assisted PFAS destruction, due to the formation of
mechanically activated surfaces which facilitate the destruction
process of PFASs during mechanochemical treatment.15
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Degradation curves of target (a) FTSs, (b) PFCAs, and (c) PFSAs determined by LC-MS/MS in the AFFF–contaminated soil.
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Unlike the Tridol S3 AFFF concentrate, the degradation of
PFAS subgroups in the AFFF–contaminated soil was muchmore
complicated, indicating the historic use of multiple AFFFs
which contained an array of precursors that have remained in
the soil or degraded into more recalcitrant by-products over the
years. As with the AFFF concentrate results, LC-MS/MS analysis
provided valuable insight into the degradation of target PFASs
present in the contaminated soil sample. Employing unopti-
mized mechanochemical conditions, very positive results were
still observed, with EOF analysis revealing a 53.5% reduction of
total non-target PFAS content in the contaminated soil sample
following MCD treatment (Fig. S9†). As an aside, we are
currently investigating novel methods for the determination of
organic uorine, with a focus on enhancing sensitivity at low
concentrations in environmental media like soil. However, the
EOF result found in this study represents double the efficiency
of PFAS destruction in comparison to a similar study by Yang
and colleagues in which impacted sediment was treated within
a planetary ball mill.28

Of particular signicance in this work, no co-milling agents
(e.g., KOH, boron nitride) were added to the soil prior to MCD
treatment, unlike comparable studies.26–28 Furthermore, the
results observed here revealed higher DEs for a broader range of
target PFASs when compared to previous studies that usedMCD
for the treatment of PFASs in contaminated soils26,27 and
sediments.28
Conclusions

The observations discussed in this case study highlight two
major high level areas of future research and technology
development of mechanochemical techniques for the treatment
of PFASs in complex solid matrices: (1) utilising a comprehen-
sive targeted and non-targeted analytical regime to provide
holistic insight into the degradation of PFASs during MCD
treatment, and (2) determining the primary operational vari-
ables and matrix properties that inuence the destruction of
PFASs during MCD treatment, which inherently impacts
process scalability.
© 2023 The Author(s). Published by the Royal Society of Chemistry
While assessing the sum total of PFASs in any given sample
is subject to analytical issues (e.g., selectivity versus inclusivity),
the objective of this exploratory work was to provide insight into
the degradation of PFASs during MCD treatment. Given the
wide range of target analytes, EOF results, and the general
trends seen across multiple PFAS subgroups, there is strong
evidence to support the destruction PFASs in both the AFFF
concentrate and the contaminated soil sample.

Based on the observations described in this study, MCD
appears to be an effective treatment technology for PFAS-
containing products as well as PFAS-impacted matrices in
the presence of sand. The nature of the sand is not essential
for the degradation, with sandy soil from the PFAS-impacted
soil matrix as effective as the use of puried quartz sand.
These results highlight that MCD is an indiscriminate
destruction technique for PFASs regardless of variation in
functional group, chain length, uorine saturation, and their
relative concentrations in the matrix. Furthermore, this work
shows that high rates of PFAS destruction can occur during
MCD treatment without the need of impractical co-milling
agents, like KOH and BN; both of which were heavily relied
upon in previous studies to enhance PFAS destruction. These
substances would inherently make scaling the process effec-
tively unfeasible, unlike quartz sand which is easily accessible
globally at a low cost. Volatile uorochemicals were not ana-
lysed for, so the complete mineralisation of constituent PFASs
could not be conrmed and should be a focus of further
studies to ensure that PFASs will not be emitted into the
environment and suitable emission capture systems are
adequately designed. Further avenues of research should also
evaluate the impact of co-contaminants, differences in soil
type, and complex PFAS formulations in AFFFs on the opti-
misation of PFAS destruction (target and non-target) for the
treatment of AFFF stockpiles and PFAS-impacted environ-
mental matrices.
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