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Per- and polyfluorinated alkyl substances (PFAS), including
perfluorooctanoic acid (PFOA) and perfluorooctane sulfonic acid (PFOS),
are persistent environmental contaminants that have infiltrated freshwater
systems. Granular activated carbon (GAC) is widely used for PFAS removal
but becomes secondary waste (PFAS-GAC). Current treatment methods

are energy intensive and release hazardous fluorocarbons. This study
demonstrates electrothermal mineralization of PFOA and PFOS-GAC via
flash Joule heating, a scalable and efficient process. Heating PFAS-GAC with
sodium or calcium salts converts PFAS into inert fluoride salts with >90%
fluorine conversion and >99% PFOA and PFOS removal. Simultaneously, the
spent carbonisupcycledinto flash graphene, offsetting treatment costs

by US$60-100 per kg. This solvent- and catalyst-free method substantially
reduces energy use, greenhouse gas emissions and secondary waste. A
techno-economic assessment highlights its scalability and environmental
benefits, offering arapid (-1s), cost-effective solution for PFAS remediation
and upcycling of waste carbon into high-value products.

Per- and polyfluorinated alkyl substances (PFAS)’, also commonly
known as ‘forever chemicals’, refer to a group of synthetic com-
pounds that have a combined market size of US$28 billion in 20232
There are over 9,000 types of PFAS, all of them anthropogenic'. PFAS
has been widely used in fire-fighting foams, CO,-based dry cleaning,
non-stick cooking surfaces, food containers, personal care products
and aqueous-film-forming foams, making them pervasive in human
society®*. Although they have many commercial applications, these
once indispensable chemicals have recently been linked to several
adverse health effects, including cancer, immune suppression and
damage to the reproductive system, liver, kidney and thyroid>. Due to
their chemicalinertness, PFAS are not readily decomposed or expelled

from the body’. Now these persistent, toxic compounds are ubiquitous
in drinking water, soil and the blood of humans and animals®’, posing
animmediate threat to both health®’ and the environment'® ™,
PFAS-contaminated water is a crucial source of exposure to the
general population™". In response to these concerns, the US Envi-
ronmental Protection Agency (EPA) recently lowered the maximum
contaminant level in drinking water of specific PFAS, including per-
fluorooctanoic acid (PFOA) and perfluorooctane sulfonicacid (PFOS),
each from 70 ng 1" to 4 ng 1! (refs. 15,16). Physiochemical adsorption
has become acommon strategy to collect PFAS from water streams and
comply with these stringent limit. In this strategy, PFAS is adsorbed by
granular activated carbon (GAC)"**via hydrophobicinteractions or by
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anion exchange resins” through ionic interactions. The chain length
and functional groups of the PFAS substantially influence the efficiency
of these techniques’.

While they are effective at removing PFAS, sorption methods
generate secondary sorbent wastes containing concentrated PFAS.
These PFAS-laden sorbent wastes are typically incinerated™”* at tem-
peratures exceeding 1,000 °C. Sometimes, incomplete incineration
canrelease PFAS and produce small, volatile organic fluorinated com-
pounds (VOF) that are often more toxic than the original PFAS* . Addi-
tionally, reportsindicate thatsomeincineration plants are causing PFAS
contaminationinsurroundingsoil**, wellbeyond expected background
levels?. Higher concentrations of PFOA have been detected at incinera-
tor sites compared to upwind areas®. Commercial-scale incineration
of PFAS-contaminated sludges has also yielded PFAS-contaminated
secondary ashes”. This incomplete understanding of incineration
by-productsis among the reasons the Department of Defense has pro-
posed banning or restricting the incineration of PFAS?. Such legislation
aimsto prevent the release of PFAS emissions into the atmosphere and
mitigate potential health and environmental risks associated with PFAS
exposure. These concerns highlight the urgent need to modify current
thermal treatment approaches for PFAS* and to develop alternative
methods for their destruction®°,

Here we demonstrate an efficient and straightforward strategy
for disposing of PFAS-laden GAC (PFOA/PFOS-GAC) using flash Joule
heating (FJH) to mineralize the sorbed PFAS, resulting in a definitive
end-point for the F atoms. FJH is a process by which current passes
throughamedium and rapidly heats the mediumto high temperatures
toinduce a chemical reaction (Supplementary Fig. 1). This technique
has found broad applications in waste management and recycling.
For instance, it has been used in the upcycling of waste materials®*?,
regeneration of graphite in spent lithium-ion batteries®, the remedia-
tion of heavy metals and polycyclicaromatic hydrocarbonsinsoil** and
recently the remediation of PFASin soil even up to kilogramscales.*The
mechanism of FJH uses the target feedstock as the heating medium,
making it a fast and efficient indirect heating technique. The local
electric fields within the sample can be very high, polarizing the atoms
renderingthem openshell systems subject torapid chemical rearrange-
ments and hybridization changes’®.

We demonstrate that >90% of PFOA-GAC (>96%) and PFOS-GAC
(-90%) canbe degraded during FJH, forming inorganic salts with <0.01%
oftheinitial PFAS remaining, respectively. Thisis accomplished by the
<1-sFJH of the PFAS-GAC inthe presence of NaOH or Ca(OH),, achieving
temperatures >2,000 °C and mineralizing the organic F to NaF or CaF,,
respectively. Molecular dynamicsinvestigations reveal that sodiumand
calcium might function as catalytic reagents that promote the breakage
of the C-F bond. Furthermore, our results demonstrate that no VOF
are formed at optimal reaction conditions and only trace amounts of
short-chain PFAS remain after FJH in the presence of mineralizing rea-
gents. The GACis converted into crystalline flash graphene, a valuable
co-product that can be sold to offset the cost of the decontamination
process. A life-cycle assessment (LCA) shows that this process offers
low energy consumption and produces minimal greenhouse gas while
upcycling toxic and concentrated secondary waste streams into valu-
ablegraphene andinertinorganic salts. We anticipate these results to
provide afoundational technique for the clean and efficient upcycling
of spent sorbent materials, enabling the more effective treatment of
PFAS-contaminated water.

Results and discussion

Direct conversion of PFAS-GAC into inorganic fluoride salts

by FJH

PFOA and PFOS were chosen as representative PFAS types, given
their prevalence as contaminantsin water streams. Here we detail the
remediation process of PFOA-GAC. A mixture of PFOA-GAC and NaOH
(Methods and Supplementary Section 9 for more details) was packed

intoa quartz tube with double-O-ring sealsoneachend, asillustratedin
Fig.1a. The packed sample exhibited a typical resistance of1.2t02.0 Q,
asuitable resistance for direct-current FJH*. Supplementary Fig. 2
displays animage of the PFOA-GAC sorbent, before grinding or the addi-
tion of mineralizing agents. Conventional FJH utilizes direct-current
(d.c.) capacitor discharges in which the energy of the discharge is deter-
mined by the voltage of the flash and the capacitance of the capacitors
used. Electronic switches can interrupt these discharges so that the
discharge duration can be controlled on a timescale of milliseconds
toafewseconds. Thisenables the energy and the duration of FJH tobe
highly tunable, facilitating reaction optimization. The reactants were
thensubjected to FJH at 110 Vto 150 V for durations of either 0.50 s or
1.00 s. These reactions resulted in a high current (Fig. 1b) and a rapid
temperature increase up to>3,000 °C (Fig. 1c), which decays over the
courseof2to3s.

The high temperatures achieved by the rapid resistive heating
resultedinthe reaction of PFOA with NaOH, forming NaF through the
strong bond association of the fluoride anion to the sodium cation
(Supplementary Fig.3). NaOH was selected as the mineralizing reagent
duetothe higher solubility of NaF in water, facilitating easier and more
accurate quantification of the mineralization efficiency. Whereas
Ca(OH), might be more optimal for industrial use because the most
common mineralized form of fluoride is the calcium salt CaF,, the solu-
bility advantage of NaF makes NaOH a better choice for our purposes.

The resulting products were analysed using ion chromatog-
raphy (IC) to quantify the degree of mineralization and liquid
chromatography-mass spectrometry (LCMS) to measure the PFAS
removal efficiencies. The best results for the mineralization of PFOA-
and PFOS-laden GAC were -96% and ~90%, respectively, with PFAS
removal efficiencies >99.9% (Fig. 1d). Figure 2 provides amore detailed
analysis of the reaction of PFOA-GAC. (0.927 + 0.063) wt% or ~96% of
organic Fin PFOA was converted toinorganicfluoride at130 Vfor1.00 s
when 1.2 mole equivalent (eq) of NaOH was used per mole of fluoride
in the starting stock (Fig. 2a). When the control PFOA-GAC (without
sodium or calcium) was FJHat 130 Vfor1.00 s, only (0.370 + 0.138) wt%
or-38% ofthe total F was detected in the form of inorganic fluoride by
IC analysis (Supplementary Table 1and Extended Data Fig. 1a,b). This
underscores the role of NaOH in enhancing the conversion efficiency
of organic F to inorganic fluoride during FJH treatment, as demon-
strated by the substantially higher mineralization rate observedin the
presence of sodium ions. This provides a definitive end-point for the
F atoms. Approximately 90% of F in PFOS was recovered as inorganic
fluoride when FJH at 130 V for 2.00 s and a higher loading of initial
sodium (Methods).

The sample mass, capacitance and voltage discharged through the
sample directly determine the thermal energy generated and the high-
est temperature achieved. Supplementary Table 2 shows the results
of the Welch two-sample t-test analysis to gauge the significance of
using different voltage and reaction times in our experiments. The
comparison of inorganic fluoride yield under various conditions reveals
asubstantial trend: higher voltages and longer reaction times generally
enhance recovery. However, there is a threshold where further volt-
age increases do not substantially improve yield, exemplified by the
little difference between130 Vand 150 Vfor1.00 s. Operating at 150 V
poses practical challenges such as tube cracking, sample loss and side
reactions. Comparing 110 Vfor1.00 sto130 Vfor 0.50 s shows compa-
rableyields, suggesting that extending reaction time at lower voltage
compensates for shorter, higher-voltage reactions. This underscores
the importance of balancing voltage and duration in flash reactions,
where adjusting duration can optimize yield without raising voltage,
providing flexibility and kinetic control over fluoride mineralization.
Wethen studied the localization of soluble inorganic fluoride, such as
NaF, within the reaction vessel. Figure 2b,c shows the recovery location
of these salts within the reactor, as quantified by ion chromatography.
Theinorganicsalts were found largely mixed with the solid powder flash
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Fig.1|Scheme, current and temperature of the FJH study. a, Schematic of

the experimental set-up and process. b,c, The current profile of atypical 150 V
(59 mF,1.00 s FJH experiment (b) and the temperature profile of the FJH over the
course of the reaction (c). This temperature was measured using a Micro-Epsilon
CTRM1H1SF100-C3 pyrometer with 1-ms resolutionand a1,000 °C-3,000 °C

Experiment parameters

temperature range. d, Summary of mineralization and degradation of PFOA- and
PFOS-laden GAC; >90% of inorganic F can be recovered using FJH. Ind the data are
presented as the mean + standard deviation (s.d.) of the ICand LCMS results from
three parallel experiments (n = 3).

graphene (FG) product and deposited onto the graphite electrodes
and with small amounts adhered to the inner walls of the quartz tube.

High-resolution X-ray photoelectron spectroscopy (XPS) in
Fig. 2d compared the PFOA-GAC with the products from the FJH
reaction at 150 Vand 1.00 s. The F 1s peak of PFOA-GAC appears at
a higher binding energy (688.9 eV) compared to that of the flashed
product (684.5 eV). The corresponding F 1s peak of the product can be
deconvoluted toaNaF peak at 684.5 eVand asecond peak at 686.0 eV,
indicating sodium fluorosilicate Na,(SiF;). The Na,(SiF,) is present
insmall amounts due to the reaction with the quartz tube. Na,(SiF)
is water soluble, and the resultant anion can further dissociate into
water to give fluorideions (Supplementary Fig. 4)*®. Thus, the fluoride
formed as Na,(SiF,) is detected in the IC data. Fluorine-19 nuclear
magnetic resonance spectroscopy (**F NMR) also shows the disap-
pearance of the PFOA peaks and the formation of a distinctinorganic
fluoride peak (Fig. 2e).

To determine if any PFOA remained after the FJH reactions, the
flash graphene and reactor components were washed (Methods)
and the filtrates were analysed using LCMS (Fig. 2f). The LCMS and
IC calibration curves are shown in Supplementary Fig. 5. On average,
<0.01% of PFOA remains when FJH reaction conditionsareat150 Vand
1.00 s. However, we performed the following F mass balance using
experiments conducted at 130 V and 1.00 s, because these param-
eters gave us the highest mineralization ratio. LCMS determined
that (0.000151 +1.999 x 107°) wt% of F from PFOA remained after the
reaction. This accounts for 0.0156% of the starting fluorine. Thus the
removal efficiency of this process is ~99.98% for PFOA. The removal
efficiency was calculated using equation (1), where C, and C; are the
initial and final concentrations, respectively.

0 F «100 )
0

%Removal =

Further, LCMS determined that (0.001173 +1.62441 x 10™*) wt% of F
from PFOA remained in the control samples when no sodium was used.
This accounts for 0.122% of the starting fluorine. Hence, the removal

efficiency was lowered to~99.88% for PFOA (Extended Data Fig. 1cand
Supplementary Table 3).

Short-chainperfluorocarboxylicaciddegradationproducts(C,toC,)
were detected using LCMS. The total concentration of F from the C,-C,
degradation products was (0.0001031 + 9.39348 x 10~®) wt%, represent-
ing 0.0107% of the initial F content. In the absence of sodium, the aver-
age remaining organic F (C, to C,) was (0.00029973 + 3.18955 x 107%)
wt%, constituting 0.0311% of the initial F (Extended Data Fig.1d). These
findingsindicate that the presence of sodium reduces the occurrence
of short-chain PFCAs. Further, residual short-chain PFCAs could poten-
tially be mineralized more effectively under higher voltages, prolonged
reaction times or increased concentrations of initial sodiumions.

Gas chromatography-mass spectrometry (GC-MS) was used to
ascertainwhether VOF were being generated. Using a partially sealed
set-up described in Extended Data Fig. 2a, the off gas from the reac-
tion was captured and tested. GC-MS revealed a discernible trend:
anincrease in the stoichiometric ratio of NaOH corresponded to a
decreaseinthe presence of evolved VOF (Fig. 2g). Inthe chromatogram,
the peak between2.15t02.22 min corresponds to air. The peaks labelled
1,2 and 3 correspond to gases released during the reactions and were
identified as perfluoropentene, perfluorohexene and perfluorohep-
tene, respectively. The mass spectra of these compounds are shown
in Extended Data Fig. 2b-d. Importantly, the addition of 1.2 mol eq of
NaOH per F atom in a PFOA-GAC mixture resulted in a 99.81% reduc-
tion of VOF at 130 Vfor1.00 s, asillustrated in Fig. 2h and Supplemen-
tary Table 4. This result shows that excess mineralizing reagents can
mitigate the formation of VOF in the degradation of PFOA-GAC. Sup-
plementary Figs. 6-9 and Supplementary Table 5 provide additional
support for the reduction of VOF in this set-up.

During FJH, GAC was transformed into highly crystalline tur-
bostratic flash graphene. Figure 2i illustrates the graphene yield for
arepresentative set of samples obtained during the experimental
process, affording >95% yield at 150 V for a1.00 s flash. Additional spec-
troscopic microscopic and reaction details regarding the produced
graphene can be found in Extended Data Fig. 3 and Supplementary
Figs.10-19.

Nature Water


http://www.nature.com/natwater

Article

https://doi.org/10.1038/s44221-025-00404-z

-2

a (]
—_ 0.50s 1.00s — 0.50s 1nov . 1.00s 1nov
& 100 .. & 100 + 130V & 100 4 130V
e . e} e
@ 801 © 80 A 150V T 80 - 150V
> . > >
L 60 L oeod s L 60
Q Q . Q .|
& 40 S 40 ’_‘_“}‘m & 40-|°
= 2 2 7 i
g 20 S 2/ 5 20 m
c c T . i=
0 | | | 0 ‘ ‘ M 0 ' A ertr
10 130 150 % @ . % @
o»\\b oba 5 (}@ R RS
Voltage (V) 2 N & @ © &
& @ & &
<& e <& ey
d Fluoride source f Fluoride source
e 0.5
FJH 150V — 0.50s
z NeF z F £ 04 1.00
= . = ~ 0.4 1 . S
S Na2(s'Fe\sZ % = t
S| el S 03+ .
8 8 5
> PFOA-GAC& > FIHI50V S 024«
B A B ] °
5 ° 5 3
g N £ il 3
T T \\\ T T T T P'\:OA “ O T T T
693 690 687 684 681 -70  -80 -120 -130 -140 10 130 150
Binding energy (eV) 8 (ppm) Voltage (V)
9 Airl 2 3 h I
3 |12¢ed N 1004 < 100
= N £ g0 8
=1 ~ T 80 4
2 Teq k\,¥/\ 6 o 'g
3 |05eq /~ > 7] 60
\; qa \/~—\/ TU g
= S 40 A o
D o < 40 -
= ‘2 2 2 m 050s
= 4 7] ‘5 20 -
S| 0eq /f’\/\/ G} ® 1.00s
o o
T T T T O T T T
20 21 22 23 24 25 15 10 130 150

Retention time (min)

Fig. 2| Quantification and analysis of the mineralization process. a, Inorganic
fluoride yield from FJH reaction of PFOA-GAC with 1.2 molar eq of sodium per
mole of fluoride in PFOA (n = 3). b,c, The average mass yield distribution

of the fluoride recovered from various parts of the reactor for different
reaction conditions at 0.50 (b) and 1.00 s (c) flash durations, respectively
(n=3).d, High-resolution F 1s spectrum of the PFOA-GAC and fluoride salt/flash
graphene product. e,”’F NMR spectra of PFOA-GAC and flash graphene product.
f, LCMS analysis of residual organic F recovered from the rinsed product (n = 3).
g, GC-MS analysis of VOF produced during the reaction using varying mole eq

Mole eq Na* per mole F

Voltage (V)

ratios of sodium per mole of fluoride in PFOA (n =1). Peaks 1,2 and 3 correspond
to the VOF evolved during the reactions and were identified as perfluoropentene,
perfluorohexene and perfluoroheptene, respectively. h, Remaining VOF with
increasing molar eq of sodium per mole of fluoride (n =1experiment per reaction
condition). i, Graphene yield for the FJH samples, showing representative
graphene samples from the experimental process (n =1sample per reaction
condition). All error bars represent standard deviation. Ina-cand f, the data are
presented as the mean + s.d. of the results from three parallel experiments (n = 3).

We achieved the recovery of ~-96% of the initial F content under the
reaction conditions of 130 V for 1.00 s (n = 3). The missing F from the
total mass balance was then investigated. The reaction tube post-FJH
shows substantial blackening, especially near the middle section, fur-
thest from the heat-sinking electrodes, where the reaction becomes
hottest (Supplementary Figs. 20 and 21). After washing the tube and
drying, Raman spectroscopy (Supplementary Fig.22 and Supplemen-
tary Table 6) and XPS (Supplementary Figs. 23 and 24 and Supplemen-
tary Table 7) reveal peaksindicative of insoluble sodium fluorosilicate,
possibly NaSiF,0%. The atomic percentage after rinsing ranges from
2.68% t0 3.63% on the surface of the tube (Supplementary Table 7).
However, because XPS is a surface analytical method, it is difficult to
quantitate this additional deposit of F into a complete mass balance,
but it is suggestive that the residual trace fluoride is not volatilized
through the double-O-ring seals but reactive with the FJH vessel”. As
shown in Supplementary Fig. 25, voltage plays a critical role in this
process. Although the PFOA removal efficiency for GAC/PFOA (with-
out sodium), FJH at 130 V and 1.00 s was 99.88%, only 38.49% of total
F could be accounted for using our current analytical techniques. A
stark difference when compared to the sample FJH with excess sodium.

Additional characterization for the remediation of PFOS-GAC is shown
inExtended Data Fig. 4.

Other PFAS sorbents and mineralizing reagents

Otherionicsalts canbe used to promote the mineralization of fluorine.
Extended Data Fig. 5 shows the efficacy of Ca(OH), as a mineralizing
reagent. In keeping with the methodology employed for reactions
using NaOH, PFOA-GAC was mixed with excess Ca(OH), (Methods)
and subjected to FJH. The reaction at 150 V for 0.50 s resulted in 94%
ofthe fluoride being converted into CaF,. Due to the low solubility of
CaF,, theactual mineralization ratio might be slightly underreported.
Grapheneisalso producedinhighyield (Extended DataFig.5d-g). The
inner surface of the reaction tube was analysed using XPS (Supplemen-
taryFig.26) after rinsing with 0.1 M of H,SO, and drying. Up to 1.62% of
surface fluoride canremain onthe blackened area of the post-reaction
tube after washing (Supplementary Table 8).

Alternative sorbents, such asanion exchange resins, offer an effec-
tive means of PFAS removal from water. One such exampleis Purofine
PFA694 resin, consisting of polystyrene beads with an amine-functional
group. FJH of this PFOA resin is described in Extended Data Fig. 6.
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Fig. 3| Simulations of PFOA reacting with NaOH at high temperatures.

a, Schematic of molecular dynamics simulation of optimized PFOA with the
highest loading of NaOH (FysNay,), annealed between 1,500 and 2,500 K.

b, Number of unbroken C-F bonds calculated based on a. ¢,d, Thermodynamic

analysis using the HSC chemistry package. ¢, The favourability of the reaction
between fluorocarbonsin the presence or absence of NaOH. d, The change in the
Gibbs free energy suggests the most favourable reaction pathways for the NaOH
mineralizing reagent during heating.

We also demonstrate that even polytetrafluoroethylene (PTFE, com-
monly known as Teflon), one of the most recalcitrant types of PFAS
with a melting point of ~327 °C (ref. 40), undergoes mineralization.
Although Teflonis not water soluble and therefore not a typical water
contaminant, the successful mineralization of this type of PFAS using
FJH highlights the versatility of our technique (Supplementary Fig. 27).

Molecular dynamics simulations

Optimized structures of PFOA and varying concentrations of NaOH
were computationally heated at the temperature oscillating between
1,500 and 2,500 K for 30 ps (Fig. 3a). Because the reactionleads to the
cleavage ofthe C-F bondsinthe PFAS, the number of C-Fbondsinthe
system was used as a descriptor (Fig. 3b). The results of these simula-
tionsinterestingly revealed a catalyticrole for the mineralization salts
during an FJHreaction. In the absence of sodium salts, ~80% of the C-F
bonds remained unbroken after annealing. For F to Naratios of F,,(Nas,,
F13sNa,, and FygsNag, (in order of lowest to highest loading of Na), the
amount of unbroken C-F bonds was 78%, 48% and 15%, respectively.
Thesereactions show that the ratio of unbroken bonds is substantially
reduced with the addition of higher concentrations of sodium salts
when annealed under similar conditions. Thus, sodium ions them-
selves promote the breakage of the C-F bond and enhance the rate of
mineralization. Similar catalytic properties probably exist for other
alkali metals and alkaline earth metals. Supplementary Fig. 28 shows
the simulated and optimized structures for the lowest and intermedi-
ate loading of sodium salts.

Whereas a precise mechanism for PFOA degradation via FJH
remains elusive, insights canbe obtained from these molecular dynam-
ics (MD) simulations and the observable reaction products. Extended
Data Figs.7 and 8ashow the MD simulated intermediate steps for two
distinct reaction pathways between NaOH and PFOA. The first four
steps ((i)-(iv); Extended Data Figs. 7 and 8a) in the reaction pathways
are the same, signifying that the initiation of the reduction process
is similar. However, the bonding environments of the intermediary
species diverge from steps ((v)—-(viii); Extended Data Figs. 7 and 8a)
onwards. Energetic calculations were conducted for each step in the

reaction pathway in Extended Data Fig. 8b. Pathway 1had lower energy
for steps (v)—(viii), probably due to a more favourable bonding environ-
mentintheintermediate species.

In both pathways, the reaction was driven by the reduction of F
by sodiumions. Due to the high electronegativity of F atoms, the C-F
covalent bonds are highly frustrated, and the replacement of F with
OH or the removal of F through forming C = C double bonds is ther-
modynamically favourable. The activation energy required to displace
F atoms and form more thermodynamically favourable products is
probably lowered in the presence of sodium salts.

Thermodynamic analysis

Further theoretical analysis was conducted by calculating the change
inthe Gibbs free energy of the degradation steps after the decarbox-
ylation of PFOA. In the absence of NaOH, shorter-chain VOF can be
formed, such as C,F,, C(F;, and CF,,. It is known that PFOA tends to
first decarboxylate upon heating, followed by subsequent reduction
ofitsradicalintermediary. C,F s (ref. 23). The loss of aF atom followed
by rearrangement of the C-C bond to a C = C bond would produce
C,F,,, and the subsequent loss of -CF, and -C,F, would produce C.F,,
and CsF,, respectively. Figure 3c shows that these reactions are highly
exothermicinthe presence of NaOH due to the formation of NaF. This
principle extends to Ca(OH),, which forms the highly thermodynami-
cally stable CaF, upon mineralization (Extended Data Fig. 5c).

Figure 3d shows the possible state of the NaOH during the reac-
tion, and the Gibbs free energy of the reaction is illustrated in Sup-
plementary Figs.29 and 30. In this work, temperatures >2,500 °C can
beachieved and reaction durations are on the millisecond to seconds
timescale. As aresult, the FJH process experiences rapid heating and
cooling rates®*'. Given that the boiling points of most of the reactants
are below this temperature, it is likely that the reactants vaporize or
sublime, considering the reaction timescale. The gaseous products
then mix to bring the mineralizing reagent into closer contact with the
PFOA and react to form inorganic fluoride compounds that deposit
and are further analysed and quantified. Extended Data Fig. 9 sum-
marizes these species and their physical state during the experiment.
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Fig. 4| Comparative LCA and TEA of FJH as compared to other PFAS-GAC
remediation methods. a, Process energy demand in M per kg of treated GAC.

b, The global warming potential (GWP) in kg of CO, emitted per kg of treated GAC.
¢, The profit margin of each GAC remediation method studied. d, A five-point
radar plotillustrating the cumulative assessment of key environmental impacts
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The green line in Fig. 3d represents the carbothermal reduction of
NaOH during FJH conditions, forming sodium metal (Na(0)) when
T>1,140 °C. This is an impetus for moving to use calcium salts such
as Ca(OH), or CaO when scaling up to minimize the accumulation of
the more reactive Na(0).

LCA and techno-economic assessment

Duetothe prevalent use of GAC to remove PFAS from wastewater, copi-
ous amounts of this contaminated carbon are generated, so avariety of
disposal pathways are currently being explored. To compare this FJH
mineralization process to these other PFAS-GAC remediation meth-
ods, comparative LCAs and techno-economic assessments (TEAs)
were conducted. LCAs and TEAs are analytical methodologies used
to examine the environmental impact and associated costs of a prod-
uct or process throughout its life cycle, from raw material extraction
to waste disposal****,

Here five different PFAS-GAC disposal scenarios are com-
pared: direct incineration/thermal heating®, ball milling assisted
mineralization®, regeneration of GAC by microwave heating”, solvent
extraction*® and mineralization by FJH. Regeneration processes tend
to focus onreusing the GAC and often operate at lower temperatures
to avoid affecting the GAC™*°. Although we primarily used NaOH as
the mineralizing reagent in FJH experiments to facilitate the quanti-
fication of mineralized fluoride, we posit that in a scaled-up process,
a calcium-based mineralizing reagent would be used due to these
reagents being more cost effective and without the generation of the
more reactive sodium metal through carbothermic reduction during
FJH. We have demonstrated that Ca(OH), can be used as an effective
mineralizing agent as shown in Extended Data Fig. 5. Furthermore, the
inert and non-toxic by-product, CaF,, is more attractive because it is

anatural mineralized form of fluoride in the environment; hence, the
LCA and TEA were performed with Ca(OH), (ref. 47).

Figure 4a shows the process energy demand for each method in
MJ. The energy consumption of FJH toincinerationis comparable. How-
ever, ball milling, solvent regeneration and microwave processes con-
sume 5,18 and 52 times more energy than FJH, respectively. Figure 4b
shows the greenhouse gas emissions for each process in the form of
global warming potential or the kg of CO, released to produce 1 kg of
treated GAC for each method. CO, emissions of FJH, incineration and
ball milling are comparable. However, solvent regeneration and micro-
wave processes release 5,27 percent more CO, than FJH, respectively.
Figure 4c shows the TEA results for the profit of each process in US$.
The TEA accounts for known scaled processes where solvents can be
recycled with~95% efficiency toreduce costs. The TEA does not account
for the cost of treatment or disposal of additional waste streams pro-
duced by the process, which can further increase treatment costs.
A plotted histogram of the costs is shown in Supplementary Fig. 31.
Figure 4d depicts a radar plot which collectively assesses the previ-
ously addressed variables and other factors including the amount of
reagents used and generated waste streams. Considering the typical
PFAS content on GAC is <1 wt %, the amount of CaF, generated in the
flash graphene product is minimal. However, this LCA accounts for the
worst-case scenario of PFAS content in GAC, which can be as high as
10 wt%. In most cases, the non-toxic CaF, would not have to be removed,
especiallyifthe product flash grapheneis slated for usein concrete and
asphalt, which s the largest potential market for this material*’. The full
LCA breakdown is found in Supplementary Section 8.

The process costis largely dependent on the electrical consump-
tion used in each method. Notably, personnel and transportation
costs were excluded from this analysis due to insufficient data in the
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literature. With FJH mineralization of the starting material, GAC, valu-
able graphene can be produced, which is typically listed between
US$60 and $100 per kg (ref. 48). Taken together, these assessments
underscore the prospect of FJH for the mineralization of PFAS-laden
sorbents. Translating findings from controlled environments to
real-world scenarios can present challenges. However, it’s crucial to
notethatevenatthelabscale, LCAand TEA can provide valuable insight
into the environmental impacts and cost of processes and products.
These insights can inform decisionmaking, guide improvements and
pave the way for more sustainable practices as technologies scale up.
Whereas there might be discrepancies between lab-scale and real-world
conditions, the exerciseitself fosters awareness and drives innovation
towards more environmentally friendly solutions.

High-frequency induction heating® and plasma heating®® are addi-
tional examples of thermal treatment methods and have recently been
utilized in the treatment of PFAS-GAC at the laboratory scale. A brief
comparisonto FJHis demonstrated in Supplementary Table 9. Future
directionsinclude scaling up these reactions for practical application.
A 3 g PFOA-GAC demonstration was conducted, and the results are
detailedin Extended DataFig.10 and Supplementary Fig. 32, highlight-
ing the potential for larger-scale treatments.

Conclusion

Thiswork demonstrates that the FJH process canrapidly degrade PFAS
compounds, specifically PFOA, PFOS and even PTFE in the presence of
mineralizing agents while producinglittle or no harmful shorter-chain
PFAS, VOF or hydrogen fluoride. Though demonstrated here for PFOA,
the most common type of PFAS found in water, the FJH reaction tem-
peratures of >2,000 °C will probably cause decomposition and miner-
alization of most PFAS types whenin the presence of sodium or calcium
salts. Valuable grapheneis produced as a product of thisreaction, the
sale of which can result in superior economic viability compared to
other disposal methods that do not produce high-value co-products.
Instead of generating graphene, small modifications of the FJH process
can alternatively afford carbon nanotubes, nanodiamonds or amor-
phous carbon, expanding the scope of the final carbon products®.

Methods

Sample preparation

PFOA-GAC in the amount of 0.40 g (39.48 mg of PFOA) was mixed
with 69 mg of NaOH (1.2 mole eq of sodium per mole of F in PFOA).
The sample was ground with a mortar and pestle to ensure that the
NaOH was in close contact with the PFOA. Then 0.20 g of the mixture
was mixed with 1.00 g of neat GAC and ground using a mortar and
pestle providing a calculated starting concentration of -14.03 mg
PFOA g™'sorbent (9.65 mg F g sorbent or 0.965 wt%). To verify this,
we used combustionion chromatography (CIC) to determine the total
F content in solid or liquid samples. The average F concentration of
the starting feedstock was (0.951 + 0.022) wt% (n =3 and R*= 0.9980).
The calculated value of 0.965 wt% is within this range so we used the
calculated value to determine the removal and mineralization effi-
ciency (Supplementary Table 10).

Stock material in the amount of 0.10 g was subjected to FJH using
adouble-O-ring-sealed system (Fig. 1a). The quartz tubes are prone to
being shattered due to the pressure difference inside and outside of
the tube. Thus a spring wrapped outside the tube reduced the likeli-
hood of tube shatter. The typical resistance across the sample in the
quartz tubeis 1.2 to 2.0 Q. The current discharge is an unmodulated
d.c. discharge with a capacitance of ~-59 mF, with the initial voltage
and pulse time ranging from 110 to 150 Vand 0.50 to 1.00 s. To ensure
thoroughwashing and extraction, the samples were rinsed with excess
high-performance liquid chromatography grade water (20 to 50 ml)
after FJH and subjected to agitation by shaking for 24 h. The samples
are then sonicated for 10-15 min to release any F by-products that
might remainonthe flash graphene (FG) or onthe reactor components.

PFOA-GAC in the amount of 0.40 g (39.48 mg PFOA) was mixed
with 53 mg of Ca(OH), (0.5 calcium ions for every fluoride atom). A
0.1-g amount of this mixture was mixed with 0.80 g of neat GAC. A
0.10-g amount of this feedstock should yield a theoretical amount of
0.633 mg of inorganic F from CaF,. Thesamplewas FJHat110to 150 V,
respectively, with a duration of 0.50 s and a discharging capacity of
59 mF. A 0.1-M amount of H,SO, was used to rinse the post-reaction
samplesto leach the CaF,.

GAC in the amount of 1.55 g (F400) was added to 20 ml of PFOS
solution (498.4 £ 5.35 pm). The filtrate had a PFOS concentration of
4 ppm (To bypass the need for solid-state dilution and minimize tube
breakage, alower concentration of PFOS was adsorbed onto GAC). The
adsorbed F from PFOS concentration was calculated to be 5.89 mg. A
0.5-g amount of PFOS-GAC (-3.87 mg F g™) was mixed with 10.1 mg
of NaOH (2.5 molar eq of sodium), this high loading of NaOH was to
ensure that the PFOS-GAC was properly mixed and coated with NaOH
so that the sodium ions could be in close contact with the PFOS. The
mixture had a calculated concentration of 3.79 mg F g or 0.379 wt%.
CIC was used to further analyse the starting F concentration and
0.387 +0.0216 wt% for n=3. Subsequently, 0.1g (-3.79 mgF g or
0.379 wt%) of this sample underwent FJH at 130 V for 2.00 s.

Because PTFE is not soluble in water, 10 mg of PTFE was mixed
with 32.5 mg of NaOH (2 mole equiv of sodium per mole of F in PTFE).
The mixture was ground using amortar and pestle. Approximately five
drops of water were added followed by 0.6 g of GAC (F400). The water
was added to help the PTFE and NaOH mixture coat the GAC. After
further grinding, the mixture was dried inan oven at~400 F for 30 min.
A 0.6-g amount of stock material was FJH twice at130 Vfor2.00s. The
currentranged between 214 and 322 amps and 393 and 438 ampsonthe
firstand second flash, respectively. The reactions had anear complete
voltage discharge on the second flash. The calculated concentration
of Fin 0.6 g of sample was 0.709 mgF.

Different PFAS compounds might require varying concentrations
of mineralizing agents to achieve near complete destruction. The use
of excess reagents, coupled with optimal reaction conditions, can pro-
mote high mineralization yields and enhance PFAS removal efficiency.
However, when theinitial PFAS loading is low, it might be necessary to
add additional mineralizing reagent. This ensures that the PFAS-GACis
uniformly mixed because the mineralizing agentis notapplied directly
tothe PFAS butrather to the PFAS-loaded GAC. By ensuring a uniform
distribution, the effectiveness of the mineralization process is main-
tained, even at low PFAS concentrations.

Implementation of this FJH PFAS destruction method requires
scaling up this technique. Recently, two separate kg-scale FJH meth-
ods have been demonstrated. One consists of using an automated
system to rapidly flash Joule heat ~6 g batches of feedstock to obtain
1kg of product®. The other consists of performing a long-duration
FJH reaction on asingle kg of sample®. Either of these methods could
beimplemented to remediate PFAS from GAC and convert the GAC to
graphene at kg scales and beyond. For scaling up or on an industrial
scale, we recommend the use of concrete blocks with holes drilled in
the centreasarobust, chemically inert sample holder for the remedia-
tion of PFAS. This could minimize the sidereactions we observed when
using quartz as the reactor.

Characterization

The filtrates from the washing of the FJH products were analysed for
inorganic fluoride anions using ion chromatography on a Thermo
Scientific Dionex Aquion. Chromatographic separation was achieved
using the Dionex lonPac AS23 IC Column 4 x 250 mm. The Mobile
phase consists of 4.5 mM Na,CO, and 0.8 mM NaHCO,. The flow rate
was 1 ml min™ and the column temperature was 30 °C. The resultant
peakswerefitted between 4 and 5 min. We also employed an alternative
ICinstrument when the Thermo Scientific Dionex Aquion was unavail-
able. The Metrohm 930 Compact IC Flex with column 4 x 250 mm.
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The eluent consisted of 3.2 mmol I Na,CO; and 1.0 mmol I""NaHCO;,
column temperature 25 °C, flow rate 0.700 ml min™, column pressure
11.83 MPa. The conductivity should be below 1.2 pS cm™ before the run.
The fluoride peak was set at 6.10 min and the concentration was taken
based on the area under the peak within a 5% window.

Two LCMS instruments were used. The first was an Agilent 1290
Infinity Binary Pump LC coupled to an Agilent 6495 C triple quadrupole
MS/MS with Jet Streaming Technology and electrospray ionization
(ESI). Chromatographic separation was performed using an Agilent
Zorbax Eclipse Plus C18 column (2.1 x 100 mm, 1.8 um). An Agilent Infin-
ity Lab PFC Delay Column (4.6 x 30 mm) was used to delay any possible
PFAS that is inherently in the system or mobile phases. The aqueous
phase consisted of 2 mM ammonium acetate with 5% acetonitrile in
MS-grade water (Solvent A) and 100% MS-grade acetonitrile (solvent
B). Chromatographic separationrequired agradient elution with aflow
rate of 0.35 ml min™. The analytical column was maintained at 40 °C
throughouttherun. Theinjection volume was 5 pl for this analysis. Data
acquisition was performed in dynamic multiple reaction monitoring
mode using negative-mode ESI.

The second LCMS instrument was the Agilent 1290 Infinity Binary
Pump LC coupled to an Agilent 6470B triple quadrupole MS/MS
through an Agilent Jet Spray ESl in negative ionization mode. Chro-
matographicseparation was performed using an Agilent Zorbax Eclipse
Plus C18 column (2.1 x 100 mm, 1.8 pm). An Agilent Infinity Lab PFC
Delay Column (4.6 x 30 mm) was used to delay any possible PFAS that
isinherently in the system or mobile phases. The injection volume of
samples was 40 pl during the analysis. The aqueous phase consisted
of 20 mM ammonium acetate in MS-grade water (solvent A) and100%
MS-grade methanol (MeOH) (solvent B). Chromatographic separation
required agradientelution witha flow rate of 0.4 mL min™. The compo-
sition of mobile phase was ramped from10% (solvent B) to 95% (solvent
B) over 24 minand then held at 95% (solvent B) for 3 min. The analytical
columnwas maintained at40 °Cthroughout the run. The nebulizing gas
(N,) was setata pressure of 35 psi during separation following voltage
application. The source capillary voltage was set at 4,000 V with the
drying gasataflow rate of 51 min™and at atemperature of 230 °C. For
allPFAS standards, data acquisition was performed in dynamic multiple
reaction monitoring mode under optimal fragmentation voltages.

An Agilent 8890 GC equipped with an Agilent HP-5ms low-bleed
column (30 m, 0.25 mminternal diameter, 0.25-um film) using He car-
rier gas for liquid and headspace sampling was used for GC-MS analysis.
Atandem Agilent 5977B mass selective detector is used for liquid and
headspace gas analysis.

Raman spectrawere collected with a Renishaw Raman microscope
using a 532 nm laser with a power of 5 mW. A 50% lens was used to col-
lect all spectra. Analysis of Raman spectra, including peak intensity
ratios, utilizes the height of the peak. Among these, 200 measurements
were taken, and only those with adiscernable G peak were considered
for analysis (commonly -99% of the spectra collected). This avoids
using unfocused measurements. Custom Python scripts® were used
to analyse Raman spectral mapping data by comparing peak intensity
ratios and peak height. Graphene yield was calculated using /,;,/ I
ratios from these analyses. We looked for the /,,/I; > 0.3 and then
divided those ratios by the total number of spectra collected to give
thegrapheneyield.

Powder XRD spectra were collected using a Rigaku SmartLab Il
using Powder XRD measurements were done on a Rigaku SmartLab
Intelligent XRD system with filtered Cu Ko radiation (A =1.5406 A) zero
background sample holders were used along at a scan rate of 5° min™
and a 0.02°step size.

XPS datawere collected using a PHI quantera SXM scanning X-ray
microprobe with a base pressure of 5 x 10~° Torr. Survey spectra were
recorded using 0.5 eV step sizes with a pass energy of 140 eV. Elemental
spectrawererecorded using 0.1 eV step sizes witha pass energy of 26 eV.
All the XPS spectra were corrected using the C 1s peaks (284.8 eV) as

reference. Nexsa G2 XPS was used for surface and elemental analysis
of Supplementary Fig. 24.

Scanning electron microscopy (SEM) images were taken with an
FEI Helios Nanolab 660 Dual Beam SEM System. A voltage of 15 keV,
abeam current of 100 pA and a working distance of 4 mm were used
for imaging. High-resolution transmission electron microscopy and
high-angle annular dark-field scanning transmission electron micros-
copy images were taken with the FEI Titan Themis S/TEM instrument
at 300 keV after accurate spherical aberration correction. Samples
were prepared by drop-casting dilute FIDM/ethanol solutions onto
lacey carbon grids.

The NMR spectra were taken using Bruker NEO 600 MHz High
Performance Digital NMR with a helium-cooled inverse TCI 600S3
H&F/CN-D-05ZXT probe. The sample temperature ranges from -40 to
150 °C. The probe’s sensitivity is based on the *F signal-to-noise ratio
of 7,000:1. For NMR characterization the samples were rinsed with
deionized water and D,0 wash added to form a 3:1ratio. The position
and shift of the F peaks depend onthelevel of solvation and deshielding
the atoms experience™.

The Mitsubishi AQF-2100H Furnace System was used to combust
~5mg of sample in a ceramic boat (n = 3). Each boat, loaded with the
stock reactant, was conveyed to the end position of the pyrolysis tube
inthe furnace by a solid sample changer (ABC-210) at a boat speed of
20 mm s and combusted for 10 min. The inlet and outlet tempera-
tures of the furnace were set at 900 °C and 1,000 °C, respectively.
Oxygen and argon were introduced into the furnace at 400 ml min™
and 200 ml min™, respectively. Ultrapure water (18.2 MQ cm) was
introduced into the furnace atarate of 100 pl min™to aid in dissolving
the generated hydrogen fluoride or fluorine gas from the furnace. The
absorptionsolutions were subsequently analysed for fluoride concen-
trationsusing a Dionex ICS-ion chromatography system equipped with
aDionex AERS 500 suppressor (2 mm, Thermo Scientific) and a Dionex
lonPac AS28 column (2 x 150 mm, 4-pum particle size). The eluent was
55 mM KOH at a flow rate of 0.1 ml min™. Aliquots 0f 1,000 mg I fluo-
ride stock solutions were employed to calibrate the IC. The retention
time for fluoride was 7.3 min. The total chromatographic run time was
20 min. The average starting concentration was (0.951 + 0.022) wt% of
fluoride (n=3and R*= 0.9980).

The filtrates of the washed samples post-FJH were diluted using
2% HNO; and analysed using inductively coupled plasma mass spec-
trometry (ICP-MS). For the extraction of neat GAC, 100 mg of GAC
was digested using 30 ml of 2% HNO, at room temperature for 24 h.
Thefiltrate was further diluted and analysed. The Cu, Zn, Si, Al and Fe
were measured by ICP-MS using a Perkin EImer Nexion 2000B ICP-MS
system with Periodic Table Mix 1 for ICP (10 mg 17, 10 wt% HNO;, Mil-
liporeSigma) as the standard. The standard solutions were prepared
with 1, 5,10, 25, 50, 100 ppb concentrations by diluting the original
Mix 1 solution with 2 wt% HNO; solution. The sample concentration
was calculated from the calibration curve. The sample was diluted to
the appropriate concentration using 2 wt% HNO; within the calibra-
tion curverange.

Materials

PFOA adsorbed onto GAC was obtained from the Army Corps of
Engineers-Engineer Research and Development Center (ERDC), and the
GAC (Filtrasorb400 or F400) was purchased from Chemviron Carbon.
Activated charcoal used for solid-state dilution was obtained from Mil-
liporeSigma (product ID 242268-250 G). Solid PFOA was obtained from
SynQuest Laboratory. Ca(OH), was purchased from Fisher Scientific
(C97-500). NaOH was obtained from MilliporeSigma (367176-2KG) and
VWRIC PolyVials, 10571-344, from Avantor. F standard (1,000 mg ™)
was obtained from MilliporeSigma (2121-3-18). Carbon black (APS
10 nm, Black Pearls 2000) was purchased from Cabot Corporation.
PFOS potassium salt was purchased from MilliporeSigma (2795-39-3).
PTFE was purchased from Runaway Bike. American Chemical
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Society-grade methanol for cleaning between reactions was purchased
from MilliporeSigma (179337).

LCAand TEA

The LCA and TEA were conducted using OpenLCA** and GREET** soft-
ware. The energy is calculated based on report values for the reaction
process. CO, emissions are calculated based on electricity, materials
used/consumed and products. More details can be found in Supple-
mentary Section 8.

Atomistic modelling

Density functional theory (DFT) methods® are used asimplementedin
the Viennaabinitio simulation package (VASP)*°. A plane wave expan-
sionupto 500 eVis employedin combination with an all-electron-like
projector-augmented wave potential®’. Exchange correlationis treated
within the generalized gradient approximation using the functional
parameterized by Perdew-Burke-Ernserhof*®. Because all the super-
cells are big enough with the smallest one being15.0 A x15.0 Ax 22.0 A,
only T pointis used for the Brillouinzone integration over Monkhorst-
Pack-type mesh*.Instructure optimization using the conjugate-gra-
dient algorithm as implemented in VASP, both the positions of atoms
and the unit cells are fully relaxed so that the maximum force on each
atomis smaller than 0.01 eV A" For modelling of the catalytic reaction,
the optimized structures are subsequently annealed for 30 pswith the
temperature fluctuating at the range of 1,500-2,500 K in MD simula-
tion. The MD simulationis performed using aNose-Hoover thermostat
and under conditions where the number of particles (N), volume (V),
and temperature (T) are kept constant (NVT ensemble) with a time
step of 0.5 fs. Because the catalytic reaction leads to the cleavage of
the F-C bonds in the PFAS molecules, the number of C-F bonds were
usedinthe systemas a descriptor of the catalytic effect. The number of
unbroken C-F bonds was calculated every 20 steps (10 fs) ineach of the
MD simulations, and the results are shown in Fig. 4a,b. In counting the
number of C-Fbonds, the cut-off distance is set at 1.55 A as compared
to the equilibrium C-F bond length 0f 1.40 A.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Supplementary datasets for Monte Carlo LCA and TEA calculations
areavailable viaZenodo at https://doi.org/10.5281/zenodo0.14852070
(ref. 60).

Code availability

Custom Python scripts were used to analyse Raman spectral mapping
databy comparing peak intensity ratios and peak height. These scripts
areavailable via Github at https://github.com/jIb48249/FJH_ML.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | DFT simulations. a) Reaction Pathway 2 derived fromDFT by the reduction of F by Na. Because of the high electronegativity of F atoms, the
simulations. b) Energy calculations for the reaction steps of reaction pathways F-C covalent bonds are highly frustrated, and the frustration can be released by
land 2. The total energy goes down steadily step by step, which indicates that the replacing F with OH or removal of F through forming C = C double bonds.

above three rules of thumb are valid for energetics analysis. The reaction is driven
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Extended Data Fig. 9| Reaction pathways for production of NaF and Na,SiF. Proposed reaction pathway for the degradation of PFOA in the presence of NaOH via
FJHinto inorganic fluorine salts.
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Fireproof

Extended Data Fig. 10 | Scaled up reaction to mineralize gram scale PFOA-GAC. This demonstrates our scale up technology in the lab to treat 3 g of PFOA on waste
GAC. The starting PFOA concentration was 6.3 mg g GAC. No short chain PFOA remained and the removal efficiency for PFOA was >99.9%. The balance shows that 2.6 g
of graphene formed with small amounts of metal fluoride salts.
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