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ABSTRACT: Studies on the destruction of solid per- and
polyfluoroalkyl substances (PFAS) chemicals and PFAS-laden
solid wastes significantly lag behind the urgent social demand.
There is a great need to develop novel treatment processes that can
destroy nonaqueous PFAS at ambient temperatures and pressures.
In this study, we develop a piezoelectric-material-assisted ball
milling (PZM-BM) process built on the principle that ball
collisions during milling can activate PZMs to generate ∼kV
potentials for PFAS destruction in the absence of solvents. Using
boron nitride (BN), a typical PZM, as an example, we successfully
demonstrate the complete destruction and near-quantitative
(∼100%) defluorination of solid PFOS and perfluorooctanoic
acid (PFOA) after a 2 h treatment. This process was also used to
treat PFAS-contaminated sediment. Approximately 80% of 21 targeted PFAS were destroyed after 6 h of treatment. The reaction
mechanisms were determined to be a combination of piezo-electrochemical oxidation of PFAS and fluorination of BN. The PZM-
BM process demonstrates many potential advantages, as the degradation of diverse PFAS is independent of functional group and
chain configurations and does not require caustic chemicals, heating, or pressurization. This pioneering study lays the groundwork
for optimizing PZM-BM to treat various PFAS-laden solid wastes.
KEYWORDS: piezoelectric material, mechanochemistry, ball milling, PFAS, sediment

■ INTRODUCTION
Per- and polyfluoroalkyl substances (PFAS) are synthetic
chemicals used since the 1940s.1 Their ubiquitous presence in
the environment, significant toxicity, and persistence have
garnered rapidly growing public concerns.2 Even so, the
production and use of legacy PFAS, such as perfluorooctane-
sulfonate (PFOS) and perfluorooctanoic acid (PFOA), have
not been eliminated globally.3 Some alternative PFAS being
manufactured have already shown toxicity and are facing
forthcoming bans.4,5 Therefore, the cycle of “alternative
development−assessment−elimination” is a long-lasting effort
that will lead to the continuous production of obsolete PFAS
stockpiles. The treatment of these chemical stockpiles is
extremely challenging due to the large quantity and high
concentration/purity. After entering the environment, PFAS
can accumulate in solid environmental matrices (i.e., sediment
and soil).6,7 Treatment of solid waste represents another
challenge: the selective destruction of PFAS at lower
concentrations (compared with pure chemicals) in complex
solid matrices.
Landfill and incineration are two contemporary solutions for

the disposal of PFAS-laden solid waste. However, landfill
disposal cannot stop the re-entry of PFAS into the environ-

ment. Incineration was identified as another interim technol-
ogy, as it can completely decompose PFAS.8−10 However, the
volatilization of parent PFAS and the emission of organo-
fluorine products or perfluorinated carbons (PFCs) are still
under investigation.11,12 More importantly, the public has
expressed concerns about PFAS incineration.13 The research
on the destruction of solid-state PFAS is significantly lagging
behind urgent social demands and environmental needs. It is in
the embryonic stage compared with the enormous efforts spent
treating PFAS in water and wastewater.
Nonincineration approaches for the disposal of solid-state

PFAS include ball milling (BM), hydrothermal liquefaction,
and base-assisted decomposition.14−16 Among these technol-
ogies, only BM can be operated at atmospheric temperatures
and pressures to treat solids directly without solvents. To date,
the destruction of selected pure PFAS compounds (PFOS,
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PFOA, 6:2FTS, etc.) has been demonstrated using different
comilling reagents (CaO, KOH, Al2O3, La2O3, ferrate,
persulfate, and SiO2).

17−23 KOH is the only comilling reagent
that achieved ∼90% conversion of fluorine on PFOS to F−.17,24

Although these pioneering works laid the technical ground-
work, the remaining challenges must be addressed: (1) The
KOH-assisted ball milling (KOH−BM) process requires
excessive chemical doses.17,22 The treated caustic solid needs
to be amended before discharge/reuse. (2) Environmental
humidity and moisture cause the agglomeration of KOH
powders and consequently retarded reactions.17,23 (3) Most
studies have been limited to treating pure PFAS chemicals,
although recently, it was implemented for treating PFAS-
spiked sand and contaminated soils.23,25

There is a great need for alternative comilling reagents that
could be as efficient as KOH in PFAS destruction and
defluorination yet eliminate all the associated limitations. In
this study, we report a groundbreaking piezoelectric material-
assisted BM (PZM-BM) process that demonstrates effective
destruction and near ∼100% defluorination of gram-level solid
PFOS and PFOA. More importantly, the new process yielded a
promising performance in treating PFAS-contaminated sedi-
ment.

■ MATERIALS AND METHODS
All chemicals were used as received and are described in Text
S1. The ball milling treatment tests were performed on a
planetary ball mill (PQ-N04, Across International). PFAS
chemical powders or PFAS-laden sediment collected from the
Schriever Air Force Base (Colorado Springs, CO) were mixed
with comilling reagents (hexagonal boron nitride or KOH) in
jars (100 mL) filled with balls made of stainless steel (SS) or
zirconium (Zr). The jars were rotated at 580 rpm. Solid
samples were taken from the jar at different intervals and
subjected to solvent extraction, as detailed in Text S2, to
analyze PFAS, fluoride, and other chemical components.
Sample extraction, quality control, and PFAS analysis by liquid
chromatography coupled to a triple quadrupole mass
spectrometer (LC-MS/MS) are depicted in Text S3 and S4.
Comilling reagents, alone or mixed with PFAS, were
characterized by piezoelectric, infrared, and X-ray-based
techniques as described in Text S5.

■ RESULTS AND DISCUSSION
Ball Milling Activation of Piezoelectric BN. The

reported KOH−BM processes use BM to promote the
nucleophilic substitution of OH− to the carbon backbone of
PFAS.17,26 The PZM−BM process we developed operated on a
different principle and was motivated by the fact that PFAS
oxidation is thermodynamically feasible at high redox potential
(>4 VRHE) in aqueous solutions.

27,28 To realize the electro-
catalytic oxidation of PFAS in solid matrices, we envision that
the reaction system requires the solid−solid contact of PFAS
and catalytic materials charged with high potentials.
We, therefore, theorized that piezoelectric materials (PZMs)

are the ideal comilling reagent. PZMs are crystals with
noncentrosymmetric structures. Upon the mechanical impact,
the atomic displacement of PZMs causes a mismatch between
the cation and anion centers, generating a dipole moment
(Figure 1a).29 The cumulative buildup of the dipole moments
creates piezoelectric (PZ) potentials. For instance, applying
stress in the normal direction (direction “3”) results in

polarization in the same direction (known as the 33-mode in
Figure 1a). With these in mind, we hypothesize that ball
collisions acting on PZMs could generate high PZ potentials to
destroy PFAS.
To our knowledge, the PZM−BM process has not been

proposed or explored in the destruction of halogenated organic
contaminants. This is the first study to validate this hypothesis
using hexagonal boron nitride (BN) as a typical PZM. As
revealed in Figure S1, the commercial BN sample has a particle
diameter of 1−3 μm. The analysis of BN by piezoresponse
force microscopy (PFM; Text S5 and Figure S2) gave the PZ
coefficient under 33-mode activation, d33, as 19.4 pm/V
(Figure 1b), which is within the reported range (18−41 pm/
V).30,31

Based on a general model developed for the planetary ball
mill,32,33 we also estimate the radial impact force, FR (N),
produced by the BM process under different jar rotation
speeds (Figure S3). The FR is estimated as 57 N at a jar
rotation speed of 580 rpm. The PZ potential can then be
estimated using the following equation:34

d F Z APZ /33 R 0 r= (1)

where A = 1 × 10−12 m2 is the impact area (assuming the force
acts on a 1 μm × 1 μm square BN), Z is the depth of the BN
flake normal to the impact direction (30 nm, Figure S1), ε0 is
the permittivity (8.85 × 10−12 F/m), and εr = 3.5 is the relative
dielectric constant of BN.35

Surprisingly, the theoretical calculation gives a high PZ
potential of ∼3000 V. If the midpoint of the PZ potential is
arbitrarily set as the Fermi level of BN (−3.6 VRHE), then the
3000 V is composed of −1504 VRHE cathodic potential and
1496 VRHE anodic potential. The latter value readily surpasses
the 4 VRHE criteria for PFAS destruction. Note that the
calculated value represents the ideal scenario in which a ball
hits a single BN flake at the maximum impact velocity. The
actual time-averaged PZ potential in a mixed powder system
might vary. The real-time characterization of powders in a fast-
moving jar is very challenging, so this calculated value cannot
be verified in this study. However, the above calculations
indicate that there may be unparalleled redox capability of BN
unleashed by BM activation.

Figure 1. (a) Principle of the piezoelectric effect. A PZM crystal
contains cations and anions. The overall charge of a unit cell is
neutral. Upon mechanical strain-induced deformation, the cations
move downward while the anions move upward. The dislocation of
positive and negative charge centers results in negative and positive
net charges on the top and bottom of the crystal unit cell, respectively.
(b) PFM analysis of the piezoelectric response of BN under a force
impact in the normal direction.
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BN−BM Destruction and Defluorination of PFAS
Chemicals. We first validated the efficacy of BN−BM in the
destruction and defluorination of PFOA and PFOS solid
powders. Briefly, BN powders were mixed with PFOA or
PFOS and milled at 580 rpm. The [BN] vs [F on PFAS] molar
ratio was optimized as 5:1 (Figures S4a and S5a). Solid
samples were ultrasonically extracted by solvents to quantify
PFAS and F−. As shown in Figure 2, PFOA and PFOS were
readily destroyed after 1 h. Fluoride was gradually released as
one of the final products. The defluorination efficiency (DeF
%) was calculated as

m nDeF% F /( ) 100%0= [ ] × × (2)

where [F−] is the fluoride molar mass detected in the
extraction solution. m0 is the molar mass of PFAS added to the
jar, and n is the number of fluorine atoms on a PFAS molecule.
It is critical to highlight that, for the first time, near-quantitative
defluorination (i.e., DeF% = ∼100%) of PFOS and PFOA was
achieved after 4 h of treatment. As a comparison, the best
performing KOH−BM approach could not achieve complete
defluorination of PFOS, and the DeF% is between 80% and
90%.17,24

To unbiasedly compare the performance of two comilling
reagents, we conducted parallel treatment of PFOA and PFOS
using KOH−BM and BN−BM approaches. The [reagent] vs
[F−PFAS] molar ratio was set as 5:1 for all reactions. The
treatment was performed for 1 h. As shown in Figures S4b and
S5b, the BN−BM process (100% destruction and 80% DeF%)
outperformed the KOH−BM process (70% destruction; 40−
50% DeF%).
Accompanied by the destruction of the parent PFAS,

shorter-chain intermediates were produced and then de-
stroyed. These results imply that the BN−BM treatment

performance is independent of chain length. To exclude the
contribution of metal debris (leached from SS balls) to the
reaction, we used Zr balls at an equivalent total weight to
substitute SS balls in the BN−BM treatment. An identical
performance on PFOA and PFOS destruction and defluorina-
tion was observed (Figure S4c and S5c), suggesting that BN is
the only active reagent.

Treatment of PFAS-Laden Sediments. The BN−BM
process was further applied in treating PFAS in sediment. Of
the 30 PFAS included in the LC−MS/MS method, 21 PFAS
were detected in sediment (Table S2). The sediment was
subjected to BN−BM treatment. With the increased treatment
time, the gradual destruction of perfluoroalkylcarboxylic acids
(PFCAs), perfluoroalkanesulfonic acids (PFSAs), and 6:2
fluorotelomer (FTS) was observed (Figure 3). The degrada-
tion kinetics are independent of chain lengths and config-
urations (branched vs linear). About 80% of the measured
PFAS were removed after a 6 h treatment. Higher destruction
efficiencies were obtained by extending the treatment to 10 h.
As a comparison, the sediments were also treated by the
KOH−BM process at a KOH dose equal to that of BN (20
mmol). Much slower PFAS destruction kinetics was observed
compared with the BN−BM process, as the 6 h removal
efficiencies for PFCA and PFSA are only 19% and 24%,
respectively (Figure S6).
The ∼80% destruction of PFAS after a 6 h treatment shown

in Figure 3 should generate 15.1 μmol of F−. Surprisingly, a
much higher net yield of 37.2 μmol of F− was detected in
sediment after BN−BM treatment (Table S3). The sediments
are impacted by aqueous film-forming foam (AFFF). There-
fore, the presence of PFAS precursors beyond the 21 target
PFAS detected is expected, leading to greater fluoride yield
after destruction. Analyses combining combustion ion

Figure 2. Destruction of (a) PFOA and (c) PFOS and formation of shorter-chain intermediates. Near-quantitative defluorination of (b) PFOA and
(d) PFOS after ball milling treatment. The molar ratio of [BN] vs [F on PFAS] was set as 5:1. Specifically, 19 mmol of BN was mixed with 0.23
mmol of PFOA. For PFOS treatment, 0.23 mmol of PFOS-K was amended with 21 mmol of BN. The jar rotation speed was 580 rpm.
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chromatography (CIC) and ion chromatography (IC) show
that sediment contains 70 μmol total organic fluorine (TOF)/
g sediments (Table S3). A 6 h BM treatment by BN and KOH
can destroy 26% and 20% of TOF, respectively. These results
highlight the promise of the BN−BM process in destroying
fluorocarbons that are not included in the analytical methods.
They also reveal that the overall reduction of TOF is a steep
challenge, which should be addressed in future studies.
Note that the moisture content of sediment is 7.8%

(measured gravimetrically by oven-drying the sample at 105
°C for 24 h). Although the impact of moisture will be
investigated in the forthcoming studies, the current results
suggest that the BN−BM process has a higher water resistance
than KOH−BM (Figure S7). Another significant advantage of
BN−BM over KOH−BM is that BN−BM does not produce
caustic solid waste. The extract solution (40 mL of H2O to
extract 2 g of sediment) derived from sediment treated by
BN−BM has a pH of 9.9, which is significantly lower than that
(pH 14.2) of sediment derived from KOH−BM (Table S3).

Mechanism Investigation. We believe the BN−BM
destruction of PFAS follows the piezoelectric oxidation
pathway based on the following: (1) BN can generate ∼kV
PZ potentials upon the ball collision. (2) BN, as a neutral
chemical, cannot induce electrophilic OH− substitution of
PFAS. (3) Radicals could be generated at high PZ potentials,
but they should not be the dominant contributor to PFOA and
PFOS destruction due to their high resistance to radical attack.
(4) Reductive species (if any) should be readily quenched by
air in the mill jar headspace. (5) The jar temperature remained
<40 °C, and the BM destruction of PFAS did not occur
without comilling reagents (data not shown), excluding the
possibility of thermolytic destruction. (6) The formation of
short-chain intermediates following the −CF2− elimination
pathway was observed, identical to the patterns in electro-
chemical oxidation reactions.36,37 Combining the current
experimental results with the knowledge gained from electro-
chemical oxidation studies, we hypothesize that PFAS lose
electrons to BN charged with high PZ potentials via a direct
electron transfer mechanism to form fluoroalkyl radicals, which
were oxidized by either oxygen or radicals (upon validation in
the following studies) to form short-chain carboxylates. The
steps were repeated until complete mineralization.
The BM process generated crystal defects on the BN, as

evidenced by the reduced X-ray diffraction peak intensity

(Figure S8). The Fourier-transform infrared spectroscopy
(FTIR) characterization of the BN + PFOA mixed powder
sampled during BM treatment supports the destruction of C−
F and carboxylate groups (Figure S9). Further, the IR peaks
associated with the bulk B−N bond remain intact, while those
for the edge B−N−B structure were distorted after BM.
When 19 mmol of BN alone was milled for 2 h and then

extracted by deionized (DI) water, 2.3 mmol of ammonia
nitrogen (NH3−N) was detected in the extraction solution
(Table S3). Combined with the FTIR observation, these
results suggest that the BM impaired edge B−N moieties,
which were hydrolyzed by water. The N-sites were converted
to NH3−N. The adjacent B-sites should be concomitantly
dissolved. When BN and PFOA were comilled for 2 h, XPS
analysis indicated the possible formation of B−F and N−F
bonds (Figure S10). Moreover, more NH3−N (9.3 mmol) was
detected in the extraction solution than when BN was milled
alone.
The investigations above provided critical mechanistic

insights: (1) PFAS contacts with BN were destroyed under
high PZ potentials. (2) The F− ions released from the
destroyed PFAS chemically bind on the out-of-plane B- and N-
sites, changing them from sp2- to sp3-hybridized. Such binding
mechanisms have been extensively documented on fluorinated
BN.38−40 (3) After extraction by water, the fluorinated B- and
N-sites, along with other edge B−N structures impaired by
BM, are hydrolyzed to NH4

+/NH3 (pKa = 9.26), H3BO/
H2BO3

− (pKa1 = 9.15), and F− (Figure S11). The F− ions are
readily extractable from BN, which explains the ∼100%
fluoride recovery in PFOA and PFOS destruction.
It is important to highlight that BN, like many PZMs, is a

semiconductor. Previously, BN was reported to be reactive for
PFOA degradation in aqueous photocatalytic reactions.41

However, there is no evidence that BN as a photocatalyst
can destroy PFSAs (e.g., PFOS). We herein successfully
demonstrate that the BN activated by BM could destroy
PFSAs. The results imply that mechanochemical activation
could bestow BN and possibly other PZMs with a stronger
redox capability beyond the photocatalytic route. The broader
impact of this pioneering study is validating the superior
performance of the piezoelectric BM process in treating PFAS
in sediments. The proof-of-concept strikes out various new
paths for the following fundamental investigations on other
piezoelectric materials and new applications for treating PFAS-
laden solid wastes (soil, commercial products, sorbents, etc.).
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Figure 3. Destruction profiles for (a) PFCAs and (b) PFSAs/FTS in
sediment with BN as the comilling reagent. Specifically, 2 g of
sediment was amended with 20 mmol of BN. The jar rotation speed
was 580 rpm.
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