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Per- and polyfluoroalkyl substances (PFAS) are persistent, bioaccumulative, and potentially toxic chemicals that
contaminate many water sources. Removing PFAS from water and ultimately degrading them into products that
lack carbon-fluorine bonds will be important for decontaminating water resources. Among numerous emerging
degradation methods, mechanochemical degradation of PFAS by ball milling has proven to be a simple and ef-
ficient method. However, the reaction pathway and final products after defluorination of PFAS have not been
rigorously identified. Herein, we study anionic PFAS degradation by ball milling with alkali hydroxides and iden-
tify its degradation byproducts in the final powders for the first time. The degradation of PFAS occurred when
KOH was used as a co-reagent, and no degradation is observed with LiOH, NaOH, and CsOH. Results showed
degradation of both carboxylic and sulfonated PFAS within 24 h and best KOH:PFAS mass ratio was found to be
approximately 20:1. Ion chromatography, thermogravimetric analysis, and 'H, 13C, and !°F NMR spectroscopy
revealed that milled powders obtained after perfluorocarboxylate degradation consisted of KF, K,COs, and potas-
sium formate. Perfluorinated sulfonates also produced K,SO,. Further, we characterized a byproduct by solid-
state 1°F NMR spectroscopy that contains C,F, functional groups, which was formed during the degradation of
all tested PFAS. The results and underlying methodology in this study will inform decisions on the scalability of

ball milling processes for PFAS destruction, as well as the safe disposal of end products.

Introduction

Methods aimed at degrading of per- and polyfluoroalkyl substances
(PFAS) in aqueous solutions include ultrasonication (Cheng et al., 2010),
plasma (Singh et al., 2019), use of chemical oxidants such as persulfate
(Hori et al., 2005; Parenky et al., 2020), ultraviolet-initiated degrada-
tion using additives such as sulfite (Bentel et al., 2020a; Bentel et al.,
2020Db; Bentel et al., 2019; Song et al., 2013) or iron (Liang et al., 2016),
electrochemical degradation (Le et al., 2019; Schaefer et al., 2015),
photocatalytic degradation (Qanbarzadeh et al., 2020; Sahu et al.,
2018), and many other advanced oxidation and reduction techniques
(Nzeribe et al., 2019). These techniques require large amounts of energy
to break the C-F bonds in PFAS (Bentel et al., 2019). Further, some tech-
niques have limited effectiveness because matrix effects decrease their
efficiency in real water (Cheng et al., 2010; Liang et al., 2016), toxic
byproducts can be generated through side reactions (Trautmann et al.,
2015), and the low concentration of the PFAS in most waters requires
high doses of chemical oxidants/reductants or energy inputs. There-
fore, the treatment of PFAS-impacted waters will necessitate a treat-
ment train approach. Previously tested tandem-mode setups consisted
typically of a separation step (e.g., activated carbon (Crimi et al., 2017;

* Corresponding authors.

Watanabe et al., 2018), ion-exchange (IX) resin (Liang et al., 2018),
biochar (Liu et al., 2019), or nanofiltration (Boonya-atichart et al., 2018;
Soriano et al., 2017) followed by a destruction process applied to the
adsorbents, retentate, and/or regeneration solutions. These methods in-
clude thermal mineralization (Watanabe et al., 2018), zerovalent iron
(Boonya-atichart et al., 2018; Liu et al., 2019), electrochemical oxida-
tion (Liang et al., 2018; Soriano et al., 2017), and activated persul-
fate (Crimi et al., 2017). However, current lab-scale and pilot-scale de-
struction methods could not address the full range of PFAS with differ-
ent chain-length and functional groups (Nzeribe et al., 2019). In addi-
tion, incinerating PFAS adsorbed onto activated carbons is inefficient,
requiring temperatures of 700-1000°C to induce PFAS mineralization
(Watanabe et al., 2018; Watanabe et al., 2016; Xiao et al., 2020). Even at
those conditions, studies suggest that volatile fluorocarbon greenhouse
gases such as CF, or C,F are released during incineration (Shine and
Sturges, 2007; Watanabe et al., 2018; Watanabe et al., 2016). In other
cases, the incomplete incineration of PFAS-contaminated activated car-
bons has resulted in PFAS being discharged into the air and contaminat-
ing nearby communities.

The recent advancements in the development of PFAS-selective ad-
sorbents (Ateia et al., 2019; Ching et al., 2020; Klemes et al., 2020),
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that are regenerable via a simple solvent wash, now offer the possi-
bility of obtaining neat PFAS solids by evaporating the solvent in re-
generation solutions. In addition, PFAS destruction has been reported
using ball milling in the presence of co-reagents (e.g., potassium hy-
droxide, calcium oxide, alumina, sodium persulfate, zero-valent iron)
(Cagnetta et al., 2016; Deng et al., 2020; Wang et al., 2019; Yan et al.,
2015; Zhang et al., 2013). The milling is conducted in the solid phase,
without solvents, at modest temperatures and pressures, which makes it
well suited to destroy neat PFAS samples recovered from PFAS-selective
adsorbents in a treatment train. The main advantage of this approach
is that the end products are finely milled and environmentally innocu-
ous inorganic salts (Cagnetta et al., 2016). Among tested co-reagents,
KOH is a cheap and scalable option that showed efficient degradation
of both carboxylic and sulfonic PFAS (Lu et al., 2017; Yan et al., 2015;
Zhang et al., 2016; Zhang et al., 2013). Although degradation mecha-
nisms have been proposed, the likely reaction pathway and even the
final products of defluorination of PFAS have not been well studied
(Cagnetta et al., 2016; Zhang et al., 2013). This understanding is es-
sential to optimize the mechanochemical degradation conditions and
identify byproducts, especially organofluorine compounds, that might
present environmental or health concerns upon scale-up. Here we probe
the degradation mechanisms and products of PFAS degradation when
ball milled with KOH. By combining various spectroscopic techniques,
we show that final milled solids consist of KF, K,CO5; and potassium
formate for perfluorinated carboxylates, along with K,SO, for perfluo-
rosulfonates. Along with these major degradation products, we also dis-
covered a byproduct formed upon ball milling of each PFAS that consists
of molecules containing C,F, functional groups such as monofluorinated
carbons or similar products (Krawietz and Haw, 1998). The findings of
this research will inform decisions regarding scaling up mechanochem-
ical PFAS destruction processes and the safe disposal of final products.

Materials and methods
Ball milling procedures

The ball mill used in this study was a planetary ball mill from Mi-
croNano Tools, Ontario, Canada (Model: PBM-04) equipped with four
100 mL stainless steel grinding jars and stainless-steel balls. Each jar
contained a mixture of 20 larger balls (9.6 mm) and 90 smaller balls
(5.5 mm). The milling was performed by mixing PFAS powder with
co-reagents as detailed in Text S1. After milling, 75 mL of either dis-
tilled (DI) water or methanol were added to the jar to characterize in-
organic anions or PFAS, respectively. The different solvents were used
because of the poor solubility of PFAS in DI water and insolubility of
some target anions (e.g., potassium sulfate and potassium bicarbonate)
in methanol. All experiments were repeated three times using each sol-
vent. The jars were then sonicated in a bath sonicator [BRANSON 3800,
Frequency = 40 kHz] for 30 min before applying appropriate dilution
of the solution in DI water for measuring PFAS and ion concentrations.
The methanol-insoluble solids were analyzed after separating them by
centrifugation and drying overnight at room temperature. Control sam-
ples were prepared following the same procedure without ball milling.
We found that evaluating a portion of the solids after ball milling by
dissolving a specific mass in a solvent provided inaccurate results and
poor recovery of both PFAS and anions when compared to our methods
that relied on dissolving the entire milled powder sample. We attribute
this discrepancy to the false assumption that the total mass of the mixed
materials is the same before and after milling, which does not account
for mass losses (e.g., solid to gaseous products) and/or density changes
after milling. Therefore, all analyses in the solid phase (e.g., FTIR or
solid-state NMR spectroscopies) were performed on separate samples
and were used for qualitative analysis only.

The solids recovered from the mechanochemical degradation exper-
iments were analyzed using several measurements (Text S2), includ-
ing liquid chromatography-mass spectrometry (LC-MS-MS), ion chro-
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Fig. 1. [A] Testing LiOH, NaOH, KOH, and CsOH as co-reagents and the corre-
sponding PFOS destruction, fluoride recovery and sulfate recovery. Co-reagent
mass = 1g and PFAS mass = 50 mg. [B] Effects of increasing the mass ratio
of KOH to PFOS on PFOS destruction, fluoride recovery, sulfate recovery, and
formate formation. KOH mass was fixed at 1g and the ratio was varied by in-
creasing PFOS concentrations from 50 to 400 mg. Vertical error bars show the
standard deviation from triplicated experiments.

matography (IC), carbonate and bicarbonate measurement by titration,
solution 'H and '°F nuclear magnetic resonance (NMR) spectroscopy
in solution and the solid state, 1°F cross-polarization solid state NMR
spectroscopy (CP-MAS), 13C solid state NMR spectroscopy (ss-NMR),
Fourier-transform infrared spectroscopy (FTIR), X-ray powder diffrac-
tion (XRD), and thermogravimetric analysis (TGA).

Results and discussion

LiOH, NaOH, KOH, and CsOH were tested as co-reagents for the
mechanochemical degradation of PFOS. The degradation efficiency was
tracked by measuring PFOS concentration by LC-MS-MS and the re-
leased fluoride and sulfate anions using IC. Only KOH showed destruc-
tion of PFOS and recovery of fluoride and sulfate anions, whereas no
degradation was observed when the three other alkali hydroxides were
used under the same conditions (Fig. 1A). These observations indicate
that KOH has a unique mechanochemical activity from other alkali hy-
droxides. Although the exact differentiating property is unclear, the ex-
treme conditions of localized high pressure and temperature during ball
milling appear to favor KOH to initiate mechanochemical reactions that
lead to C-F and C-C bond cleavage. To degrade PFAS using ball milling,
bond-rupture processes occur via either mechanochemical reactions ac-
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tivated by deformation of valence bonds and angles under mechanical
stress or via amorphization of the crystal structure (Dubinskaya, 1999).
Zhang et al. (2013) reported that KOH degraded PFOS more readily
than NaOH upon ball milling, however high fluoride ion recovery was
observed only in the presence of KOH. These findings, combined with
our observations that NaOH is incapable of PFOS degradation, are po-
tentially explained by PFOS losses during PFOS collection and quan-
tification in the previous report. Similarly, other reports have com-
municated conflicting findings on the effectiveness of other co-milling
reagents. CaO was reported to be effective for PFOS degradation by
Shintani et al. (2008), but showed only low activity in a later study
by Zhang et al. (2013).

In kinetic experiments, a minimum of 20-24 h were required to
achieve high recovery of anions and destruction of PFAS (Figure S1).
This reaction time at 400 rpm was much longer than the reported 6-8
h at 275 rpm by Zhang et al. (2013), although it is unclear how milling
times will translate from instrument to instrument (Cagnetta et al.,
2016). The kinetics might also affected by the number and/or the mass
of balls used in the reaction and their sizes, as well as the size and shapes
of the milling jars (Boscoboinik et al., 2020; Broseghini et al., 2020). The
key parameters that can cause these differences are either the milling
intensity, which is the rate of energy transfer to the milled powders or
the energy dose, which is the total amount of mechanical energy trans-
ferred to milled powder. These observations indicate that achieving the
fastest and most efficient degradation may require re-optimization of
the reaction time and rotational speed on a specific ball mill, especially
as degradation processes are scaled. However, product analysis for these
processes on small-scale instruments remains an important part of un-
derstanding these reactions.

The most extensive PFOS destruction, as evident by the high release
of fluoride and sulfate anions, occurred under a KOH:PFOS mass ratio
of ~20 under the tested operation conditions in this study (Fig. 1B).
Therefore, the amount of KOH in the reaction controlled both the de-
struction of PFOS and the recovery of fluoride and sulfate, as demon-
strated by the continuous increase of their values with increasing the
mass ratio of KOH:PFOS. However, the molar ratios of the formate ion
concentration to the destroyed PFAS, as measured by IC, were con-
sistently 1.1 + 0.1, regardless of tested conditions and targeted PFAS
(Fig. 1B and S2). This molar ratio was consistent with formate con-
centration measured using 'H NMR spectroscopy after 4 h and 24 h of
milling time (Figure S3). This molar ratio indicates that only one car-
bon atom from the PFOS molecule is converted to formate. This ratio is
inconsistent with a previously proposed “flake-off” degradation mech-
anism, in which PFAS would undergo a sequential chain-shortening by
one CF, after decarboxylation or desulfonylation. Therefore, the flake-
off mechanism should have generated one equivalent of formate per
carbon found in the starting PFAS (Cagnetta et al., 2016). This find-
ing represents a continued evolution in understanding the products and
mechanism of mechanochemical PFAS destruction. In the first study by
Zhang et al. (2013), formate was neither observed or proposed within

the degradation pathway of PFOS and PFOA. However, formate was de-
tected in later studies with other PFAS (Lu et al., 2017; Zhang et al.,
2016), but its concentration was not quantified. These findings led to
mechanistic proposals in which perfluoroalkyl carbons were eliminated
from the PFAS compound as formate salts. Although this study proposed
a different fragmentation pathway involving the elimination of perflu-
oropropyl fragments, whose carbons would subsequently be eliminated
sequentially as formate ion (Cagnetta et al., 2016). Our consistent ob-
servations that each PFAS compound eliminates one molar equivalent
of formate under these conditions is inconsistent with both of the above
mechanisms and should cause other mechanisms to be probed. For now,
it is not yet clear which carbon of each PFAS is converted into potassium
formate.

Determining the components of complex mixtures in the milled pow-
ders necessitates measuring the same sample with multiple analytical
techniques. For instance, previous studies used FTIR and XRD (Lu et al.,
2017; Shintani et al., 2008), which showed low sensitivity to track the
changes and to distinguish all transformations of milled chemicals (Text
$3 and Figures S4-S5). Thus, we have employed 13C ss-NMR for the first
time and discovered that potassium carbonate, not potassium formate,
is the major final product when KOH flakes were milled with either car-
boxylic or sulfonated PFAS (Fig. 2). Titration experiments to quantify
carbonate in the milled powder further supported this finding with car-
bonate molar concentrations being 6-7 times higher than formate after
milling of either PFOS or PFOA with KOH (Figure S6). TGA analysis of
milled powders and their comparisons with standard salts (i.e., KOH, KF,
K,CO3;, KHCO3, and K,SO,4) have shown more evidence of such trans-
formations including the increase in thermal stability of milled powders
when compared to control samples without milling (Text S3 and Fig-
ure S7). TGA along with ion chromatography, 13C ss-NMR, and solution
NMR spectroscopy demonstrate that final milled powders consisted of
potassium fluoride, potassium carbonate and potassium formate for car-
boxylic PFAS, as well as potassium sulfate for sulfonated PFAS. All of
these inorganic salts are nontoxic and environmentally innocuous.

Evaluating the precipitated solids in methanol using 1°F ss-NMR also
revealed an unexpected product of PFAS degradation. This product ex-
hibited peaks in the region of -150 ppm to —250 ppm indicated that
a minor degradation pathway results in the formation of a substance
or substances containing C,F, functional groups. These products were
observed for all tested PFAS (Fig. 3 and S8) (Arsenault et al., 2008).
This is the first report of these degradation products for PFAS, which
require more in-depth investigations to identify their structures and en-
vironmental fate. However, our current experimental data has shown
the formed C,F, to be insoluble in all tested solvents in this study (i.e.,
water, methanol, DMSO, acetone, acetonitrile, and chloroform), which
suggest the formation of CF; carbons or other similar stable final prod-
ucts (Krawietz and Haw, 1998). No short-chain PFAS was detected by
LC-MS-MS after ball milling with KOH. Liquid '°F NMR have also shown
the decreased peak intensity of PFOA or PFOS and the emergence of KF
with no other soluble fluorinated compounds (Figures S9 and S10).
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Fig. 2. 13C ss-NMR spectra of PFOS and PFOA before and after ball milling with KOH for 24 h. MeOH precipitation was performed by adding methanol to milled
powder and separating the precipitated solids by centrifugation and drying it at room temperature overnight.

Conclusions

Overall, Scheme 1 summarizes the reaction pathway according to
our experimentally characterized degradation products. Except for the
minor pathway that led to the formation of C,F,, the mineralization
of PFAS to potassium salts appear to be rapid under the intense pres-
sure and temperature during ball milling with KOH as co-reagent. These
findings highlight the need to revisit the previously hypothesized degra-
dation mechanisms of PFAS, which would require coupling mechanis-
tic experiments and computational studies. Therefore, rigorous analysis
of the energy transfer and reaction mechanisms are needed to cover
the current knowledge gap about mechanochemical reactions. Unfold-
ing the behavior of PFAS under mechanochemical stress will allow safe
decisions on the scalability of the system and the fate of end products.
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Fig. 3. !°F ss-NMR spectra of PFOA before and after ball milling with KOH for 24 h. MeOH precipitation was performed by adding methanol to milled powder and
separating the precipitated solids by centrifugation and drying it at room temperature overnight.
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