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Abstract Per- and polyfluorinated alkyl substances (PFAS) are persistent and widespread
environmental contaminants that have infiltrated freshwater systems. Granular activated carbon
(GAC), the most widely used sorbent for PFAS removal from water, becomes a secondary waste
when PFAS is sorbed upon it (PFAS-GAC). Current methods for treatment of this contaminated
spent carbon, such as incineration, release large amounts of hazardous gaseous fluorocarbons. To

address these challenges, here we demonstrate the disposal of PFAS-GAC using an electrothermal
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mineralization process. Flash Joule heating (FJH) of PFAS-GAC in the presence of sodium or
calcium salts yields inert, non-toxic fluoride salts with >96% fluorine conversion efficiency.
Simultaneously, the spent carbon is upcycled into high-value flash graphene, offsetting the cost of
treatment by $1900 US per tonne. The entire process operates without the need for solvents or
expensive catalysts. The life cycle assessment (LCA) shows a reduction in cumulative energy
consumption, greenhouse gas emissions, and water usage. The ease of scalability and the
production of valuable co-products, as highlighted in the technoeconomic assessment (TEA),

showcases this method as an attractive route to mineralize PFAS in ~1 s.
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1. Introduction

Per- and polyfluorinated alkyl substances (PFAS),! also commonly known as “forever
chemicals”, refer to a group of synthetic compounds that have a combined market size of $28
billion in 2023.2 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
chemical inertness, 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 an immediate threat to both health® !° and the environment.!!"14

PFAS-contaminated water is a key source of exposure to the general population.'* !¢ In
response to these concerns, the US Environmental Protection Agency (EPA) recently lowered the
maximum contaminant level in drinking water of specific PFAS, including perfluorooctanoic acid
(PFOA) and perfluorooctane sulfonic acid (PFOS), each from 70 ng/L to 4 ng/L.'”!® To comply
with these stringent limits, several strategies have been employed to collect PFAS from water
streams. A common strategy for mitigating PFAS accumulation in water is physiochemical
adsorption. PFAS is adsorbed by granular activated carbon (GAC)!%!%2° via hydrophobic
interactions and PFAS binds to anion exchange resins?!-?? through ionic interactions. The chain
length and functional groups of the PFAS substantially influence the efficiency of these

techniques.
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Although these sorbents are effective at removing PFAS, all sorption methods result in the
production of secondary, now concentrated, sorbent wastes. These PFAS-laden sorbent secondary
wastes are typically degraded through incineration,’**"2> which requires temperatures of 1000 °C
and long reaction times for complete PFAS degradation.?¢ But, incomplete incineration can result
in the formation of small, volatile organic fluorinated compounds (VOF) that are often more toxic
than the starting PFAS.?>27-28 The EPA is considering banning the incineration of PFAS-containing
materials due to the higher volatility and toxicity of these degradation products.?’

Here, we demonstrate a new strategy for the disposal of PFAS-laden GAC (PFAS-GAC)
using flash Joule heating (FJH) to mineralize the sorbed PFAS. FJH is a process by which an
electrothermal discharge is used to generate extremely high temperatures across resistive solid
samples and thereby drive chemical decomposition (Fig. S1). We demonstrate that >96% of PFAS-
GAC can be degraded during FJH, forming inorganic salts with <0.01% of the initial PFAS
remaining. This is accomplished by the <1 s FJH of the PFAS-GAC in the presence of NaOH or
Ca(OH)., achieving temperatures >2000 °C and mineralizing the organic fluorine to NaF or CaF»,
respectively. Furthermore, our results demonstrate that no detectable degraded VOF or short chain
PFAS are formed in the FJH process in the presence of mineralizing reagents. The GAC is
converted into crystalline flash graphene, a valuable co-product that can be sold to offset the cost
of the decontamination process. The life cycle assessment (LCA) shows that this process offers
low energy consumption and low water consumption, produces minimal greenhouse gas, while
upcycling toxic and concentrated secondary waste streams into valuable graphene and inert

inorganic salts.
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Fig. 1. Scheme, current and temperature of the FJH study. a) Schematic of the experimental setup
and process. b) Image of PFOA-GAC in a weighing boat. ¢) Current profile of a typical 150 V (59
mF, 1.00-s FJH experiment and d) the temperature profile of the FJH over the course of the

reaction.

2. Results and Discussion
2.1 Direct Conversion of PFOA-GAC Into Inorganic Fluoride Salts by FJH

PFOA was used as a representative PFAS type. A mixture of PFOA-GAC and NaOH (see
methods for more details) were packed into a quartz tube with double O-ring seals on each end, as
illustrated in Fig 1a. The packed sample exhibited a typical resistance of 1.2 to 2.0 Q, a suitable
resistivity for direct-current FJH. Fig. 1b displays an image of the PFOA-GAC sorbent. The

reactants were subjected to FJH at voltages from 110 to 150 V for durations of 0.50 and 1.00 s.
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These reactions resulted in high current (Fig. 1¢) and a rapid temperature increase up to >3000 °C
(Fig. 1d) which decays over the course of 2 to 3 s.

While Ca(OH); is optimal for industrial use since the more common mineralized form of
fluoride is as the calcium salt, we chose here to also use NaOH as the mineralizing reagent due to
the higher solubility of NaF with water, facilitating easier quantification of the mineralization. The
high temperatures achieved by the rapid resistive heating resulted in the reaction of PFOA with
NaOH, forming NaF through the strong bond association of the fluoride anion to sodium cation
(Fig. S2). The resulting products were analyzed using ion chromatography (IC) to quantify the
degree of mineralization. Fig. 2a shows that an average of ~96% of organic F in PFOA was
converted to inorganic fluoride at 130 V for 1.00 s when 1.2 mole equivalents (eq) of NaOH were
used per mole of fluoride in the starting PFAS-GAC.

The sample mass, capacitance and voltage discharged through the sample directly
determines the thermal energy generated and the highest temperature achieved. Reaction
parameters of 150 V and 0.50 s duration yielded an average mineralization of 87% with a wide
standard deviation. In contrast, using FJH at the same voltage but for a longer duration of 1.00 s
resulted in 94% mineralization and a reduced standard deviation. Thus, longer reaction durations
ensure that PFOA is further mineralized within the tube (Fig 2a).

We then studied the localization of NaF within the reaction vessel. Fig. 2b-¢ shows the
recovery location for the resultant NaF within the reactor, as quantified by ion chromatography.
Most of the inorganic salt was found mixed with the solid powder flash graphene product and
deposited onto the graphite electrodes and some was deposited on the inner walls of the quartz

tube.
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High resolution X-ray photoelectron spectroscopy (XPS) in Fig. 2d compared the PFOA-
GAC with the products from the FJH reaction at 150 V and 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 to a NaF peak at 684.5 eV and a
second peak at 686.0 eV, indicating sodium fluorosilicate Nax(SiFes). The Nay(SiFs) is present in
small amounts due to the reaction with the quartz tube. Nax(SiFe) is water soluble, and the resultant
anion can further dissociate into water to give fluoride ions.>® Thus, the fluoride formed as
Nax(SiFs) is detected in the IC data.

Fluorine-19 nuclear magnetic resonance spectroscopy (°’F NMR) also shows the
disappearance of the PFOA peaks and the formation of the same two types of inorganic fluoride
detected by XPS (Fig. 2e). To determine if any PFOA remained on the flash graphene after the
FJH reactions, the washed residual carbon samples were analyzed using LC-MS (Fig. 2f). The
formation of any short-chain degradation products (Cz to C7) can similarly be observed by LC-
MS. On average, <0.1% of PFOA remain when FJH reaction conditions are at 150 V and 1.00 s.
The LC-MS and IC calibration curves are shown in Fig. S3 and Fig. S4-S5, respectively. The
concentrations of short-chain PFAS products (C> to C5) fall below the instrumental detection limits
when flashing at 130 V or 150 V for 1.00 s. This suggests that any short chain PFAS formed would
be well-mineralized at higher voltages.

Gas chromatography-mass spectrometry (GC-MS) was used to ascertain whether VOF
were being generated. Using a setup as described in Fig. S6, the off-gas from the reaction was
captured and tested. GC-MS revealed a discernible trend: an increase in the stoichiometric ratio of
NaOH corresponded to a decrease in the presence of evolved VOF (Fig. 2g). In the chromatogram,

peaks 2.15 to 2.22 min corresponds to air. The peaks labeled 1, 2, 3 correspond to gases released
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during the reactions and were identified as perfluoropentene, perfluorohexene, and
perfluoroheptene, respectively. The mass spectra of these compounds are shown in Fig. S6.
Importantly, the addition of 1.2 mol equivalents of NaOH per fluorine atom in a PFOA-GAC
mixture resulted in a 99.81% mineralization of fluorine, as illustrated in Fig. 2h and Table S1,
which approaches the limits of detection of our instrument. This result shows that the presence of
excess mineralizing reagent can mitigate the formation of VOF in the degradation of PFAS-GAC.

During FJH, GAC was transformed into highly crystalline turbostratic flash graphene

(GAC-FQ). Fig. 2i illustrates the graphene yield for a representative set of samples obtained during
the experimental process, affording >95% yield at 150 V for a 1.00 s flash. Additional
spectroscopic and microscopic details regarding the produced graphene can be found in Fig. S7-
S14.

The missing fluorine from the total mass balance was then investigated. The reaction tube
post-FJH shows significant blackening especially near the middle section, furthest from the heat-
sinking electrodes, where the reaction becomes hottest (Fig. S15, S16). After washing the tube and
drying, Raman spectroscopy (Fig. S17) and XPS (Fig. S18) reveal peaks indicative of insoluble
NaSiF30. The atomic percentage after rinsing ranges from 2.68% to 3.63% on the surface of the
tube (Table S2). However, since XPS is a surface analytical method, it is difficult to quantitate this
additional deposit of fluorine 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.
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Fig. 2. Quantification and analysis of the mineralization process. a) Inorganic fluoride yield from
FJH reaction of PFOA-GAC with 1.2 mole eq of sodium per mole of fluoride in PFOA (n = 3). b-
¢) The average mass yield distribution of the fluoride recovered from various parts of the reactor
for different reaction conditions at 0.50 and 1.00 s flash durations, respectively (n = 3). d) High-
resolution F1s spectrum of the PFOA-GAC and fluoride salt/flash graphene product. e) '’F NMR
spectra of PFOA-GAC and flash graphene product. f) LC-MS analysis of residual organic fluorine

recovered from the rinsed product (n = 3). g) GC-MS analysis of VOF produced during the reaction
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using varying mole eq ratios of sodium per mole of fluoride in PFOA (n = 1). Peaks 1, 2, 3
correspond to the VOF evolved during the reactions and were identified as perfluoropentene,
perfluorohexene, and perfluoroheptene, respectively. h) Remaining VOF with increasing mole eq
of sodium per mole of fluoride (n = 1). i) Graphene yield for the FJH samples, showing
representative graphene samples from the experimental process (n = 1). All error bars represent

standard deviation.

2.2 Other PFAS-Sorbents and Mineralizing Reagents.

Other ionic salts can be used to promote the mineralization of fluorine. Fig. S19 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): (see methods) and subjected
to FJH. The reaction at 150 V for 0.50 s resulted in 94% of the fluoride being converted into CaF,.
Due to the insolubility of CaF>, the actual mineralization is likely higher. High quality graphene is
also produced in high yield (Fig. S19). The inner surface of the reaction tube was analyzed using
XPS (Fig. S20) after rinsing with 0.1 M of H2SO4 and drying. Up to 1.62% of surface fluoride can
remain on the blackened area of the post-reaction tube (Table S3).

Alternative sorbents, such as anion exchange resins, offer an effective means of PFAS
removal from water. One such example is Purofine PFA694 resin, consisting of polystyrene beads
with amine-functional group, interacting through acid-base and hydrophobic forces. FJH of this

PFAS-Resin is described in Fig. S21.

2.3 Molecular Dynamics Simulations

10
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Optimized structures of PFOA and varying concentrations of NaOH were computationally

heated at 1500 to 2500 K for 30 ps (Fig. 3a). Because the reaction leads to the cleavage of the C-

F bonds in the PFAS, the number of C-F bonds in the system were used as a descriptor (Fig. 3b).

Without any sodium salts, ~80% of the C-F bonds remained unbroken after annealing. For F to Na

ratios of F240Naszz, Fi3sNa7, FiosNaoes (in order of lowest to highest loading of Na), the amount of

unbroken C-F bonds was 78%, 48%, and 15%, respectively. These reactions 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 function as a catalyst that promotes

the breakage of the C-F bond and enhances the rate of mineralization. Similar catalytic properties

likely exist for other alkali metals and alkaline earth metals. Fig. S22 shows the simulated and

optimized structures for the lowest and intermediate loading of sodium salts.
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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 (F105Nags), annealed
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between 1500 and 2500 K. b) Number of unbroken C-F bonds calculated based on a). c-d)
Thermodynamic analysis using the HSC chemistry package. ¢) The change in the Gibbs free
energy suggests the most favorable reaction pathways for the NaOH mineralizing reagent during
heating. d) The favorability of the reaction between fluorocarbons in the presence or absence of

NaOH. The dark gray region represents average reaction temperatures.

2.4 Thermodynamic Analysis

Fig. 3¢ shows that melting of NaOH(s) into NaOH(l) is favorable when T >320 °C.
Therefore, it is likely that NaOH first melts, wetting the PFOA-loaded GAC and entering the
porous carbon. This brings the mineralizing reagent into closer contact with the PFOA. The orange
line in Fig. 3¢ represents the carbothermal reduction of NaOH during FJH conditions, forming Na
metal when T >1140 °C. This is an impetus for moving to the use of calcium salts such as Ca(OH):
or CaO when scaling up to minimize the accumulation of the more reactive Na(0). A precise
mechanism for PFOA degradation via FJH is unknown. From the GC-MS result we observed that
PFOA undergoes decarboxylation to form C7F16. During the reaction, C7Fi6 can break down into
shorter chain species C¢F14 and CsF12 by losing CF2 and CaF4, respectively. Fig. 3d shows that
these reactions are highly exothermic in the presence of NaOH due to the formation of NaF. This
principle extends to the use of Ca(OH), which forms the highly thermodynamically stable CaF

upon mineralization (Fig. S2).

2.5 Life Cycle Assessment (LCA) and Technoeconomic Assessment (TEA)
Due to the prevalent use of GAC to remove PFAS from wastewater, copious amounts of

this contaminated carbon are generated, so a variety of disposal pathways are currently being

12
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explored. To compare this FJH mineralization process to these other PFAS-GAC remediation
methods, a comparative LCA was conducted. LCA is an analytical methodology used to examine
the environmental impact of a product or process throughout its life cycle, from raw material
extraction to disposal.’!-3?

Here, five different PFAS-GAC disposal scenarios are compared: direct incineration,** ball
milling assisted mineralization, regeneration of GAC by microwave heating,'” solvent
extraction,®® and here mineralization by FJH. For regeneration methods of GAC remediation, the
GAC can be reused, typically up to four times. Although we primarily used NaOH as the
mineralizing reagent in FJH experiments to facilitate quantification 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. Furthermore, the inert and nontoxic byproduct, CakF>,
1S more attractive since it is a natural mineralized form of fluoride in the environment, hence, the
LCA and TEA were performed with Ca(OH),. The fate of the GAC, PFAS, and any required
additives, for each method, are shown in Fig. 4a. Incineration and microwave GAC regeneration
can release the fluorine from the PFAS in the form of CF4 or other partially degraded
organofluorines. These compounds, in addition to potentially being highly toxic, have remarkably
high global warming potential, up to 7,000 times worse than CO2 due to long atmospheric lifetime
and UV adsorption.’” Fig. 4b shows the cumulative energy demand for each process,
demonstrating that compared to other methods, the FJH is highly efficient. Fig. 4c shows the global
warming potential for each route. Due to the predicted production of CF4 by microwave and
incineration methods, since no mineralizing reagent is present, these methods have higher

greenhouse gas emissions when compared to methods that mineralize fluoride. Incineration has

13
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the lowest cumulative water usage followed closely by FJH (Fig. 4d). The production of the
mineralizing reagent Ca(OH), is responsible for the difference in water usage. Considering the
typical PFAS content on GAC is < 1 wt % , the amount of CaF, generated in the flash graphene
product is minimal. In most cases the non-toxic CaF2> would not have to be removed especially if
the product flash graphene is slated for use in concrete and asphalt which is the largest potential

market for this material.’® The full LCA breakdown is found in Table S4-S8.
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Fig. 4. Comparative LCA and TEA of FJH as compared to other PFAS-GAC remediation methods.
a) Diagram showing the considered methods of PFAS-GAC remediation, with associated inputs
and the fate of the GAC and PFAS. b) Cumulative energy demand of each GAC remediation
method studied. ¢) Global warming potential of each GAC remediation method studied. d)
Cumulative water use of each GAC remediation method studied. e) The projected cost of each

process incorporates expenses related to both materials and the production process.
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The TEA results are shown in Fig. 4e, illustrating the materials and process costs associated
with scaling up these remediation methods to the 1-tonne scale. The materials cost is derived from
the starting GAC and reagents (Table S9-S10). The process cost is based on the electrical
consumption used in each method (Table S11). Notably, personnel and transportation costs were
excluded from this analysis due to insufficient data in the literature. The starting material, GAC,
can be transformed into valuable graphene, typically valued between $60,000 to $100,000 US per
tonne.> Even considering a conservative worst-case scenario where graphene is sold at 5% of the
low-end current cost, therefore sold at $3,000 US per tonne, this process demonstrates the potential
for a significant profit of ~§1,900 US per tonne. Fig. S23 shows the comparison of the five
processes before the cost of graphene is considered. Taken together, these assessments underscore

the prospect of FJH for mineralization of PFAS-laden sorbents.

3. Conclusion

This work demonstrates that the FJH process can rapidly degrade PFAS compounds while
producing little or no harmful shorter-chain PFAS, VOF, or hydrogen fluoride. Though
demonstrated here for the most common type of PFAS found in water, the FJH reaction
temperatures of > 2000 °C will likely cause decomposition and mineralization of all PFAS types,
when in the presence of sodium or calcium salts. Valuable graphene is produced as a product of
this reaction, 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

amorphous carbon, expanding the scope of the final carbon products.***!
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4. Methods
4.1 Sample preparation

0.40 g of PFOA-GAC (39.48 mg of PFOA g!) was mixed with 69 mg of NaOH (1.2 mole
eq of sodium per mole of F in PFOA). The sample was ground with mortar and pestle to ensure
that the NaOH was in close contact with the to 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 9.65 mg PFOA g! sorbent. 0.10 g of that was subjected to FJH using a double 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
likelihood of tube shatter. The typical resistance across the sample in the quartz tube is 1.2 to 2.0
Q. The current discharge is an unmodulated direct current (DC) discharge with a capacitance of
~59 mF, with the initial voltage and pulse time ranging from 110 to 150 V and 0.50 to 1.00 s.

0.40 g of PFOA-GAC (37.8 mg PFOA g') was mixed with 61 mg of Ca(OH). (1.2 mole
eq of sodium per mole of F in PFOA) and ground using a mortar and pestle. 0.20 g of this mixture
was mixed with 1.30 g of neat GAC. 0.10 g of this feedstock containing ~7.8 mg PFOA g! of
sorbent and was FJH at 110 to 150 V, 0.50 s and 59 mF. 0.1 M H>SO4 was used to rinse the post
reaction samples to leach the CaF,.
4.2 Characterization

The filtrates from the washing of the FJH products were analyzed for inorganic fluoride
anions using ion chromatography on a Thermo Scientific Dionex Aquion. Chromatographic
separation was achieved using the Dionex™ IonPac™ AS23 IC Column 4x250 mm. The Mobile
phase consists of 4.5 mM NaxCOj3 and 0.8 mM NaHCOs. The flow rate was 1 mL min™!, and the

column temperature was 30 °C. The resultant peaks were fitted between 4 and 5 min. We also
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employed an alternative IC instrument when the Thermo Scientific Dionex Aquion was
unavailable. The Metrohm 930 Compact IC Flex with column 4x250 mm. The eluent consisted of
3.2 mmol L! NaCOs and 1.0 mmol L' NaHCOs3, column temperature 25 °C, flow rate 0.700 mL
min!, column pressure 11.83 MPa. The conductivity should be below 1.2 uS 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 LC-MS instruments were used. The first was an Agilent 1290 Infinity Binary Pump LC
coupled to an Agilent 6495C 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 pm). An Agilent Infinity 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
separation required a gradient elution with a flow rate of 0.35 mL min'!. The analytical column
was maintained at 40 °C throughout the run. The injection volume was 5 pL for this analysis. Data
acquisition was performed in dynamic multiple reaction monitoring (dIMRM) 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 (AJS) electrospray
ionization (ESI) in negative ionization mode. Chromatographic separation was performed using
an Agilent Zorbax Eclipse Plus C18 column (2.1 X 100 mm, 1.8 um). An Agilent Infinity 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 injection volume of samples was 40 pL during the analysis. The aqueous
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phase consisted of 20 mM ammonium acetate in MS-grade water (solvent A) and 100% MS-grade
methanol (MeOH) ( solvent B). Chromatographic separation required a gradient elution with a
flow rate of 0.4 mL min'!. The composition of mobile phase was ramped from 10% (solvent B) to
95% (solvent B) over 24 minutes and then held at 95% (solvent B) for 3 minutes. The analytical
column was maintained at 40 °C throughout the run. The nebulizing gas (N2) was set at a pressure
of 35 psi during separation following voltage application. The source capillary voltage was set at
4000 V with the drying gas at a flow rate of 5 L/min and at a temperature of 230°C. For all PFAS
standards, data acquisition was performed in dynamic multiple reaction monitoring (AIMRM) mode
under optimal fragmentation voltages.

An Agilent 8890 GC equipped with an Agilent HP-5ms low-bleed column (30 m, 0.25 mm
internal diameter, 0.25 pm film) using He carrier gas for liquid and headspace sampling was used
for GC-MS analysis. A tandem Agilent 5977B mass selective detector is used for liquid and
headspace gas analysis.

Raman spectra were collected with a Renishaw Raman microscope using a 532 nm laser
with a power of 5 mW. A 50% lens was used to collect all spectra. Analysis of Raman spectra,
including peak intensity ratios, utilizes the height of the peak. Among these, 200 measurements
were taken, and we only consider those with a discernable G peak. This avoids using unfocused
measurements. Custom Python scripts*? were used to analyze Raman spectral mapping data by
comparing peak intensity ratios and peak height. Graphene yield was calculated using Iop/IG ratios
from these analyses. We looked for the Iop/Ig > 0.3 then divided those ratios by the total number
of spectra collected to give the graphene yield.

Powder XRD spectra were collected using a Rigaku SmartLab II using Powder XRD

measurements were done on a Rigaku SmartLab Intelligent XRD system with filtered Cu Ka
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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 data were collected using a PHI quantera SXM scanning X-ray microprobe with a
base pressure of 5 x 107 Torr. Survey spectra were recorded using 0.5 eV step sizes with a pass
energy of 140 eV. Elemental spectra were recorded using 0.1 eV step sizes with a pass energy of
26 eV. All the XPS spectra were corrected using the C 1s peaks (284.8 eV) as reference.

SEM images were taken with an FEI Helios Nanolab 660 Dual Beam SEM System. A
voltage of 15 keV, a beam current of 100 pA, and a working distance of 4 mm were used for
imaging. HR-TEM and HAADF-STEM 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 F1DM/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/C/N-D-05 ZXT probe. The sample temperature
ranges from -40 to 150 °C. The sensitivity of the probe based on the °F signal-to-noise ratio is
7000:1.

4.3 Materials

PFOA adsorbed onto GAC was obtained from the Army Corp of Engineers-ERDC, the
GAC (Filtrasorb 400 or F400) was purchased from Chemviron Carbon. Activated charcoal used
for solid-state dilution was obtained from MilliporeSigma (Product ID 242268-250G). Solid
PFOA was obtained from SynQuest Laboratory. Ca(OH), was purchased from Fisher Scientific
(C97-500). NaOH was obtained from MilliporeSigma (367176-2KG) and VWR Ion

Chromatography (IC) PolyVials, 10571-344, from Avantor. F- standard (1000 mg/L) was obtained
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from MilliporeSigma (2121-3-18). Carbon black (CB, APS 10 nm, Black Pearls 2000) was

purchased from Cabot Corporation.

4.4 Atomistic Modelling

Density Functional Theory (DFT) methods* are used as they are implemented in the
Vienna Ab-initio Simulation Package (VASP).** A plane wave expansion up to 500 eV is
employed in combination with an all-electron-like projector augmented wave (PAW) potential.*®
Exchange correlation is treated within the generalized gradient approximation (GGA) using the
functional parameterized by Perdew-Burke-Ernserhof.*® Because all the supercells are big enough
with the smallest one being 15.0 A x 15.0 A x 22.0 A, only I" point is used for the Brillouin zone
integration over Monkhorst-Pack type mesh.*’ In structure optimization using the conjugate-
gradient algorithm as implemented in VASP, both the positions of atoms and the unit cells are
fully relaxed so that the maximum force on each atom is smaller than 0.01 eV A"!. For modeling
of catalytic reaction, the optimized structures are subsequently annealed for 30 ps with the
temperature fluctuating at the range of 1500 - 2500 K in MD simulation. The MD simulation is
performed using a Nose-Hoover thermostat and 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 used in the system as a descriptor of the catalytic effect. The number of
unbroken C-F bonds was calculated every 20 steps (10 fs) in each of the MD simulations and the

results are shown in Fig. 4 a-b. In counting the number of C-F bonds, the cut-off distance is set at

1.55 A as compared to the equilibrium C-F bond length of 1.40 A.
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