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ABSTRACT: Thermal treatment has emerged as a promising approach for either the end-of-life treatment or regeneration of
granular activated carbon (GAC) contaminated with per- and polyfluoroalkyl substances (PFAS). However, its effectiveness has
been limited by the requirement for high temperatures, the generation of products of incomplete destruction, and the necessity to
scrub HF in the flue gas. This study investigates the use of common alkali and alkaline-earth metal additives to enhance the
mineralization of perfluorooctanesulfonate (PFOS) adsorbed onto GAC. When treated at 800 °C without an additive, only 49% of
PFOS was mineralized to HF. All additives tested demonstrated improved mineralization, and Ca(OH), had the best performance,
achieving a mineralization efficiency of 98% in air or N,. Its ability to increase the reaction rate and shift the byproduct selectivity
suggests that its role may be catalytic. Moreover, additives reduced HF in the flue gas by instead reacting with the additive to form
inorganic fluorine (e.g, CaF,) in the starting waste material. A hypothesized reaction mechanism is proposed that involves the
electron transfer from O>” defect sites of CaO to intermediates formed during the thermal decomposition of PEOS. These findings
advocate for the use of additives in the thermal treatment of GAC for disposal or reuse, with the potential to reduce operating costs
and mitigate the environmental impact associated with incinerating PFAS-laden wastes.
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Bl INTRODUCTION such as granular activated carbon (GAC) are an attract1ve
prospect for removing PFAS from water due to the low cost."

However, managing spent adsorbents contaminated with PFAS
poses a disposal challenge. The United States Environmental
Protection Agency and the Department of Defense (DoD)
have outlined interim guidance for handling PFAS-laden solids,
suggesting landﬁllmg thermal reactivation, and incineration as
potential methods.'”'® Landfilling carries the risk of PFAS re-
entering the environment,"’ making thermal treatment more
practical for end-of-life destruction or regeneration of PFAS-
contaminated GAC.”*™>* Yet, the thermal destruction of PFAS

Per- and polyfluoroalkyl substances (PFAS) comprise a diverse
group of synthetic organic compounds known for their
exceptional thermal, chemical, and biological stability, water
and oil resistance, and surfactant properties.I PFAS find
application in various industrial and consumer products, such
as aqueous film-forming foams (AFFFs), nonstick cookware,
stain-resistant fabrics and carpets, some cosmetics, and water-
repellent clothing, among others.” Due to their recalcitrance,
PFAS are ubiquitous in the environment,” ® and they have
been detected in mun1c1pal wastewater, freshwaters, and
treated drinking water.””'" Consequently, there is a growing
imperative to remediate PFAS-contaminated waters, driven by Received:  November 22, 2023
heightened societal and regulatory awareness amplified by Revised:  May 24, 2024
advancing toxicology research on this class of contami- Accepted: May 28, 2024
nants,''~'*

Conventional water treatment processes face limitations in
effectively removing and destroying PFAS.'>'® Adsorbents
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Figure 1. Schematic of the experimental setup, sampling, and analysis.
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requires very high temperatures (>1000 °C) and it releases
undesirable products of incomplete destruction (PIDs) in the
flue gas.'>**7?° As a result, the DoD has advised exercising
caution in employing thermal treatment for managing PFAS
wastes until further information is acquired.”

The incineration of PFAS-contaminated wastes might be
enhanced by the incorporation of additives, potentially
reducing the temperature and time required for mineralization
while minimizing the generation of PIDs.”” >’ Recent research
has highlighted the efficacy of calcium-based additives in
augmenting PFAS mineralization at relatively low temperatures
(<500 °C).>”7** These investigations were conducted using a
muffle furnace without air flow, and qualitative and (semi)-
quantitative methods were used to track the fluorine mass
balance. Of the calcium-based minerals examined, Ca(OH),
was the most efficient with respect to mineralization. Critical
knowledge gaps remain for additive-assisted thermal treatment
of PFAS, including the exploration of other alkali and alkaline-
earth metals, the effect of the counterion, the quantitative fate
of fluorine, the underlying mechanism driving the enhance-
ment, and the effect of treatment duration. With regards to the
counterion, several studies have also shown that hydroxides
(e.g, NaOH) considerably enhance the degradation of PFAS
during incineration,” hydrothermal liquel"action,zs""l’32 and
low-temperature treatment in polar, nonprotic solvents.*® This
would suggest that both the metal and the hydroxide play a
role in enhancing the mineralization of PFASs and mitigating
PIDs.”’

The aim of this study was to systematically explore the
efficacy of alkali and alkaline-earth metal compounds in
enhancing the mineralization of perfluorooctanesulfonate
(PFOS) adsorbed onto GAC during thermal treatment.
PFOS was chosen as a representative perfluorosulfonic acid
due to its prevalence at numerous military installations,
resulting from legacy AFFF usage,”**’ historic use in
consumer products,’’ and it being a common byproduct of
various precursors.”' ~** Several variables were tested, includ-
ing the alkali and alkaline-earth metal additive, treatment
temperature, treatment time, the additive-to-fluorine molar
ratio, and the presence/absence of oxygen. Additionally,
unique to this study was the utilization of both total and
target PFAS analyses to trace the fate of fluorine during
thermal treatment. First, we present results with an
accompanying discussion on the mineralization efficiency and
distribution of the F byproducts. Then, using the outcomes of

these experiments, we put forth a hypothesis that describes the
possible catalytic mechanism that drives the thermal
destruction of PFOS using additives. Finally, we provide
insights into the implications of using additives in practice with
a discussion of future needs.

B METHODS

Preparation of PFOS-Contaminated GAC. A detailed
description of the chemicals used in this study can be found in
the Supporting Information (Section S1). PFOS stock
solutions with a 100 mg/L concentration were prepared in 1
L Nalgene laboratory bottles (16127-226, VWR, PA, USA) by
adding 100 mg of PFOS to 1 L of ultrapure Milli-Q water. The
bottles were placed on a shaking table at 100 rpm for 24 h to
ensure complete dissolution. GAC (F400, Carbon Calgon
Corporation, PA, USA),45 with a mean particle diameter of 1.0
mm and a surface area of 1050 mz/g, was dried for 48 h at 60
°C in air. The calcium content of the dried GAC was
determined by digesting 500 mg samples in triplicate in
concentrated H,SO,, following the CEM MARS sixth method
note.*® The digestate was then analyzed for calcium using an
Avio 200 inductively coupled plasma optical emission
spectrometer (PerkinElmer, GA, USA).

The dried GAC was added to the PFOS stock solution
bottles at 25 g/L to achieve a concentration of 4 mg PFOS/g
GAC, which is less than the maximum adsorption capacity of
GAC F400 when treating PFOS-contaminated waters.”” The
bottles were placed on a shaking table to mix the content at
100 rpm for 48 h. Then, the bottles were left stagnant for 24 h
to allow the GAC to settle, after which it was collected and
dried in an oven at 60 °C for 72 h. To confirm that the
majority of PFOS was adsorbed onto the GAC, liquid samples
were collected before and after shaking with GAC for
subsequent analysis, which indicated that more than 99% of
PFOS was adsorbed. In addition, the bottles were washed with
a 0.1% NH,OH/MeOH solution to quantify the amount of
PFOS that adsorbed onto the walls. The wash was analyzed for
PFOS by liquid chromatography with tandem mass spectrom-
etry (LC—MS/MS; Agilent 6470B Triple Quadrupole LC—MS
System, Agilent Technologies, DE, USA), which showed that
there was no measurable PFOS detected in the wash within
our detection limits (approximately 15 ng PFOS/L), implying
that any PFOS loss to the walls of the bottles would have been
<0.01%. The PFOS-contaminated GAC was poured into a 500
mL Nalgene bottle and then stored in a freezer at =20 °C. All
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experiments were conducted within 3 weeks of preparing the
PFOS-contaminated GAC.

Thermal Treatment of GAC. A total of 36 runs from 6
experimental sets were conducted (Table SI-1). It should be
noted that only the baseline and Run 2—6 (Table SI-1; same
operating conditions as those of the baseline but without
additives) were conducted in triplicate. Figure 1 displays a
schematic of the experimental setup, sampling locations, and
analytical procedures. Additives were added by mixing them
with PFOS-contaminated GAC in 50 mL polypropylene tubes
(05-539-9LC, Fisher Scientific, MI, USA) using a tube rotator
(88-861-049, Fisher Scientific, MI, USA) at 30 rpm for 30 min.
Four grams of contaminated GAC was poured into a
laboratory-grade S0 mL quartz boat (Alpha Nanotech Inc.,
NC, USA) and then inserted into the tube furnace (OTE-
1200X, MTI Corporation, CA, USA) after reaching the desired
temperature. A less than 2 °C loss in temperature was observed
from sample insertion. It should be noted that the
thermocouples of this furnace measure the air temperature
(i.e., above the sample) and not the temperature within the
sample. Gas was flowed at a rate of 1.5 L/min (residence time
of about 3.4 min in the tube furnace) from a gas cylinder using
a mass flow controller (Alicat Scientific, AZ, USA). The gas
was either air (Ultra Zero grade Air, American Welding and
Gas, IN, USA) or N, (Ultra High Purity grade Nitrogen,
American Welding and Gas, IN, USA). A gas flow rate of 1.5
L/min ensured that no HF was captured on the tube furnace
or in any part of the setup used (i.e, inlet, tubing, etc.). This
was tested by rinsing the entire system with 0.1 M NaOH
solution and then measuring the rinsate for fluoride and PFAS.
The gas flowed out from the furnace through 0.25” stainless
steel tubing (Smooth-Bore Seamless 316, McMaster-Carr, IL,
USA) into two S00 mL glass impingers in series, each
containing 200 mL of 0.1 M NaOH solution. To minimize the
condensation of byproducts in the stainless steel tubing, it had
a short length of 30 cm. The impingers, which were used to
capture the soluble gas products (e.g, HF and soluble PIDs)
produced during treatment, were placed in series and kept in
an ice bath. After each run, the treated GAC—also referred to
as ash, although most of the GAC (>80% by mass) remained
intact after treatment (as detailed in the Supporting
Information, Table SI-2)—was removed from the furnace,
the furnace was sealed again, and then the gas flow was
maintained for an additional 10 min to pass any remaining
fluorine products through the system, resulting in a volume of
15 L of gas passed, which was more than two times the
working volume of the system. The treated GAC sample was
left to cool in a hood for 5 min before being weighed to
determine the mass loss. It was then transferred into a 15 mL
polypropylene tube (S50712, Fisher Scientific, MI, USA) and
stored at —20 °C until analysis. The aqueous solutions from
the impingers were poured into 50 mL polypropylene tubes
(05-539-9LC, Fisher Scientific, MI, USA) and then stored at 4
°C.

The baseline run for GAC loaded with PFOS, from which all
other experiments were varied, was selected as 800 °C, air, and
with Ca(OH), at a 1:1 Ca/F molar ratio (Table SI-1). The
temperature of 800 °C was selected for the baseline since it is
estimated to be the point at which more than 80%
defluorination of PESAs occurs.”* Furthermore, this is the
average temperature that hazardous waste incinerators
commonly operate at in the rotary chamber.”® Ca(OH), was
selected as the additive for the baseline since it has been

previously shown to enhance the thermal treatment of PFOS.*”
From the baseline experiment, the effects of the additive type,
operating temperature, presence of oxygen, treatment time,
and additive-to-fluorine ratio were tested (Table SI-1).

A blank run, which consisted of GAC with no PFOS loaded,
was treated at 800 °C in air for 15 min. This was done to verify
that no fluorinated byproducts were generated by the GAC. In
Experiment Set 1, several different additives were investigated,
including Ca(OH),, CaO, Cas(PO,);(OH), CaCl,, CaCl, +
NaOH (i.e., mixture of CaCl, and NaOH in powder form),
Mg(OH),, MgO, NaOH, NaCl, NH,OH/H,O (i.e, NH,OH
in solution), and HCI/H,O (i.e., HCI in solution). The oxides
and chlorides were investigated to determine the effect of
hydroxide. NH,OH/H,0O and HCI/H,O were used as controls
to explore the effect of OH/H,O and H/H,O additions
without an alkali or alkaline-earth metal. Both NH,OH/H,0
and HCI/H,O were added to the PFOS-contaminated GAC as
an aqueous solution, where select volumes were added from a
stock solution (2500 mg/L). Unlike the other samples, these
two were not dried prior to thermal treatment. The additive-
to-fluorine molar ratio (X/F) used was 1:1 for X = Ca and Mg
and 2:1 for X = Na, HCI/H,0O, and NH,OH/H,O. This
corresponded to twice the stoichiometric requirement to form
XF,. In Experiment Sets 2 and 3, the effect of the furnace’s
operating temperature was investigated without and with
Ca(OH),, respectively. In Experiment Set 4, the effect of
oxygen was explored by using N, as the carrier gas. In
Experiment Set 5, the effect of the treatment time was
investigated at 500 and 800 °C (i) with Ca(OH), from S to 30
min and (ii) without Ca(OH), from S to 60 min. In
Experiment Set 6, the effect of the Ca/F ratio was investigated
from 0.5 to 8.0.

Analytical Procedures. To calculate the fluorine mass
balance, we analyzed the initial loading of PFOS on GAC
(PFOS, 1), the PFOS remaining on the GAC after
incineration (PFOS,y,), the total fluorine on the GAC after
incineration (TF,y), the PFOS in the impingers after
incineration (PFOS,,), the total soluble fluorine in the
impingers after incineration (TFgas), and the HF in the
impingers after incineration (HF,). The total inorganic
fluorine on the GAC after incineration (IF,y,) was calculated
by subtracting PFOS,y, from TF,y, and the total organic
fluorine in the impingers after incineration (OF,,) was
calculated by subtracting HF,, from TFg,.

PFOS,,;sq and PFOS,; were measured by LC—MS/MS
following EPA method 1633 draft 4, modified for GAC
(method details are presented in the Supporting Information,
Section $3).* PFOS;;; and PFOS,, were also measured
using particle-induced gamma-ray emission (PIGE) spectrom-
etry. The latter is generally used to analyze light elements such
as lithium, boron, fluorine, aluminum, and silicon in a variety
of solid matrices, and it has been successful in measuring
fluorine in PFAS-laden solids with a detection limit of about 10
ug F per gram of dry solids.”" "> The preparation of samples
and standards for analysis by PIGE is detailed in the
Supporting Information (Section S4, Figure SI-1). PFOS,,
was measured by LC—MS/MS by diluting the impinger
solution in methanol at an 80:20 ratio. HF,,; was measured
using ion chromatography (IC; ECO IC, Metrohm, FL, USA).
TF,,, was measured using combustion ion chromatography
(CIC; Metrohm CIC, Metrohm, FL, USA) after concentrating
the samples S-fold using a blowdown evaporator (Biotage
TurboVap LV, Biotage, NC, USA), whereby 10 mL samples

gas
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were subject to a gentle nitrogen purge for 6 h in a water bath
heated to 60 °C until a volume of 2 mL was reached. TF,y, was
measured by PIGE spectrometry. IF,; was calculated by
subtracting PFOS,y, from TF . All samples tested by IC, CIC,
LC—MS/MS, and PIGE were analyzed in triplicate. Analytical
results were reported as the average + standard deviation.
The fraction of fluorine mass that was recovered for each
species (@), the total fraction of fluorine mass recovered
(g o), and the fraction of the mass of PFOS that was
mineralized were calculated using eqs 1—3, respectively.

X
aF (%) — mass

X 100%;
PFOS

initial

where, X = PFOS 4, IE,, HFgaS, or OFgaS (1)

mass

PFOS,, + IE, + HE, + OF

o %) = i £ X 100%
F,total ( ) PEO Sinitial
(2)
I]‘:‘;sh + HFgas
mineralization efficiency (%) = X 100%
PFOSinitial
(3)

Analytical Assumptions. Obtaining a total fluorine mass
balance as discussed in the analytical procedures is challenging.
It has limitations and requires some assumptions. First, for
computing OFg,, all fluorinated compounds captured in the
impingers that were not HF were assumed to be organic. Other
inorganic fluorine compounds, such as fluorosilicates, could
form in the gas phase, but the hydrolysis of fluorosilicates to
HF is known to occur rapidly and with a high equilibrium
constant.” The full reaction has been shown to dissociate from
HEF at yields greater than 95% at much higher concentrations
and at a pH lower than that of the impinger solutions.
Therefore, in the alkaline impingers, and under favorable
hydrolysis conditions, the number of fluorosilicates remaining
would be small.

Second, IF, is calculated based on the assumption that all
fluorine remaining on the treated GAC after the NH,OH/
methanol extraction is inorganic. However, nontargeted
organic F and fluorinated PID radicals that reacted with
GAC (e.g., forming CF, groups) could have remained on the
treated GAC after extraction. This was accounted for by
analyzing the fluorine remaining on the extracted GAC
samples using PIGE and the chemical state of the products
(e.g., C—F or Ca—F) using X-ray photoelectron spectroscopy
(XPS) (method details are presented in the Supporting
Information, Section S6).

Third, the extraction efliciency of targeted PFAS from GAC
was assumed to be constant for all samples (i.e., to obtain
PFOS, i and PFOS, ). In spike-recovery experiments for the
extraction of PFOS from triplicate samples, the recovery of
PFOS was 97% + 3.1% and 81% + 3.4% for the control and
GAGC, respectively (Section S3). The latter recovery was used
to adjust all extracted PFAS concentrations for the treated
GAC. Analysis of extracted and nonextracted GAC samples by
PIGE confirmed the LC—MS/MS results, with approximately
15—20% F remaining on the GAC after extraction.

B RESULTS AND DISCUSSION

Effect of the Additive Type. Several additives were
chosen to explore the effect of the alkali or alkaline-earth metal
and the counterion on the thermal treatment of PFOS. Figure

2 displays the fraction of fluorine mass recovered (ag) for
different additives used to treat PFOS-contaminated GAC at

[ 1PFOS g, [ IF yo I HF o [ OF
Ca(OH), Baseline b

CaCl,+NaOH + +

NaOH F i
Cay(PO,)4(OH) = =
Mg(CH), s
Ca0 He

CaCl, + +
NH,OH/H,0 .++

MgO Sy

NaCl | o |
No additive | i Hh HH

Figure 2. Fraction of fluorine mass recovered () for PFOS,, IF.g,
HF,,, and OF,,, after treatment of PFOS-contaminated GAC at 800
°C in air (1.5 L/min) for 15 min with different additives. The X/F
ratio was 1.0 for X = Ca and Mg and 2.0 for X = Na and NH,OH/
H,O. The red error bars represent one standard deviation of triplicate
runs, while the remaining error bars represent one standard deviation
of analytical triplicates. The dashed line indicates 100% recovery of
fluorine.

800 °C in air for 15 min. The data in Figure 2 is sorted from
the highest to the lowest mineralization efficiency (eq 3). All
alkali and alkaline-earth metals improved the mineralization
efficiency compared to that when not using an additive, with
Ca > Na > Mg. The hydroxide-based alkali and alkaline-earth
metals—Ca(OH),, NaOH, Mg(OH),, and Ca(PO,);(OH)—
had a higher mineralization efficiency than that of the oxides
and chlorides [Ca(OH), > CaO > CaCl,, NaOH > NaCl, and
Mg(OH), > MgO]. The mineralization efficiency for the
additives used to probe the absence of the metal—NH,OH/
H,0 and HCI/H,O—was lower than that of those containing
a metal. The mineralization efficiency of NH,OH/H,0 was
slightly better than that with no additive (58 vs 49%) and all
PFOS was removed from the GAC, whereas HCI/H,O results
were similar to those with no additive (not shown). The Ca,
Na, and Mg additives will presumably form their respective
XF, products. For Ca, its product was confirmed by XPS
analysis to be CaF, in the IF,y (Figure SI-2).

Not only did the mineralization efficiency vary by additive
but the distribution of the mineralized products (IF,y and
HF,,,) and PIDs also varied considerably (Tables SI-3 and SI-
4). The IF,g/HFg, ratio was used as an indicator of how
efficient the additive was at capturing HF as XF, (e.g,, CaF,).
The general trend in the IF,/HF,, ratio was Ca > Mg > Na
and OH > O > Cl, with the metal selection having the primary
influence. For example, though NaOH (79%) was more
effective than CaO (69%) and CaCl, (62%) at mineralizing
PFOS, its IF,q,/HF, ratio (2.2) was lower than those of CaO
(5.7) and CaCl, (3.7). Control experiments with pure NaF
and CaF, (i.e., powder form with no GAC) at 800 °C did not
produce notable (<5%) amounts of HF (not shown); thus, the
lower IF,,/HF, ratio for Na additives was unlikely due to the
thermal decomposition of NaF to HF. NaCl was also the only
metal-based additive that was unable to completely remove
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PFOS from GAC under the conditions tested. Its mineraliza-
tion efficiency (55%) was comparable to that when not using
additives (49%), suggesting only a minor enhancement, but it
remained somewhat useful in capturing HF with an IF,,/HF,,
ratio of 1.1.

In addition to capturing more HF, as IF,, the more active
additives also reduced the missing F mass. No F was found in
the post-treatment wash (with 0.1 M NaOH/methanol) of the
system (i.e., quartz reactor, tubing, etc.), and no gas leaks were
detected. Target analysis for 40 PFAS was conducted on the
impinger solutions and the GAC ash, but none were detected
(not including PFOS). Thus, the missing F mass was likely
insoluble OF,,,, presumably volatile fluorocarbons that were
either not captured by the impingers or not detected. This
would include COF,, C,F,, CF,, and C,F,, which have been
observed as gas-phase byproducts in previous studies on the
thermal treatment of PFASs.”* Thus, even at very high
operating temperatures and at the residence time used (about
3 min), not all OFg (total) were mineralized to HF.
Additional effort was made to capture the missing OF,, as
total F on a series of GAC emission capture beds (two 20 g
beds in series) placed after the impingers, but no F was
detected by PIGE analysis. This suggests that either GAC is
not efficient at capturing the missing OF, or the mass is lower
than the detection limit of PIGE. Beyond this study, additional
development is needed to capture the volatile fluorocarbons on
a solid-phase medium, which is required for PIGE analysis. It
should be noted that while a nonpolar liquid phase coupled
with CIC seems like an attractive option, this would not be
suitable because these fluorocarbons are unable to be analyzed
by CIC because they are thermally stable.

Due to the superior efficiency of Ca(OH),, this additive was
chosen as the baseline additive and used in all subsequent
experiments testing the operating temperature, treatment time,
carrier gas, and Ca/F ratio.

Effect of the Operating Temperature. Figure 3 shows
the fraction of fluorine mass recovered (az) for PFOS-
contaminated GAC treated at varying temperatures in air (A)
without and (B) with Ca(OH),. Given that the reported
temperatures were the operating temperatures (i.e., air
temperature) and not the temperatures within the solid matrix,
localized temperatures where the reaction takes place may be
higher (or lower). GAC has the potential to autoignite at
temperatures >450 °C in air or inert atmospheres due to its
oxygenated functional groups.> In this study, below 800 °C,
we did not observe autoignition of the GAC. Above 800 °C, an
observed reddish glow to the GAC indicated that either
autoignition and/or smoldering might have occurred. This
could increase the temperature of the GAC to up to 1000—
1200 °C.°°7® Nonetheless, even at 1000 °C and after 15 min
of treatment, only about 20% mass loss of the GAC was
observed (Table SI-2).

Without Ca(OH),, no mass loss of PFOS from the treated
GAC (i.e., ash) was observed at 300 and 400 °C (Figure 3A).
At 500 °C, ~41% of the total F mass remained as PFOS on the
GAC (PFOS,y,), 20% was converted to HF,,, and 21% was
converted to OFg,, byproducts. With increasing temperature,
the PFOS,, content continued to decrease, while HFg,
increased and OF,,, decreased proportionally, suggesting that
increasing temperature facilitated the conversion of OF,
products to HF,,. This has been previously observed during
the pyrolytic decomposition of PFOS.*® This conversion of

OF,, to HF, was exponentially correlated (R* > 0.99), with
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Figure 3. Fraction of fluorine mass recovered (a;) for PFOS g, IF g,
HF,,y and OF,, after the treatment of PFOS-contaminated GAC at
varying temperatures in air (1.5 L/min) for 1S min (A) without
Ca(OH), and (B) with Ca(OH),. The Ca/F ratio was 1.0. The red
error bars represent one standard deviation of triplicate runs, while
the remaining error bars represent one standard deviation of analytical

triplicates. The dashed line indicates 100% recovery of fluorine.

the HF,,/OF,, ratio increasing from 0.98 to 4.7 when
increasing the temperature from S00 °C to 1000 °C (Figure
SI-3). At 1000 °C, no PFOS remained on the GAC, but only
83% of the total F mass balance was accounted for as HF,,
(68%) and OF,,, (15%), with the remainder presumably being
insoluble volatile fluorocarbons. It should be noted that no
targeted PFAS were detected in the extracted samples,
meaning that any fluorinated PIDs that might have remained
on the treated GAC after washing were less than 0.25% of the
total F mass balance. Moreover, if any organic F remained, it
was not at a high enough concentration to be detected by XPS,
which showed that the predominant form was CaF, (Figure SI-
2).

Figure 3B shows the fraction of fluorine mass recovered (o)
with the addition of Ca(OH),. Similar to the sample with no
Ca(OH), added, the initial mass loss of PFOS from GAC
started at 500 °C with Ca(OH),, but the byproduct
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distribution was markedly different (Figure 3B). At this
temperature, no PFOS,; was detected and 85% of the F
mass was recovered as IF,g, (82%) and HF,,, (3%). No OF,,
was detected in the impingers with the addition of Ca(OH),.
For all temperatures, the total fluorine mass recovered was
between 85 and 103%, with slightly better recovery observed
with increasing temperature. The addition of Ca(OH), had a
marked impact on the treatment of PFOS-laden GAC
compared to that with no additive. It decreased the formation
of PIDs, attenuated the formation of HF in the gas phase, and
reduced the temperature required to achieve mineralization at
the treatment time tested (15 min).

The baseline condition (800 °C, Ca(OH), at 1:1 Ca/F, 15
min, air) was repeated with N, as an oxygen-free carrier gas
instead of air. Compared to air conditions (IF,y, = 82%; HF,,
=3%), the destruction of PFOS on GAC was slightly enhanced
under pyrolytic conditions with a conversion of PFOS to IF
(87%), and no other products were detected. Typically, under
pyrolysis conditions and at high temperatures without an
additive, PEOS will decompose into PIDs.”*>” The addition of
Ca(OH),, however, significantly decreased the formation of
PIDs under pyrolytic conditions. This outcome is promising
since pyrolysis is favored for GAC regeneration,” and
therefore, GAC could be reused after thermal treatment,
even at regeneration at the lowest temperature where PFOS
removal was observed (500 °C).

Mineralization Initiation Temperature. The conversion
of PFAS to mineralized byproducts (ie, IF,y + HFgas) is
critical to establishing an efficient and sustainable thermal
treatment process. In the absence of Ca(OH),, the mineralized
byproduct was HF,, and in the presence of Ca(OH),, it was
predominantly IF,g, with minor amounts of HF,. Figure 4
illustrates the mineralization efficiency of PFOS (i.e.,
computed using eq 3) with and without Ca(OH), as a
function of the operating temperature. Here, data from Figure
3 was collated with additional experiments conducted at 425,
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Figure 4. Mineralization efficiency as a function of temperature for
the treatment of PFOS-contaminated GAC with and without
Ca(OH),. Experiments were conducted in air (1.5 L/min) for 15
min. The red error bars represent one standard deviation of triplicate
runs, while the remaining error bars represent one standard deviation
of analytical triplicates. The mineralization efficiency was computed
using eq 3.

450, and 475 °C to gain a better understanding of the
temperature at which mineralization begins. The mineraliza-
tion of PFOS was initiated between 425 and 450 °C with and
without Ca(OH),, with a mineralization efficiency of 70 and
6.2%, respectively. Lower initiation temperatures have been
observed for the destruction of PFOS during the thermal
treatment of contaminated GAC and soil,>® highlighting the
importance of operating conditions when comparing results
across studies. Though initiation temperatures with and
without Ca(OH), were similar, Ca(OH), did enhance the
amount of PFOS that was mineralized at 450 °C for a
treatment time of 15 min.

Effect of the Treatment Time. As depicted in Figure 3A,
PFOS was incompletely removed from GAC without Ca-
(OH), until 1000 °C, but this may have been due to an
insufficient treatment time (1S min) and not a temperature
barrier. Herein, we explored the effect of treatment time to
better understand how Ca(OH), impacts the reaction. Figure
5 shows the fraction of fluorine mass recovered () for PEOS-
contaminated GAC treated in air for varying treatment times
without and with Ca(OH), at 500 °C (Figure SA) and 800 °C
(Figure SB). Samples were tested at 500 °C to investigate the
impact of treatment time at the lowest temperature tested in
Figure 3A at which PFOS mineralization occurred.

In the absence of Ca(OH),, increasing the treatment time
from S to 60 min decreased PFOS,, while also increasing the
fraction of HF,, and OFg,. PFOS,, was stil 20% at a
treatment time of 60 min at 500 °C, while at 800 °C, it was not
detected. There was a positive log—log correlation (R* = 0.99)
between the ratio of PFOS,g, to HF,, + OF,, [(PFOS,/
(HFg, + OF,,)] and the treatment time, which indicates that
increasing the treatment time would have diminishing returns
with respect to PFOS removal from GAC. Both OF,, and

gas
HF,,, increased by about 30—50% when increasing the time

fror%l S to 60 min.

With Ca(OH),, all PFOS was removed from the GAC after
S min with a mineralization efficiency >85% for both operating
temperatures. Similar treatment times were sufficient for the
thermal treatment of PFOS in wastewater sludge amended
with Ca(OH),.” Thus, not only does Ca(OH), increase the
mineralization efficiency at lower temperatures but it also
reduces the treatment time required to do so. Reducing
treatment times can potentially decrease the operating
footprint and costs associated with the thermal treatment of
PFAS-laden wastes.

Effect of the Ca/F Ratio. Figure 6 displays the fraction of
fluorine mass recovered (ap) at different Ca/F ratios using
Ca(OH),. Using the theoretical stoichiometric Ca/F ratio of
0.5 resulted in incomplete mineralization of PFOS, forming
HF,, (20%) and OF,,q (8%), with the remainder of the mass
that was missing (23%) being attributed to presumably volatile
fluorocarbons. The most favorable treatment outcome was
achieved at an excess stoichiometric Ca/F ratio of 2—4,
resulting in >95% mineralization and fluorine mass recovery.
The natural calcium concentration of the GAC (~1.42 mg/g,
corresponding to a Ca/F ratio of ~0.25) did not seem to
influence the thermal mineralization of PFOS since no IF
was detected in the experiments conducted without additives.
There are a few reasons why an excess stoichiometric ratio
would be needed, as discussed in the following section.

Proposed Reaction Mechanisms. Of all the additives
tested, Ca(OH), was the most efficient, with over 90% of
PFOS being converted to mineralized byproducts for the
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Figure S. Fraction of fluorine mass recovered (ay) for PFOS,, IF.g,
HF,,, and OFg,, after treatment of PFOS-contaminated GAC in air
(1.5 L/min) for varying treatment times with and without Ca(OH),,
at (A) 500 and (B) 800 °C, respectively. The Ca/F ratio was 1.0. The
red error bars represent one standard deviation of triplicate runs,
while the remaining error bars represent one standard deviation of
analytical triplicates. The dashed line indicates 100% recovery of
fluorine.

conditions tested (Figure 2). Herein, we hypothesize that
additives, or more specifically the metal oxide forms, served as
a catalyst for at least one intermediate reaction, and additives
with OH promoted the reaction through either the addition of
basicity to the surface of additives, by altering the temperature
at which the metal oxide forms, or through the release of H,O.
The catalytic activity of metal oxides has long been
established,” and a few recent studies have already
investigated their mineralization efficiencies and the mecha-
nisms involved during the thermal treatment of PFAS.”” >
Fully coordinated, pristine metal oxide surfaces are typically
nonreactive, but the presence of defects exposes highly reactive
basic (electron-donating) and acidic (electron-accepting) sites.
With regards to the alkaline-earth metal oxides, much of the
fundamental surface and catalysis science has focused on
MgO.(’1 In the 1960s, Tench and Nelson® used electron
paramagnetic resonance (EPR) to prove that the defect sites of
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Figure 6. Fraction of fluorine mass recovered () for PFOS,, IF.g,
HF,,, and OF,, after treatment of PFOS-contaminated GAC at 800
°C in air (1.5 L/min) for 15 min with varying Ca/F ratios using
Ca(OH),. The red error bars represent one standard deviation of
triplicate runs, while the remaining error bars represent one standard
deviation of analytical triplicates. The dashed line indicates 100%

recovery of fluorine.

MgO have electron-donating capabilities. Electron transfer on
defect-rich MgO can occur through two hypothesized
processes.’ The first is through O® ions located at edge,
step, corner, and kink defect sites. These basic, low-
coordinated sites are less stabilized (ie, lower Madelung
constant) than their bulk or surface counterparts. The resulting
destabilized, occupied O 2p levels produce higher energy states
in the band gap and serve as Lewis base sites that can directly
transfer electrons to target compounds. The second is through
the formation of O*~ vacancies in the bulk and at the surface.
These vacancy defects, the so-called Farbzentren (F) centers,
are surrounded by an array of Mg’* cations and can trap excess
electrons that can then transfer to chemisorbed molecules.
Preparation of MgO with a high density of defects, often called
“active” or “activated” MgO, can be done by pyrolyzin
Mg(OH), at temperatures between 400 and 850 °C.5%"
Further treatment of this with hydrogen and irradiation
produces oxygen vacancies, resulting in MgO with trapped
electrons at F centers. Tench and Neslon®” hypothesized that
since they were using unirradiated MgO, the electron transfer
mechanism was the direct transfer from lattice O® ions to
adsorbed compounds, forming O~. Several researchers have
now confirmed this hypothesis through experimental and ab
initio studies, proving that these low-coordinated O~ sites
serve as efficient reductive sites.’"

The mechanisms of electron transfer from MgO translate to
other oxides. In the case of CaO, it has a lower Madelung
constant, which indicates lower stability of the O ions and thus
a greater potential to donate electrons to target compounds.®!
Experiments with CO,”® and ab initio calculations’" with CO,
and SO, have confirmed the increased basicity and reactivity of
CaO compared to MgO. In the processing of biofuels, CaO has
been shown to be useful as a catalyst in deoxygenation,
dehydrogenation, and cracking reactions.”””*" In this study,
both Ca(OH), and CaO were more active than Mg(OH), and
MgO, thus aligning with previous observations and hypotheses.
The differences in the mineralization efficiency and byproduct
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production of the Ca additives with varying counterions (OH,
O, and Cl) can be partially explained by their respective
decomposition temperatures. Ca(OH), and CaCl, will
thermally decompose to CaO between 400 and 500 °C*’
and between 600 and 800 °C,” respectively. In these
experiments, the operating temperature was 800 °C; thus,
the active material would be CaO. Differences observed
between CaO and CaCl, may be due to the relatively high
thermal stability of CaCl,; thus, it may not have fully converted
to CaO. Similar to the Ca compounds, NaOH and NaCl will
decompose into Na,O starting at 320 °C and >800 °C,*
respectively, and Mg(OH), will decompose into MgO between
300 and 400 °C. Presumably, Na,O would have similar active
sites as CaO and MgO. Interestingly, hydroxyapatite is stable
up to 1000 °C,** yet the mineralization efficiency was similar
to those of NaOH and Mg(OH),, which suggests a potentially
different reaction pathway.

The results of this study, in conjunction with the prior
published evidence, support the hypothesis that CaO, MgO,
and Na,O may be serving as a catalyst in at least one
intermediate reaction of the thermal decomposition of PFOS.
In this study, the key supporting results are that (1) CaO
reduces the formation and selectivity of PIDs, improving the
mineralization efficiency of PFOS (Figure 3), and (2) CaO
increases the reaction rate for the decomposition of PFOS
(Figure 5). A catalyst allows the reaction to proceed through a
lower activation energy pathway for one or more reactions,
thus increasing the overall reaction rate. Interestingly though,
no effect on the initiation temperature of PFOS decomposition
was observed (Figure 4). The catalytic activity of CaO would
presumably occur at surface O®” site defects that contain
excess electrons. The requirement for a Ca/F ratio beyond the
stoichiometric requirement of 0.5 (Figure 6) could be
explained by either the need for more surface sites or catalyst
poisoning. When HF is formed, it will react with CaO to form
CaF,, effectively poisoning the catalyst. Additionally, CO, and
SO,, once formed, can react with CaO to produce CaCOj; and
CaSO,. While CaCOj starts to decompose to CaO below 800
°C,* CaSO, would remain stable at 800 °C.%

The reason for the improved performance of the hydroxides
compared to that of the oxides and chlorides is potentially due
to the addition of OH or H,O to the reaction. All hydroxides
tested in this study will release H,O at 800 °C. In the absence
of H,0/OH, the thermal decomposition of the C—C bond in
the presence of oxygen leads to several possible PIDs (e.g.,
CE,, C,F, COF,, etc.).”**° On the other hand, H,O has been
shown to facilitate the reduction of these PIDs.*”*® H,0 can
also participate in hydrolysis reactions with intermediates,
which may help to destabilize the alkyl chain and lead to C—C
bond cleavage.” The effect of H,O was partially evident in the
NH,OH/H,0 results (Figure 2), where adding H,O/OH as
an additive improved the decomposition of PFOS and altered
the PID selectivity. Given that the results for Ca(OH), and
CaCl, + NaOH were similar, the CaO that is formed from
CaCl, and the H,0 formed from NaOH are independent, and
simply their presence in proximity is enough to facilitate the
reactions.

The thermal destruction of PFOS is complex, involving
several potential reaction pathways that are not yet well
understood.”* The reaction is further complicated with
additives as they can provide alternative reaction pathways.
In Figure SI-4, we outline a detailed reaction scheme for the
thermal destruction of PFOS that was assembled from several

sources of theoretical and exg)erimental studies on the thermal
destruction of PFOS,”°™"" perfluorooctanoic acid
(PFOA),”* 7% trifluoroacetic acid,"**'*® and fluoroacetic
acid.'”* Using prior results and those presented here, we
hypothesize a possible reaction mechanism for Ca(OH), and
PFOS.

(1) Heating Ca(OH), beyond 400 °C produces H,O and
activated CaO with O*” and Ca*".

(2) Around 425 °C, thermolysis results in either the
homolytic or heterolytic fragmentation of the sulfonic
headgroup (reactions 1—3). Sulfonic acid is a good
leaving group; thus, the heterolytic pathway to form a
perfluoro carbocation seems plausible (reaction 2), but
ab initio calculations suggest that the pathway is
homolytic for PFOS (reaction 3),”° forming CgF,,*
and °SO;H. For PFOA, ab initio calculations and
experimental evidence have suggested a heterolytic
pathway to form a perfluoro carbanion and SO,
(reaction 1).”” Alternatively, in the presence of CaO
with O*” defect sites and H,O, electrons can directly
cleave the @ C—F to form F~ and C—H (so-called H/F
exchange), which then forms a CH, carbene and
shorter-chain PFAS, which repeats until the PFOS is
fully mineralized.

(3) For °Cg4F,, several reaction pathways are possible
(reaction [G]), forming various byproducts, including
°F, CF,, °CF;, C,F,, CH;F, COF, CH, CO, CO,,
trifluoroacetic acid, fluoroacetic acid, shorter-chain
PFAS, perfluoro alcohols, and perfluoroalkenes. Several
of these radicals have been observed experimentally for
PFOS and PFOA.”>'" For any of these intermediate
reactions, the transfer of excess electrons from CaO
could result in a more favorable pathway by eliminating
the formation of radicals and forming F~ instead. At any
point, radicals may react with the now electron-deficient
O’ site of CaO to complete the catalytic cycle. For
example, *CgF,, could react with surface O~ to form O*~
and *CgF,, (followed by reaction [F]). Additionally,
Ca®" defect sites may also play a role as strong electron
acceptors or through their ability to form coordination
bonds (i.e., chelation). Moreover, several of the
proposed reactions are more favorable in the presence
of excess H,O, which may explain the more efficient
performance of the metal hydroxides.

(4) The majority of HF that forms reacts with CaO to form
CaF,, effectively poisoning the catalyst.

Collectively, the results of this study suggest that Ca(OH),
is thermally decomposed to CaO, which may act as a catalyst
through several different pathways, and H,O, which may
promote the decomposition of PFOS and PIDs. The reactions
are complex, and a deeper understanding of the mechanisms,
as well as providing more concrete evidence on the catalytic
activity of CaO, will require a more detailed study that involves
experimental evidence of electron transfer from the CaO (e.g,,
EPR spectroscopy analysis) combined with ab initio
calculations.

Implications for Treatment of PFAS-Contaminated
Wastes. Ca(OH), is an economical chemical already utilized
in the hazardous waste incineration industry for scrubbing
acidic gases like HF or HCL Hence, its integration into waste
before treatment seems feasible, though it would require some
forethought on how best to do that. In this study, the addition
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of Ca(OH), showcased significant improvements in the
thermal treatment of PFOS on GAC in multiple ways: it
increased the reaction rate and thus lowered the temperature
required to mineralize PFOS in a sufficient amount of time, it
shifted more of the byproduct selectivity to HF, and it
captured HF to form innocuous inorganic fluorine minerals in
the treated waste. The change in the reaction pathway and the
accelerated rate suggest that CaO functions as a catalyst.
However, numerous questions remain unanswered. First,
concerning mechanisms, a deeper exploration of the roles of
the alkali and alkaline-earth metals and counterions is essential.
A clearer understanding could pave the way for developing
even more efficient catalysts. Advanced quantum chemical
calculations could be used to provide mechanistic insights into
the thermal decomposition and mineralization of PFAS, with
and without additives."”*™'*" Second, while CaO effectively
enhanced the thermal decomposition of PFOS, its effectiveness
on other PFAS variants with differing head groups, tail lengths,
and fluorination degrees requires further exploration. Third,
the urgent need persists for developing on- or off-line analytical
methods capable of measuring the total fluorine of the gas-
phase fluorocarbon byproducts. Present collection methods,
such as thermal desorption tubes or canisters, are mostly
reserved for specific target and nontarget analyses that may
require tedious analysis or lack analytical standards. Also, while
the addition of Ca(OH), improved the mineralization of
PFOS on GAC at low temperatures and in the absence of
oxygen (i, regeneration), further studies are needed to
confirm that GAC treated in such a way can be reused for
drinking water treatment applications. Finally, as experiments
have been confined to the bench scale, further investigations
are essential to assess the scalability and economic viability of
using such additives.
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