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� Fluorotelomer alcohols (FTOHs) are a
volatile and commercially useful
subset of PFAS.

� Calcium oxide thermal treatment of
gas-phase FTOHs was compared to
heating alone.

� FTOHs were destroyed more effi-
ciently from thermal treatment with
CaO.

� At similar temperatures, CaO reduced
secondary PFAS formation relative to
thermal only.

� FTOH treatment with CaO effectively
reduced gas-phase hydrofluoric acid
formation.
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Given the extent to which per- and polyfluoroalkyl substances (PFAS) are used in commercial and in-
dustrial applications, the need to evaluate treatment options that reduce environmental emissions and
human and ecological exposures of PFAS is becoming more necessary. One specific chemical class of
PFAS, fluorotelomer alcohols (FTOHs), have vapor pressures such that a significant fraction is expected to
be present in the gas-phase even at ambient temperatures. FTOHs are used in a variety of PFAS appli-
cations, including synthesis and material coatings. Using two complementary mass spectrometric
methods, the use of calcium oxide (CaO) was examined as a low temperature and potentially low-cost
thermal treatment media for removal and destruction of four gas-phase FTOHs of varying molecular
weights. This was accomplished by assessing the removal/destruction efficiency of the FTOHs and the
formation of fluorinated byproducts as a function of treatment temperature (200e800 �C) in the pres-
ence of CaO compared to thermal-only destruction. During the treatment process, there is evidence that
other PFAS compounds are produced at low temperatures (200e600 �C) as the primary FTOH partially
degrades. At temperatures above 600 �C, thermal treatment with CaO prevented the formation or
removed nearly all these secondary products.

Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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emerging concern due to their relative resistance to chemical
degradation and therefore potential for buildup in the environment
as a persistent pollutant. PFAS are a family of thousands of
anthropogenic molecules that have been widely used in numerous
consumer, industrial, and military applications over the past 70
years (Buck et al., 2011). The chemical structure of these com-
pounds (carbon-fluorine backbones coupled with a diverse number
of other functional groups) lends a number of useful chemical and
physical properties that have been leveraged for consumer prod-
ucts and industrial processes including fluoropolymer
manufacturing and application of, protective, non-stick, water
repellant, stain-resistant, and chemically inert coatings (Dinglasan-
Panlilio and Mabury, 2006), robust surfactants, fire-fighting agents
(DeYoung, 1994; Roth et al., 2020), and temperature resistant
products to name a few (Lemal, 2004; Prevedouros et al., 2006).
Many of the same properties that are uniquely useful to these
products also create challenges in the disposal and destruction of
PFAS. This has caused PFAS to become widespread persistent pol-
lutants with few biological or environmental routes of destruction
(Martin et al., 2002; Stock et al., 2004; Cordner et al., 2019; McCord
and Strynar, 2019). PFAS are known to bioaccumulate in humans
(Pan et al., 2017; Cordner et al., 2019), other animals (Haukås et al.,
2007; Wan et al., 2020), and plants (Ghisi et al., 2019), and have
been linked to adverse health effects (Hagen et al., 1981; Haukås
et al., 2007; Cordner et al., 2019; Ghisi et al., 2019;Wan et al., 2020).

The progressive buildup of PFAS in various environmental media
(such as groundwater and soils) requires that PFAS be disposed of
by methods that do not further increase environmental levels and
mitigate potential human and ecological exposures. Effective pro-
cedures for the removal and destruction of PFAS from a variety of
contaminated media [stack emissions, consumer waste, waste-
water, soil, ground water, landfill leachate, granular activated car-
bon (GAC), sewage sludge, and others] are needed to help alleviate
environmental loadings. Due to the stability of these compounds,
traditional waste disposal practices such as landfilling and water
treatment often fail to adequately destroy or permanently contain
PFAS to a point where they are no longer an environmental or
exposure concern (Ahrens et al., 2011b; Lindstrom et al., 2011), and
there is concern that incineration and other thermal treatment
approaches may not fully destroy PFAS (Hogue, 2020). The carbon-
fluorine bond is the strongest carbon single bond, with bond
dissociation energies up to 544 kJ mol�1 in tetrafluoromethane, CF4
(Lemal, 2004). The energy required to break all of the carbon-
fluorine bonds in PFAS can require temperatures in excess of
1450 �C (Tsang et al., 1998), but incomplete oxidation can yield
reactive species and other secondary PFAS products (Tsang et al.,
1998; Han et al., 2011; Watanabe et al., 2018). While the primary
PFAS compounds may have been destroyed, these secondarily
formed products of incomplete destruction, sometimes referred to
from an incineration perspective as products of incomplete com-
bustion (PICs), may still contribute to the environmental PFAS
burden and ecological and human health concerns. Often, these
byproducts are more volatile than the parent compound allowing
airborne dispersion in the environment (Cicerone, 1979;
Ravishankara et al., 1993; Tsang et al., 1998; Krusic and Roe, 2004;
Krusic et al., 2005; Prevedouros et al., 2006; Watanabe et al., 2018).

Moderately low temperature (<1000 �C) reaction of PFAS with
various calcium species has recently shown promise as a potential
destruction method that proceeds at temperatures significantly
lower than those of conventional hazardous waste thermal
destruction processes (>1000 �C) (Wang et al., 2011, 2015a). These
calcium-based methods aim to mineralize the fluorine present in
PFAS to produce calcium fluoride [CaF2, a largely inert and stable
mineral (flourite)] and carbon dioxide (CO2). Klabunde et al. (1972)
and Billups et al. (1984) demonstrated that calcium atoms can
2

mineralize fluorinated organic molecules at low temperatures
(<100 �C) to produce CaF2. Recently, calcium oxide (CaO), calcium
hydroxide [Ca(OH)2], and calcium carbonate (CaCO3) have been
used to facilitate the destruction of several PFAS at temperatures
less than 600 �C (Wang et al., 2011, 2013a, 2015a, 2019). In these
studies, the solid-phase calcium compounds were mixed with solid
PFAS and heated to facilitate the solid-solid destruction in-
teractions. Given that PFAS exhibit a variety of vapor pressures and
can be effectively desorbed from soils and other solids at temper-
atures below 400 �C (Crownover et al., 2019), these solid-solid
approaches can be inefficient if the PFAS desorbs before reaching
an optimum temperature to react with the calcium compounds.
Additionally, the comparatively low concentrations of many PFAS
found in solid wastes would result in mass handling issues and
exacerbate such inefficiencies. Further, PFAS are also present in
liquid- and gas-phase waste streams, and phase-independent ap-
proaches that decouple mass transfer and kinetics are needed.
Besides the potential to capture fluorine and prevent the emissions
of extremely corrosive hydrofluoric acid (HF), a particular benefit to
calcium-based treatment methods is the low energy/temperature
requirements needed to facilitate the destruction reactions
compared to incineration approaches involving a standing flame.

Fluorotelomer alcohols (FTOHs), shown in Fig. S1, are an
important class of PFAS with a number of uses including in-
termediates in the synthesis of other PFAS and fluoropolymers as
well as components of aqueous film-forming foams (AFFF) and
consumer products (Dinglasan-Panlilio and Mabury, 2006;
Henderson and Smith, 2006; Kotthoff et al., 2015; Liu et al., 2015;
Roth et al., 2020). FTOHs are volatile PFAS (Lei et al., 2004) and have
been measured at elevated concentrations in air and condensed
phase samples from wastewater treatment plants, landfills, textile
plants, and remote regions as far as the Antarctic (Stock et al., 2004;
Ahrens et al., 2011b; Wang et al., 2015b; Heydebreck et al., 2016).
FTOHs can convert to bioaccumulative perfluorocarboxylic acids
(PFCAs) (Hagen et al., 1981; Dinglasan et al., 2004; Ellis et al., 2004;
Washington et al., 2020) which have traditionally been a major
focus of environmental PFAS contamination and exposure in soils,
groundwater, and surface water (Lau et al., 2007; Sun et al., 2016;
Washington et al., 2020). Varying levels of FTOHs are commonly
found in aqueous dispersions used to apply fluoropolymer coatings
to textiles and other materials (Washington et al., 2014;
Heydebreck et al., 2016). During commercial textile application,
drying, and curing processes, many of the volatile components of
the dispersions (including PFAS surfactants and processing aids) are
vented to the atmosphere. Treatment of FTOHs and potentially
other PFAS vapors at a point source such as stack emissions from
fabric coating facilities represents one possible application of Ca-
based control technologies. If successfully demonstrated, this
technology offers the possibility of low temperature (<1000 �C)
destruction of PFAS and simultaneous fluorine capture and con-
version to CaF2, without the costs and complications of flame-based
thermal approaches.

The objective of this study is to demonstrate the utility of CaO-
based thermal treatment of gas-phase PFAS waste streams. To do
so, the temperature dependent gas-solid reaction of four gas-phase
FTOHs (4:2, 6:2, 8:2 and 10:2 FTOHe structures provided in Fig. S1)
with CaO were examined. To provide a more comprehensive
assessment of the potential emissions from the treatment of FTOHs
by CaO, products of incomplete thermal destruction were moni-
tored in addition to the removal efficiency of the primary FTOHs
using two independent mass spectrometric techniques: iodide-
adduct chemical ionization mass spectrometry and thermal-
desorption gas chromatography/mass spectrometry. The chemical
ionization mass spectrometer provided rapid real-time data
allowing for destruction measurements with fine scale
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temperature resolution while the gas chromatograph/mass spec-
trometer detected a large array of gas-phase PFAS. The low tem-
perature range examined (200e800 �C) does not represent
combustion or incineration, and the testing apparatus was entirely
flameless.

2. Materials and methods

2.1. Experimental setup

The experimental setup is depicted in Fig. S2. A flameless tube
furnace (Model TF55030A-1, Lindberg/Blue M) was used to provide
a stable and controlled temperature environment for the potential
FTOH destruction/removal reactions. Temperatures within the
furnace were set by the furnace temperature controller and
monitored at 1 Hz by a Type E thermocouple located at the center of
the quartz glass reaction tube (45 cm length; 2.54 cm outer
diameter; 2.2 cm inner diameter). Approximately 1 g of CaO
(Sigma-Aldrich, 99.9% purity) powder was distributed along the
central 40 cm of the quartz glass reactor tube. The tube was then
rolled on a benchtop to coat the reactor walls with a layer of CaO
~1mm in thickness, and over the course of an experimental run, the
CaO coating remained intact. Initially, a packed bed of CaO within
the quartz reactor was planned to be used. However, it was deter-
mined that the supporting materials needed to hold a packed bed
in place were either reactive with or provided substantial surface
area for the adsorption of gas-phase analytes. These surface area
effects are discussed further in section 2.4. Thermal treatment
below. Additionally, there was insufficient pore space in the packed
CaO bed to facilitate the flow rate used in the experiments, which
resulted in pressure build up, and the CaO plug was often pushed
out of the reactor. In order to remove these confounding effects, the
coated wall approach was instead used, providing a clean system
containing only CaO and the quartz glass reactor that relied on gas-
phase diffusion to foster mass transfer of the FTOH to the CaO. An
analysis of the relative time scales for diffusion and advection is
presented in section 3.1. Assessing diffusion vs. advection in the
reactor.

Gas-phase FTOHs were delivered through the tube furnace
system by a 0.5 L min�1

flow of carrier air (~20% relative humidity)
from a laboratory zero air generator set by a mass flow controller.
The volumetric residence time in the heated portion of the reactor
tube was ~20 s. Apart from the quartz glass reaction tube, poly-
tetrafluoroethylene (PTFE) fittings and tubing (3.175 mm inner
diameter) were used for all transfer lines. Glassware/tubing tran-
sitions were sufficiently long and narrow so that PTFE fittings and
tubing never experienced gases with temperatures >30 �C. 4:2, 6:2,
8:2, and 10:2 FTOH standards were purchased from Synquest
Laboratories (www.synquestlabs.com). To deliver a stable concen-
tration of gas-phase 4:2 and 6:2 FTOH through the treatment sys-
tem and to the analytical instrumentation, a 75 mL aliquot of the
liquid standard was placed in a room temperature (~23 �C) diffu-
sion cell equipped with a 1.5 cm long, 1.57 mm inner diameter
capillary over which the carrier air was passed. For the solid-phase
8:2 and 10:2 FTOH standards, ~300 mg of the solid standard was
placed in a room temperature 200 mL vessel that was continually
purged with the carrier air. These two delivery approaches
entrained a sufficient amount [approximately 50 parts per billion
by volume (ppbv) or less] of each FTOH for reliable detection by the
instrumentation used.

2.2. Chemical ionization mass spectrometry

An iodide-adduct high-resolution time-of-flight chemical ioni-
zation mass spectrometer (CIMS, Aerodyne Research Inc/TOFWERK
3

AG) was used to monitor gas-phase levels of the primary FTOH
compounds and several other compounds of interest [including
hydrofluoric acid (HF)] during thermal treatment (Lee et al., 2014;
Riedel et al., 2019). Gas-phase analytes were detected as ion-
molecular clusters with the iodide reagent ion. This was a soft
ionization process, so parent ions were typically preserved with
little or no fragmentation. Additional details regarding instru-
mental setup, iodide reagent, ionization, and the detection of
different PFAS chemical classes (including FTOHs) have been
described in a previous publication (Riedel et al., 2019).

During operation, the ion-molecule reaction region (IMR) and
the first focusing quadrupole region (SSQ) of the instrument were
maintained at pressures of 100 and 2 mbar, respectively (Bertram
et al., 2011; Aljawhary et al., 2013). This resulted in an inlet draw
of 2.0 L min�1. During CIMS sampling, the 0.5 L min�1 sample air
flow from the tube furnace was transferred directly to the inlet of
the instrument through a 15 cm length of PTFE tubing. A humidified
stream of nitrogen teed in immediately upstream of the inlet
accounted for the remaining 1.5 L min�1 of inlet draw (see Fig. S2).
This also served to maintain the ratio of the iodide-water cluster to
iodide [I(H2O)-/I�] over the course of sampling. Full mass spectra
were recorded at an acquisition rate of 0.5 or 0.4 Hz, depending on
the mass-to-charge ratio (m/z) window being scanned, and all re-
ported m/z signals were normalized to the total reagent ion signal
[I� þ I(H2O)-].

Primary FTOHs were identified at the expected m/z (molecular
weight þ I�). In addition to the FTOHs, additional compounds,
including HF, that lacked standards were identified throughout the
thermal treatment process and assigned probable molecular com-
positions using the high-resolution m/z peak location (Riedel et al.,
2019). System blanks, operating the CIMS with carrier air, the
furnace operating at temperatures between 200 and 800 �C (see
section 2.4. Thermal treatment), but without FTOHs being intro-
duced, did not indicate the presence of measurable fluorinated
compounds.

2.3. Thermal desorption-gas chromatography/mass spectrometry

As an additional measurement of the FTOHs and other gas-
phase PFAS that were not detectable by iodide-CIMS, samples
were collected onto three-bed Universal sorbent tubes (C3-AXXX-
5266 Tenax TA/Carbograph 1TD/Carboxen 1003, Markes Interna-
tional) at a variety of treatment temperatures and analyzed by
thermal desorption-gas chromatography/mass spectrometry (TD-
GC/MS, Markes International TD-100xR coupled to an Agilent
Technologies 7890B GC/5977B MSD). During sorbent tube sam-
pling, a 0.1 L min�1 sample flow was drawn through each sorbent
tube from the 0.5 Lmin�1 carrier flow by a personal sampling pump
(AirCheck Touch, SKC Inc.). Samples were collected 5 cm from the
exit of the tube furnace for 10 min. Throughout sample collection,
despite the furnace being at temperatures as high as 800 �C, the air
passing through the sorbent tubes had cooled in the glassware to
<30 �C for all reactor temperatures tested. Prior to introduction of
FTOHs to the tube furnace, blank sorbent tube samples were
collected at temperatures from 250 to 800 �C in the presence of
CaO. The blank samples were analyzed by TD-GC/MS to ensure that
no fluorinated compounds were present as a result of tube back-
ground or potential PTFE contamination. All blank samples were
found to be absent of fluorinated compounds.

For thermal desorption, a standby split of 20 mL min�1 and a
flow path temperature of 120 �C were utilized. Sorbent tubes were
dry purged with 50 mL min�1 of research grade helium (99.9999%
purity) for 2 min prior to desorption. Sorbent tubes were heated at
315 �C for 10 min with a trap flow rate of 50 mL min�1 to desorb
analyte compoundswhichwere then captured onto a secondary Air

http://www.synquestlabs.com
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Toxics cold trap (Markes International, U-T15ATA-2S). This trap was
then purged for 2 min at 50 mL min�1 before being heated from 25
to 315 �C at a rate of 40 �C s�1 and held for 3 min. An outlet split of
2 mL min�1 was used. Analytes were chromatographically sepa-
rated on a 30 m � 0.25 mm � 1.4 mm Restek Rtx-VMS GC column
with a helium flow rate of 2 mL min�1. The column temperature
was held at 30 �C for 3 min then increased at a rate of 8 �C min�1 to
150 �C followed by a 36 �C min�1 ramp to 240 �C and held for 5 min
for a total run time of 25.5 min. The mass selective detector (MSD)
transfer line temperaturewas set to 290 �C, and the quadrupole and
source were set to 150 and 230 �C, respectively. The electron
ionization (EI) ion source was operated at 70 eV. The mass spec-
trometer was operated in selected ion monitoring (SIM)/scan
mode, and unit mass ions were scanned from 30 to 300m/z. All TD-
GC/MS data were analyzed using Agilent’s ChemStation software.

Ions indicative of FTOHs and other PFAS compounds [m/z 31
(CFþ), m/z 69 (CF3þ), and m/z 95 (CF2C2H5Oþ)] were included in the
SIM method with dwell times of 100 ms, the peak areas of which
were used as analyte signals (Henderson et al., 2007; Roth et al.,
2020). The peak area for m/z 69 was used as the signal for the
FTOHs. Chromatographic retention times were confirmed with
sorbent tubes directly loaded with the FTOH standards, and the
unique ratio of m/z 69 to 95 for each FTOH was used as additional
confirmation. The chromatographic peaks and retention times for
the FTOH standards along with representative mass spectra are
provided in Figs. S3eS6. As shown in those figures, the FTOHs
eluted in a predictable order according to molecular weight: 10.74,
13.24, 15.63, and 17.50 min for 4:2, 6:2, 8:2, and 10:2 FTOH,
respectively. The areas of additional ions characteristic of PFAS
compounds (m/z 50, 75, 77, 113, and 131) were extracted from the
scan chromatograms of each FTOH to assess the relative amount of
non-targeted degradation products present at each temperature.

2.4. Thermal treatment

During an experimental run with CIMS sampling, the tube
furnace was held at ~800 �C for 5 min, then turned off and allowed
to cool to ~200 �C with measurements taking place continuously
throughout the cooling cycle, which usually was about 15 min in
duration. This was repeated at least twomore times (a minimum of
three replicate experiments per FTOH) in order to capture any
experimental variability. An average cooling profile for all per-
formed CIMS runs is provided in Fig. S7. It was found to be pref-
erable to analyze only the cooling portion of a temperature cycle
because at temperatures below 200 �C, appreciable amounts of the
FTOHs began to deposit onto the surfaces of the quartz reactor, CaO
coating, and sampling manifold. Then during the early portions of a
temperature ramp, the FTOHs desorbed, rendering the data from
~200 to 275 �C mostly unusable. By examining only the cooling
portion, any adsorbed FTOH was already sufficiently removed
during reactor heating to 800 �C, and adsorption effects were
avoided until 200 �C when analysis was stopped. CIMS signals from
each of the 3þ runs were averaged into 10 �C temperature bins. In
addition to CaO thermal treatment assessments, similar measure-
ments were also taken in the absence of CaO in order to assess the
effectiveness of the treatment compared to purely thermal degra-
dation. The real-time and fast measurements by CIMS provided an
efficient method to calculate removal efficiencies with high tem-
perature resolution.

TD-GC/MS runs were conducted separately from the CIMS runs
in order to make appropriate use of the fast acquisition rate affor-
ded by the CIMS and to accommodate the longer sorbent tube
sampling times needed for reliable analyte collection and detection
at each temperature step. Sorbent tube samples were collected
during tube furnace cooling at constant temperature steps of
4

approximately 800, 700, 600, 500, 400, 350, 300, and 250 �C for the
10 min sampling duration.

Fig. S2 illustrates the setup used for the two sampling conditions
(CIMS and TD-GC/MS sampling) including flow paths and flow
rates.

2.5. Calculation of removal efficiency

Temperature dependent destruction/removal efficiencies were
determined for both CaO thermal treatment (CIMS and TD-GC/MS)
and thermal-only degradation (CIMS only) of the FTOHs using
Equation (1). These were calculated for individual temperature
points as 1minus the ratio of the FTOH signal at that temperature to
the maximum observed FTOH signal, which, as expected, were the
signals measured at the lowest temperatures.

removal efficiencyðTÞ¼1� FTOHsignalðTÞ
FTOHmaxsignal

(1)

Destruction and removal are used interchangeably throughout
the manuscript to describe either the thermal breakdown of gas-
phase compounds or the irreversible reaction of said compounds
with the CaO treatment media.

3. Results and discussion

3.1. Assessing diffusion vs. advection in the reactor

Entering the heated reactor, the FTOH was thoroughly mixed
with carrier air and begins to diffuse to and react with the CaO
coated reactor walls creating a radial concentration gradient. Flow
was laminar at all treatment temperatures with Reynolds numbers
(Re) of approximately 10. A ratio of the characteristic times for
advection (tadv) and diffusion (tdiff), was used to determine whether
mass transfer of the FTOHs was primarily dominated by advection
or diffusion. The characteristic time for diffusion in the radial di-
rection can be defined by Equation (2),

tdiff ¼
r2

D
(2)

where r is the inner radius of the reactor, and D is the gas-phase
mass transfer coefficient or diffusion coefficient. The character-
istic time for advection, tadv, is given simply by Equation (3),

tadv ¼
L
U

(3)

where U is the velocity of advection, and L is the length of heated
portion of the reactor. The dimensionless ratio of these character-
istic times is then given by Equation (4), which provides a relative
magnitude of the importance of advection and diffusion.

tdiff
tadv

¼ r2U
DL

(4)

Values ~1 indicate a mixture of advection and diffusion, values
[1 indicate advection dominated mass transfer, and ≪1 indicate
diffusion dominated mass transfer with time scales for diffusion to
the walls being much shorter than the reactor residence time.

10:2 FTOH, the largest FTOH sampled, and 4:2 FTOH, the
smallest FTOH sampled, were used to bracket the range in possible
sampling conditions. A mass transfer coefficient at 298 K (D298) of
0.054 cm2 s�1 and 0.07 cm2 s�1 was used for 10:2 FTOH and 4:2
FTOH, respectively (Ahrens et al., 2011a). The mass transfer co-
efficients were then adjusted for the elevated temperatures using
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Equation (5) (Tang et al., 2014).

DT ¼D298ð
T

298
Þ1:75 (5)

Fig. 1 shows the estimated range in tdiff/tadv for all the experi-
mental conditions examined. Under the flow conditions and tem-
peratures used, there is sufficient residence time for mass transfer
by diffusion. The system is estimated to be slightly diffusion
dominated at lower temperatures and more so at the higher sam-
pling temperatures, with tdiff/tadv < 1 for all cases.

3.2. Removal efficiency of FTOHs by CaO

The amount of CaO in the reactor (1 g) was far in excess of the
maximum amount of fluorine provided by the FTOHs, so a reduc-
tion in the yield of the FTOH þ CaO reaction due to saturation of
CaO was not a concern. For example, even if the setup was allowed
to run for 24 h (the longest TD-GC/MS runs lasted only ~3 h) at
800 �C (the maximum reaction efficiency for the temperatures
studied), <0.002% of the CaO is predicted to be consumed.

Temperature dependent destruction/removal efficiencies for
4:2, 6:2, 8:2, and 10:2 FTOH by CaO are provided in Fig. 2 alongwith
the thermal decomposition temperature profiles. To our knowl-
edge, these are the first and only investigations on the thermal
stability of gas-phase FTOHs in the presence and absence of CaO.
Results for the two measurement approaches (CIMS and TD-GC/
MS) agreed well, showing good overlap for the CaO treatment
temperature profiles (Fig. 2). Error bars on the CIMS-reported
measurements (both CaO treatment and thermal degradation
only) represent the standard deviation for each temperature bin for
all experimental runs. As the temperature in the tube furnace was
increased above 250 �C, removal of each FTOH due to treatment
started to become apparent. As the carbon chain length increased
across the FTOHs sampled, there was a clear decrease in treatment
efficiency presumably due to steric hinderances in the reactivity
with the CaO solid brought on by the longer and likely less linear
chains. At 400 �C, 4:2 FTOH was removed with >95% efficiency, but
as the size of each FTOH increased, the efficiency dropped: <87%
removal efficiency for 6:2 FTOH, <78% for 8:2 FTOH, and <39% for
10:2 FTOH at 400 �C. This decrease in removal efficiency across the
FTOHs appeared to approach the thermal decomposition only
profile. This is most apparent for the 10:2 FTOH, the largest FTOH of
the set, where treatment with CaO may offer minimal advantages
over thermal destruction for primary compound removal. We note
though that there is a tendency in modern PFAS applications to
employ shorter chain molecules over the longer chain homologues
(Wang et al., 2013b). For the shorter chain 4:2 and 6:2 FTOHs, there
are significant advantages to CaO treatment. Greater than 90% of
Fig. 1. Ratio of the characteristic times for advection and diffusion (tdiff/tadv) in the
reactor for 10:2 and 4:2 FTOH over the treatment temperature range.
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the 4:2 and 6:2 FTOHs were removed by 500 �C, a two-fold
improvement over just thermal treatment. Above 750 �C, the four
FTOHs tested had essentially aligned with the purely thermal
decomposition profile, indicating that CaO treatment beyond such
temperature was no longer required to remove the primary FTOH.
That said, despite primary FTOH removal, there was evidence of
formation of additional fluorinated compounds throughout the
treatment process that originate from the degradation of the pri-
mary FTOHs. Reaction of the FTOHs with CaO did not seem
consistent with the hydrodefluorination removal mechanism pro-
posed by Wang et al. (2015a) for reaction of per-
fluorooctanesulfonate (PFOS) with Ca(OH)2. There was no evidence
of significant m/z 51 (CHF2þ) signals in the GC/MS spectra, and at
temperatures above 500 �C, any formed Ca(OH)2 would decompose
to CaO and water vapor.

3.3. Products of incomplete destruction

Beyond their use to determine the destruction/removal effi-
ciency of the FTOHs, the two measurement approaches can assess,
to varying degrees, the extent to which other PFAS compounds
(referred to here as products of incomplete destruction or removal)
are formed. Depending on whether polar functional groups
remained on secondarily formed compounds, the CIMS was able to
detect a small selection of such compounds and report an accurate
mass and thus a probable molecular composition/formula was
determined. The TD-GC/MS sorbent tube approach, while less
chemically specific due to quadrupole mass selection and the
comparatively harder ionization employed, was used as a qualita-
tive measurement of any gas-phase PFAS exiting the treatment
apparatus, regardless of any functionality concerns. Thus, sorbent
tubes sampling captured compounds that were not observed by the
CIMS. Any PFAS signals observed using TD-GC/MS unrelated to the
primary FTOH were indicative of products of incomplete destruc-
tion. Given the ionization scheme, unit mass resolution, and lack of
chemical standards, identifying possible molecular formula and
structure of these secondary species was outside of the scope of this
work.

For each of the FTOHs tested, the CIMS was able to identify two
degradation product molecular compositions that likely retained
the hydroxyl functional group. These compositions were indicative
of loss of HF or CH2. This was most obvious for 4:2 FTOH, which is
shown in Fig. 3 where the error bars (Fig. 3A) again represent the
standard deviation for each temperature bin. As the FTOH
(C6F9H5O) started to degrade at the lower temperatures, C6F8H4O
(loss of HF) and C5F9H3O (loss of CH2) signals rose from their
respective <200 �C values. These compounds persisted to slightly
higher temperatures with ~50 �C offset in peak concentration
compared to the primary FTOH before they ceased to be formed or
started to undergo significant losses by reaction with the CaO
treatment media. To show this trend, Fig. 3A presents CIMS mea-
surements for the original 4:2 FTOH as well as C6F8H4O and
C5F9H3O products of incomplete destruction as a function of tem-
perature with each signal normalized to the maximum signal for
each species. The relative signal of each species is shown in Fig. 3B
by normalizing the same data to the maximum 4:2 FTOH signal.
Fig. 3B indicates that the relative signals of both products of
incomplete destruction are very small compared to that of the 4:2
FTOH. Similar plots to Fig. 3A for 6:2, 8:2, and 10:2 FTOH are pro-
vided in Figs. S8eS10. These products of incomplete destruction
were also observed during thermal only treatment but peaked at
substantially higher temperatures (~400 �C higher), indicating
effective low temperature destruction/removal by CaO. Compared
to the fluorocarbon backbone, the hydroxyl group is likely the most
labile portion of the FTOH molecules and would therefore be



Fig. 2. Temperature dependent removal efficiencies by CaO treatment and thermal decomposition for 4:2, 6:2, 8:2, and 10:2 FTOH as measured by CIMS and TD-GC/MS.

Fig. 3. Temperature dependent destruction/removal and formation of products of incomplete destruction resulting from CaO thermal treatment of 4:2 FTOH. 3A) Presents CIMS
measurements of the 4:2 FTOH and two products of incomplete destruction each normalized to the maximum CIMS value of each species. 3B) Presents CIMS measurement of the
4:2 FTOH and two products of incomplete destruction each normalized to the maximum CIMS value of the 4:2 FTOH.
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expected to be eliminated most easily or first with treatment
(thermal-only or CaO thermal treatment). As such, the CIMS likely
only captures a small subset of degradation products, and another
technique capable of additional non-polar or weakly polar PFAS
detection is needed, which was the benefit of sorbent tube sam-
pling and analysis by TD-GC/MS.

In addition tomeasuring FTOH levels, the TD-GC/MSwas used to
6

assess gas-phase GC-elutable fluorinated products of incomplete
destruction present in the emissions from the treatment process.
The presence of PFAS indicative ions in the GC/MS mass spectra at
retention times different from the primary FTOH compounds were
assumed to represent these products. In addition tom/z 31, 69, and
95, m/z 50 (CF2þ), m/z 75 (C2HCF2þ), m/z 77 (C2H3CF2þ), m/z 113
(CF2CF2CHþ), and m/z 131 (CF3CF2Cþ) were also considered as
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potential PFAS ions (Roth et al., 2020). Extracted ion chromatogram
(EIC) peak areas were compared for this set of ions at various
retention times as a measure of breakdown product levels across
treatment temperatures. A selection of representative temperature
dependent EIC areas with their associated retention times from
each of the four FTOH treatment experiments are shown in Fig. 4,
where the areas were normalized by their maximum values for
ease of comparison. As in Fig. 3A, this normalization approach
presents relative concentrations of all compounds on a scale from
0 to 1, regardless of their actual concentrations, but allows the effect
of temperature to be seen. Similar to the CIMS-measured products
of incomplete destruction described above (Fig. 3), an initial rise
was typical as the primary FTOH was destroyed/removed, followed
by destruction/removal of the breakdown products by the treat-
ment media at elevated temperatures. It is likely that products
identified by the CIMS are contributors to these GC/MS signals. At
temperatures above 600 �C, the majority of EIC areas were reduced
to below 90% of their maximum values, indicating that most of the
products of incomplete destruction were being destroyed/removed
by CaO treatment or no longer being formed. A larger list of the
retention times, ions, and EIC areas, including the data used in
Fig. 4, is provided in Table S1, where the analysis was limited to
retention times <10 min. Table S1 is not intended to be an
exhaustive list or a quantitative measure of the amount of non-
primary PFAS exiting the treatment system but more of an
assessment of the presence or absence of fluorinated products of
incomplete destruction being formed during the treatment process.
In general, it was clear that more chromatographic peaks corre-
sponding to fluorocarbon ionswere present as the size of the FTOHs
increased (see Table S1).

It is worth noting that use of a standard reference library (NIST
Chemistry WebBook) to interpret the GC/MS mass spectra did not
prove useful for compound identification of the CaO treatment
byproducts. This was unsurprising considering 8:2 FTOH was the
only one of the primary FTOHs tested that had available reference
spectra in the NIST library utilized for compound identification. For
the most part, there were relatively few PFAS standard spectra for
comparison purposes. However, when referencing the library, the
compound identification suggestions with the highest confidence
Fig. 4. Extracted ion chromatogram (EIC) peak areas, normalized to the species’ largest
area counts observed, at various CaO treatment temperatures for select non-FTOH
PFAS ions measured by TD-GC/MS. Each trace is identified by the precursor FTOH
experiment, the retention time, and the nominal ion mass.
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were those that contained fluorine, so despite not having a
conclusive assignment, the library was still useful as a confirmatory
check that the compounds were likely fluorocarbons.

3.4. PFAS disposal and destruction considerations

Since most thermal disposal methods involving combustion and
incineration operate well above 800 �C, it may seem suitable to
simply rely on these thermal approaches to decompose PFAS for
disposal. This raises an important point regarding the destruction
of PFAS. PFAS are often composed of a fluorinated alkyl carbon
backbone and a non-fluorinated functional group. There are con-
cerns that partial destruction might be accomplished by dissocia-
tion of the functional group that also results in incomplete
defluorination of the stable fluorocarbon backbone. Such a situa-
tion would result in seemingly high destruction of the original
compound but potential emission of fluorocarbon products of
incomplete destruction, especially if validation focusses on analysis
only of targeted compounds without analysis of additional non-
targeted species. These concerns apply to both low temperature
reactions and high temperature incineration approaches. However,
one benefit of heterogeneous reactions of gas-phase PFAS with
compounds like CaO is that they occur at easily achieved, relatively
low temperatures without the need for a standing flame and large
quantities of auxiliary energy.

In addition to PFAS-type products of incomplete destruction,
hydrofluoric acid can also be released during thermal treatment of
PFAS. HF is classified as a hazardous air pollutant (HAP) which re-
quires additional post-thermal treatment to reduce emissions (U.S.
EPA, 2015). Highly corrosive HF can cause extensive damage to
silica-based refractories and metal ductwork used in many thermal
treatment devices, a significant operational and maintenance issue
(Che et al., 2002). Compared to the thermal-only experiments, the
reduction in HF produced in the presence of the CaO treatment
mediawas significant. Fig. 5 illustrates this for the 8:2 FTOH case. At
the maximum sampled temperature, HF is reduced by a factor of 66
with the inclusion of CaO. Reductions in HF with CaO treatment
were observed for all FTOHs sampled. At 800 �C, CaO treatment
reduced the amount of HF formed by a factor of 3.4e66, depending
on which FTOH was treated.

The absence of significant HF emissions suggests the formation
of CaF2 when CaO is present. CaF2 was not measured in our work,
but it has been reported (Wang et al., 2015a) that calcium com-
pounds such as CaO and Ca(OH)2 are very reactive defluorination
agents which convert fluorine in PFAS into CaF2 in thermal treat-
ment of PFAS at low temperatures (300e900 �C) similar to those in
our work. Wang et al. (2015a) characterized CaF2 and reported over
95% of the fluorine in a PFAS compound, perfluorooctanesulfonate
(PFOS), was converted into CaF2 when the compound was treated
with CaO at 700 �C. CaF2 is a most stable species in nature, andmost
fluorine used to produce PFAS originates from the pyrolysis of the
mineral form of CaF2 (fluorite). The results for thermal treatment
with CaO are in contrast to the thermal only case (without CaO)
where a significant HF signal is seen beginning at low temperatures
and increasing notably at temperatures (~650 �C) corresponding to
increased rates of thermal destruction (see Fig. 2). The absence of
significant amounts of HF in the air emissions also represents an
important advantage of reacting PFAS with calcium compounds,
namely inherent control and neutralization of this extremely cor-
rosive hazardous air pollutant.

The large reduction in HF emissions with CaO thermal treatment
compared to thermal treatment only is independent evidence that
relative time scales calculated for mass transfer by diffusion and
advection made in section 3.1. Assessing diffusion vs. advection in the
reactor are valid. Ample interaction and reaction of the FTOHs with



Fig. 5. Hydrofluoric acid (HF) signals during CaO thermal treatment and thermal
decomposition of 8:2 FTOH.
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the CaO coating is needed for such a reduction in HF, giving con-
fidence that the treatment was not limited by diffusion of the
FTOHs to the CaO coated walls of the reactor.

4. Conclusions

FTOHs were chosen as model PFAS given their importance in
industrial PFAS applications and because CIMS was capable of
providing fast real-time measurements of these compounds.
Similar CaO facilitated thermal destruction is expected with other
gas-phase PFAS classes, but future studies are needed to confirm
this. Thermal treatment with CaO offered several advantages over
thermal only treatment andwasmost effective for the shorter chain
FTOHs sampled. At the higher temperatures examined (~800 �C),
upwards of 99% of the primary compound was destroyed/removed,
but even at the more moderate treatment temperatures (~400 �C),
removal efficiencies were >85%. As the molecular length of the
compounds increased, the effectiveness of treatment was reduced,
but inclusion of the CaO treatment media still significantly reduced
the formation of secondary fluorinated products of incomplete
destruction as well as HF compared to strictly thermal destruction,
thus minimizing significant environmental and operational issues.
The formation and release of these secondary PFAS products may
result from several different treatment and/or disposal processes
but will likely be most relevant to stack emissions from elevated
temperature applications such as material coating, annealing, and
sintering of products that incorporate PFAS. Secondary products
that do not contain alcohol or other oxidized moieties almost
certainly have higher vapor pressures than the primary com-
pounds, and therefore, likely result in air emissions. Under atmo-
spheric conditions, they are likely to be oxidized to lower volatility
compounds (like PFCAs) that ultimately will be deposited through
typical atmospheric wet and dry deposition processes (Ellis et al.,
2004; Wallington et al., 2006; Young et al., 2007).

Extension of CaO treatment could represent an economical so-
lution to waste gas streams containing PFAS like FTOHs. Removal of
FTOH vapors and subsequent products of incomplete destruction
through CaO thermal treatment requires moderately low temper-
atures (<800 �C), thus reducing the energy needed to achieve
thermal destruction. Stacks that traditionally vent PFAS vapors
directly to the atmosphere from drying and sintering processes
8

could efficiently remove such vapors at lower temperatures by
incorporating CaO treatment prior to emission. Additionally, use of
CaO as a pretreatment media before traditional gas-phase control
processes like GAC packed beds could also extend the life of GAC
and reduce the frequency of needed reactivation or disposal of
PFAS-laden GAC. In the case of PFAS-laden GAC, the resulting
reactivation waste gas stream would contain volatilized PFAS and
treatment of these vapors prior to emission would prevent poten-
tial environmental concerns.
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