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Abstract

The destruction of per- and polyfluoroalkyl substances (PFAS) is critical to ensure effective 

remediation of PFAS contaminated matrices. The destruction of hazardous chemicals within 

incinerators and other thermal treatment processes has historically been determined by calculating 

the destruction efficiency (DE) or the destruction and removal efficiency (DRE). While high DEs, 

>99.99%, are deemed acceptable for most hazardous compounds, many PFAS can be converted to 

other PFAS at low temperatures resulting in high DEs without full mineralization and the potential 

release of the remaining fluorocarbon portions to the environment. Many of these products of 

incomplete combustion (PICs) are greenhouse gases, most have unknown toxicity, and some can 

react to create new perfluorocarboxylic acids. Experiments using aqueous film forming foam 

(AFFF) and a pilot-scale research combustor varied the combustion environment to determine if 

DEs indicate PFAS mineralization. Several operating conditions above 1090 °C resulted in high 

DEs and few detectable fluorinated PIC emissions. However, several conditions below 1000 °C 

produced DEs >99.99% for the quantifiable PFAS and mg/m3 emission concentrations of several 

non-polar PFAS PICs. These results suggest that DE alone may not be the best indication of total 

PFAS destruction, and additional PIC characterization may be warranted.
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Introduction

Per- and polyfluoroalkyl substances (PFAS) are a class of synthetic chemicals that possess 

strong carbon-fluorine bonds that give PFAS high stability and low surface energies1. 

These unique properties have made PFAS useful in heat resistant products, hydrophobic 

and oleophobic coatings, firefighting foams, and many other products and manufacturing 

processes1–3. The widespread use and stability of PFAS has led to the ubiquitous presence 

of PFAS in the environment and waste streams4–7. Even low levels of PFAS exposure can 

lead to bioaccumulation and has been associated with adverse health effects8–11, leading to 

low parts per trillion drinking water health advisory levels for some PFAS12. The current 

concentrations of PFAS in the environment have been determined to be near or over recent 

exposure guidelines13, 14, indicating the need for PFAS emission reductions14.

Hazardous organic chemicals are often incinerated to destroy the compounds and prevent 

their release to the environment15, 16. To ensure harmful emissions are not released into the 

atmosphere, the destruction efficiency (DE) or destruction and removal efficiency (DRE) 

of the parent organic molecule, or principle organic hazardous constituent (POHC), has 

been used to determine the destruction of the molecule15, 17–19. Typically, a DE or DRE 

determined for a most difficult POHC (based on an incinerability index20) is used to ensure 

adequate destruction for all waste species15, 18, 20. The DE or DRE can be calculated using 

equation 1,

DE or DRE = 1 − W out/W in × 100%

(1),

where W in is the mass feed rate of the molecule in and W out is the mass emission rate of the 

POHC coming out of the incinerator for DE or out of the stack and into the atmosphere for 

DRE. The distinction between DE and DRE is that DRE includes credit for POHC removal 

in facility air pollution control devices (e.g., particulate control, acid gas scrubbers, activated 

carbon beds) where DE does not. Although this results in some transference of the POHC 

Shields et al. Page 2

ACS ES T Eng. Author manuscript; available in PMC 2024 July 10.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript



to the liquid and solid discharges from air pollution control devices, these discharges are 

themselves treated as hazardous wastes. The regulation, 40 CFR Part 63.1203, states that 

a DRE of 99.99% indicates complete destruction of most chemicals19. For perspective, a 

requirement of 99.99% DRE indicates that for every 1 kg of POHC introduced, 100 mg of 

the POHC could be released in the air emissions. When applied to an aqueous film forming 

foam (AFFF) containing ~2% PFAS, ~200 mg of PFAS could be emitted for every 100 kg of 

the AFFF incinerated.

Many PFAS of industrial importance are composed of a fluoroalkyl chain and a polar 

functional group. PFAS can easily be altered from their original form by the removal 

of the functional group thermally at temperatures as low as 100 to 300 °C21–23 and 

by other mechanisms at ambient temperatures24, 25. The removal of the functional group 

creates volatile PFAS, from the carbon-fluorine backbone, that are greenhouse gases26, 27, 

most have unknown toxicity, and some can transform to perfluorocarboxylic acids in the 

atmosphere28. The complete destruction of PFAS, the breaking of all the carbon-fluorine 

bonds and mineralization to form hydrofluoric acid (HF) and carbon dioxide (CO2), is 

necessary to ensure PFAS are not released into the environment during the thermal treatment 

of PFAS contaminated media.

The primary objective of this study was to evaluate whether DEs indicate complete 

destruction of PFAS during thermal treatment. As an indicator of incomplete destruction, 

volatile products of incomplete combustion (PICs) were quantified along with the DEs 

of the quantifiable PFAS. The study was performed using a pilot-scale natural gas-fired 

refractory-lined combustor. The PFAS mixture used was an AFFF predominantly containing 

legacy perfluorooctanesulfonic acid (PFOS).

AFFF was injected into the combustor at various locations experiencing different peak 

temperatures. The AFFF was atomized through the flame, with exposure to flame 

generated radicals and near adiabatic flame temperatures, and at post-flame locations 

with peak temperatures ranging from 1180 to 810 °C. These temperatures span realistic 

high temperatures achieved in hazardous waste incinerators (HWIs), as well as lower 

temperatures that may be more typical of other thermal destruction systems such as sewage 

sludge or municipal waste incinerators29. To our knowledge, this study is the first to use a 

pilot-scale incinerator to examine AFFF destruction over a wide range of temperatures and 

include PIC measurements as an indicator of performance.

Materials and Methods

Experimental furnace

Experiments were performed using a small pilot-scale U.S. Environmental Protection 

Agency (EPA) research combustor named the Rainbow furnace that has been described 

in previous studies30–32. Here the furnace load and flame stoichiometric ratio (SR) were 

varied between 30–45 kW, and 1.3–2.0, respectively. To provide similar mass flows and 

thorough mixing of the effluent, high amounts of excess air were used to reduce and 

vary furnace temperatures to those more typical of HWIs and other incineration systems. 

Figure 1 presents a cutaway drawing of the Rainbow furnace with AFFF injection locations 
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(burner, port 4, port 8) and stack sampling locations identified. In this configuration, the 

combustor most closely resembles a hazardous waste incinerator injecting a low heating 

value liquid waste. Hazardous waste incinerators often introduce aqueous wastes through 

lances downstream of the flame.

AFFF injection

One legacy AFFF formulation composed primarily of PFOS and perfluorohexanesulfonic 

acid (PFHxS) was used for these experiments. The AFFF was analyzed by a commercial 

laboratory for PFAS according to their liquid chromatography coupled to tandem mass 

spectrometry (LC/MS/MS) method derived from EPA Method 53333. The AFFF was added 

to a 19 L Cornelius keg placed on a scale to monitor mass loss and feed rate. The injection 

technique has been used previously34 and is described here. AFFF was atomized through 

the burner or through one of two axial post-flame access ports along the furnace centerline 

using twin fluid (air/AFFF) atomizers. The Cornelius keg was air pressurized (~584 kPa) to 

push the AFFF through a manually adjusted needle valve and 4–50 mL/min liquid rotameter 

(Brooks Instrument, Hatfield, PA) to the atomizer. Simultaneously, compressed air (584 

kPa) was directed through a mass flow controller (Sierra Instruments, model Smart-Trak 

50 L/min, Monterey, CA) to the atomizer. The AFFF and atomization air were combined 

at one end of a length of 0.1753 cm inside diameter, 0.3175 cm outside diameter stainless 

steel tubing. Within the tubing the atomizing air causes the liquid to form a thin film on 

the inner tube surface and shears the liquid film into droplets (~50 μm diameter for water) 

as it leaves the other end. The injector for the two post-flame axial access ports included 

a 90-degree bend at the atomizer tip to direct the atomized AFFF downstream co-current 

with the combustion gases along the furnace centerline. In addition, to mitigate the potential 

for pyrolysis, the side port atomizer included two additional concentric outer tubes through 

which additional “sweep” air was introduced to keep the AFFF and atomizing air cool until 

the atomizer tip. The volumes of these two cooling flows were minor (~3%) compared to the 

combustion gas flow. The burner incorporated atomizer did not need cooling, and atomized 

AFFF into the natural gas at the center of the International Flame Research Foundation 

(IFRF) variable air swirl burner (using setting 4 of 0–8) where the combined natural gas 

AFFF mixture then burned as a diffusion flame with combustion air added annularly.

Figure S1 in the supporting information (SI), indicates Rainbow furnace temperature 

profiles, approximate residence times, and AFFF injection locations. One experiment 

introduced the AFFF through the flame where the AFFF would be exposed to near adiabatic 

flame temperatures (1963 °C for a methane-air diffusion flame at 101 kPa) and free radical 

chemistry characteristic of a natural gas diffusion flame. This was followed by five post-

flame experiments that varied the peak (injection) temperature from 1180 to 810 °C in 

approximate increments of 100 °C. The Rainbow furnace operating conditions for each 

injection experiment are listed in Table S1.

Real-time measurements

Figure 1 indicates stack locations where combustion exhaust samples were extracted for 

analysis. As previously described30, a Fourier transform infrared spectrometer (FTIR, 

Model 2030, MKS Instruments Inc., Andover, MA) and a continuous emission monitor 
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(CEM, Model ZRE Analyzer, California Analytical, Orange, CA) measured furnace exhaust 

concentrations of oxygen (O2), carbon monoxide (CO), and CO2. These measurements are 

intended to verify combustion conditions and quantify small amounts of air in-leakage 

caused by the facility’s induced draft blower and operation at ~1.27 cm H2O draft. FTIR 

was also used to measure moisture (H2O), HF, sulfur dioxide (SO2), and nitric oxide (NO). 

Note that CEM measurements are dry (moisture removed), and FTIR measurements are wet. 

Where available, the CEM and FTIR values were compared, taking into account the water, 

to verify the FTIR’s measurements.

Volatile non-polar PFAS

The volatile PFAS and fluorochemicals (vPFAS) were sampled using evacuated 6 L Silonite 

coated stainless steel canisters (Entech, Simi Valley, CA). The emissions were sampled 

with a heated probe, filter, and perfluoroalkoxy alkane (PFA) heated sample line at 120 

°C and ~3 L/min. A 1.0 L/min slip stream of the emissions was passed through three 0.1 

M sodium hydroxide (NaOH) filled mini (~30 mL) impingers and one empty impinger 

in an ice bath to remove acid gases and reduce the water content in the samples. The 

evacuated canisters (−101 kPa) collected stack gases after the impingers and were filled 

to ~−34 kPa, resulting in ~4 L sample volume. Sub-ambient pressure was maintained 

to minimize condensation inside the canister. For analysis, the canisters were pressurized 

with dry nitrogen to 207 kPa and the injections were spiked with internal standards, d5-

chlorobenzene and 1,4-difluorobenzene.

The canisters were analyzed using a Markes International Unity-xr TD system and Markes 

BenchTOF-Select MS system (Bridgend, UK) integrated with an Agilent 7890B gas 

chromatograph (GC, Santa Clara, CA). Tetrafluoromethane was concentrated from 15 mL 

of sample to avoid trap breakthrough. A 200 mL aliquot of the samples were trapped for 

other PFAS. Samples were concentrated using a Markes Greenhouse Gas trap at −30 °C 

and desorbed at 40 °C/s to 280 °C and held for 0.5 min. Analytes were separated using an 

Agilent GS-GasPro column (60 m × 0.32 mm inside diameter) starting at 50 °C, held for 1 

min, increased at 5 °C/min to 130 °C and then ramped at 10 °C/min to 240 °C and held for 

37 min. Quantitation of 30 vPFAS were performed using a seven-point (0.5 to 20 ppbv, 50 to 

200 ppbv for CF4) calibration curve for each analyte.

Semi and nonvolatile polar PFAS

The semivolatile and nonvolatile polar PFAS were sampled and analyzed according to 

the U.S. EPA’s Other Test Method 45 (OTM-45)35. Briefly, ~3.0 m3 was sampled over 

three hours at a constant rate from the furnace exhaust. Due to the low pressure drop in 

the ductwork, isokinetic sampling could not be performed. OTM-45 creates four fractions 

(probe rinsate and filter, an XAD sorbent trap, impinger water, and a breakthrough XAD 

sorbent trap) for analysis using LC/MS/MS with a method based on Method 533 to quantify 

49 polar PFAS, see Table S2 in the SI. The PFAS mass from each fraction was summed 

to give the total mass for each sample. A proof blank train was created by setting up 

and recovering an OTM-45 train with clean glassware near the sampling location. The 

sample extraction and analyses were performed by a commercial environmental laboratory, 
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Eurofins TestAmerica (Knoxville, TN), according to OTM-45 and their standard operating 

procedures.

Calculation of destruction efficiency

To account for variable excess combustion air and any additional dilution caused by in 

leakage into the furnace, the DEs for the targeted PFAS in the AFFF were calculated 

using Method 1936 as done previously30. The DE, or percent removal, was calculated using 

equation 1, but Wout was replaced with Method 19’s Eao, the mass emissions rate, and Win 

was replaced with Eai, the mass input rate. The mass emission rates are further defined in the 

SI.

Nontargeted PFAS

Nontargeted analysis (NTA) was performed with additional mass spectrometry analysis of 

the OTM-45 extracts using LC coupled to a high-resolution Thermo Orbitrap Fusion mass 

spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) described elsewhere37, 38. 

Extracts were diluted 1:3 with water and then analyzed with the LC/MS using a heated 

electrospray ionization source operated in negative mode. Data was generated using data 

dependent MS/MS acquisition with a scan range of 150–1500 m/z and Orbitrap resolution 

of 60,000 and 15,000 for MS1 and MS2 acquisition, respectively. Instrument settings are 

detailed in the SI.

Raw instrument files were then processed with Thermo Compound Discoverer 3.3 to 

extract chemical features and tentatively matched against several databases (the USEPA’s 

Distributed Structure-Searchable Toxicity (DSSTox), Thermo mzCloud, and Mass Bank of 

North America (MONA) mzvault library). The compounds’ formula and potential names 

were generated by Compound Discoverer based on the MS1 molecular ion’s mass. Some 

formulas and chemical names do not show fluorine, but the MS2 spectra possessed PFAS-

like features. The PFAS-like features were manually identified based on a negative mass 

defect or predicted formula containing multiple fluorine atoms and fragmentation consistent 

with fluorinated moieties listed in Table S3. Determining the presence of fluorinated 

molecules was the focus of this study, subsequent studies may focus on identification of 

unidentified compounds.

Results and Discussion

Targeted PFAS destruction

The AFFF was found to contain 10 PFAS from the targeted analyte list, see Table S4 

in the SI. The quantitated PFAS consisted of C4 to C8 perfluoroalkyl carboxylic acids 

(PFCAs) and perfluoroalkyl sulfonic acids (PFSAs), and concentrations of the 10 PFAS 

were used to calculate the DEs for the PFAS in the AFFF. The PFAS found in the stack 

emissions from the OTM-45 sampling for all six AFFF injections are shown in Table 1, 

with compound abbreviations defined in Table S2. No other PFAS from the OTM-45 target 

list above method blank (MB) and reporting levels were detected in any of the sampling 

trains besides the original 10, with just perfluorononanoic acid (PFNA) being detected near 

blank levels in two samples and perfluorooctanesulfonamide (FOSA) being just above the 
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detection limit in one sample. This is not surprising, as the 49 PFAS from OTM-45 are from 

methods for water analysis and are complex polar structures of industrial relevance that are 

more likely to be found in industrial discharges than to be formed via de novo synthesis 

during combustion processes. An exception to this may be the PFCAs which may form from 

fluoroalkyl fragments in the presence of water at post-flame and stack conditions.

For these experiments, the train’s glassware was cleaned according to OTM-45 for each 

test, so a field blank train was not run since the proof blank train (PBT) was the same 

as a field blank train. The PBT showed some near detection limit levels of contamination, 

mainly due to the XAD fractions of the train. The PFCAs, perfluorobutanesulfonic acid 

(PFBS), perfluorohexanesulfonic acid (PFHxS), and PFOS were all measured at trace levels 

in the proof blank train. The results are reported according to OTM-45, without any blank 

correction. The samples with low levels of PFAS are reported as near blank levels to indicate 

that the result may be biased high and the PFAS may be below the detection limit. The 

OTM-45 data were also impacted by the low recovery of the isotopically labeled extraction 

internal standard for some longer chain PFAS. This is likely due to the water that collects 

in the XAD decreasing the solubility of the long chain PFAS. The impacted PFAS are noted 

in the tables, and the values are the highest estimated value provided by the commercial 

laboratory.

The experimental sequence was flame, 1090, 970, 870, 810, and 1180 °C. It appears that 

there may have been some hysteresis due to contamination of internal furnace surfaces after 

the test at the lowest temperature. Experiments were performed on separate days with at 

least 18 hours of operation at new combustion conditions without AFFF injection to achieve 

equilibrium. The experiment at 1180 °C was performed the day after the lowest temperature 

injection experiment at 810 °C and Table 1 indicates slightly higher concentrations of some 

PFCAs than the experiment at 1090 °C, and the PFSAs had higher concentrations than the 

experiment at 970 °C. Even so, the concentrations were not far above the detection limits 

and still show very high DEs, but the potential for hysteresis is something to note. The 

apparent carryover could be due to the quartz probe not going through as extensive of a 

cleaning process as the other glassware and only being rinsed and brushed, or the furnace 

may not have fully desorbed PFAS deposited on refractory and ductwork surfaces during 

the previous 810 °C experiment. The 1180 °C experiment was not repeated due to the time 

to receive the analytical results and the high cost for each run. The possible contamination 

was relatively low and the 1180 °C experiment measured most of the targeted compounds 

near the detection limit. As a result, the possible contamination did not impact the aim of 

these experiments to determine if DEs are an effective metric to verify treatment of PFAS. 

Future tests will involve more rigorous cleaning of the probe, a combustion blank to look for 

contamination in the system, and more time will pass between low temperature tests to allow 

more complete surface desorption.

The DEs for the 10 PFAS quantified in the AFFF as determined using Method 19 are shown 

in Table 2, with the values below four nines, <99.99%, emphasized using red text. The 

original PFAS concentrations (Table S4), AFFF feed rates and combustion parameters (Table 

S1), and AFFF stack emissions (Table 1) were used in the calculations. When reported PFAS 

emissions were not detected (ND), the detection limit was used as a conservative value 
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for DE calculation. The lack of corrections for blank contamination as well as corrections 

for recoveries (including low recoveries) also serve to reduce DE values and provide more 

conservative values.

The DEs for all five PFSAs are >99.9999% for the four PFAS injection locations >970 °C. 

Even at 870 and 810 °C, DEs for all five PFSAs were >99.999% and >99.9%, respectively. 

DEs for the five PFCAs were also high (mostly >99.99%) for injection temperatures 

>1090 °C, and mostly >99.9% for injection temperatures >870 °C. Even at the lowest 

AFFF injection temperature, 810 °C, DEs >94% were measured for four PFCAs, except 

for perfluorobutanoic acid (PFBA). PFBA exhibited the lowest DEs, both with respect to 

AFFF injection temperatures and PFCA chain length. Lower than expected DEs for PFBA 

and PFCAs have been reported previously with various destruction technologies25, 39, 40 

and may suggest either that shorter PFCAs are relatively more stable species or shorter 

chained PFCAs are formed via hydrolysis of fluoroalkyl fragments in the post-flame. 

Note that PFSAs do not indicate this same trend with calculated DEs for PFBS and 

PFOS approximately similar at corresponding temperatures. This trend for PFCAs might 

also suggest a pathway or intermediate through which PFAS transition during thermal 

destruction. PFAS might be affected by high concentrations of hydroxyl radicals (OH), H2O, 

and CO2 in the combustion gases that promote reformation of PFCAs from fluoroalkyl 

fragments. This has been reported to occur in the atmosphere28 and experimentally41, 42, and 

the formation of aldehydes and acyl fluorides that can react to create carboxylic acids has 

been predicted by several computational mechanisms43–46. If true, the conversion of PFSAs 

to PFCAs would reduce apparent DEs for PFCAs while the PFSAs would have higher DEs. 

These experiments, using a complex mixture of PFAS and other unknown components in 

the AFFF, do not represent the best approach for addressing mechanistic questions. Further 

experiments using neat solutions of specific PFAS in coordination with ongoing kinetic 

modeling efforts are needed to better address mechanisms.

Volatile emissions

The generally high DEs (>99.99%) presented in Table 2 suggest PFAS are relatively fragile, 

at least with respect to losing their molecular identity even at temperatures <900 °C. High 

DEs, however, do not necessarily ensure the absence of emissions of fluoroorganic PICs. 

Evacuated canisters were used to look for some known21–23 and suspected PICs. The current 

method under development at the EPA can measure 30 vPFAS listed in Table 3. The 

reporting limits for 29 of these compounds is 0.5 ppbv, while tetrafluoromethane (CF4) is 

limited to 50 ppbv. These are high values with respect to OTM-45 (~pptv concentrations), 

and current efforts are focused on lowering these limits of quantitation. This method was 

used during the AFFF incineration experiments and the results, presented in μg/m3, are 

shown in Table 3. At AFFF injection locations >1090 °C, the PIC data show very little 

vPFAS at the current detection limits, but as the AFFF injection temperatures fall below 

1000 °C, the vPFAS increase considerably to mg/m3 levels. The increase in vPFAS also 

coincides with elevated CO concentrations rising from single digit levels up to ~1700 ppmv 

(see Table 3). Increases in CO were the result of incomplete PFAS oxidation and not 

associated with the natural gas combustion, as the AFFF experiments with high CO were 

injected post-flame long after natural gas combustion was complete.
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An important finding from Table 3 is the notable emissions of relatively high concentrations 

(~mg/m3) of all eight 1H-perflouroalkanes (C1-C8) during the 810 °C injection experiment. 

These vPFAS are expected to be formed during the thermolysis of the PFCAs or 

PFSAs under both pyrolytic and oxidative conditions21–23, 43, 45, 47. The fluorocarbon 

concentrations increase with decreasing fluoroalkyl chain length, with fluoroform (CHF3) 

and pentafluoroethane (C2HF5) present at 810 °C, at concentrations of 7.5 and 9.0 

mg/m3, respectively. 1H-perfluorooctane (C8HF17) and 1H-perfluoroheptane (C7HF15) 

concentrations were significantly lower (0.2 and 0.3 mg/m3, respectively), possibly 

indicating a mechanistic pathway of incremental α or β carbon removal. Tetrafluoroethylene 

(C2F4) concentrations are relatively low (~0.15 mg/m3), perhaps suggesting that a 

mechanism where C2F4 is formed48, 49 by β carbon scission, is less important under 

oxidative conditions.

Note that similar results have been both experimentally and computationally derived under 

pyrolytic and oxidative conditions. Thermolysis often yields 1H-perfluorocarbons and 1-

perfluoroalkenes with PFCAs21–23, 47, 50, 51, with PFSAs forming the same compounds52 

as well as perfluorocarbons47, 53. Computational studies predict similar products43–46, 48 

using various computational methods. All the referenced models have a lactone or sulfone 

intermediate with HF elimination as the first step to the loss of the functional group. After 

the removal of the functional group, the steps to formations of non-polar intermediates, 

including the breaking of carbon-carbon and carbon-fluorine bonds, are all relatively 

low energy steps. These steps involve unimolecular decomposition, hydrofluorination, 

hydrolysis, and fragmentation of the alkyl chain. A prominent and potentially important 

intermediate are acyl fluorides since these can readily be hydrolyzed to carboxylic acids, 

as suspected in this study. Altarawneh43 examined the temperature sensitivity of PFBS 

destruction from 500 to 2000 K and indicated that PFBS is destroyed at low temperatures 

but can create fluorinated PICs at temperatures up to 1127 °C. These studies examined 

different conditions than the present study, but still the similarities are remarkable, and 

provide further support that high DEs are not necessarily indicative of the absence of PICs.

HF concentrations presented in Table 3 were not validated because no accompanying 

CEM measurement was available. Subsequent attempts at Method 320 validation were 

unsuccessful due to poor HF transport efficiencies and subsequent poor calibration gas 

recoveries. Additionally, the measured HF concentrations were typically observed to rise 

throughout the duration of an experiment indicating the HF was not yet at equilibrium with 

the reactive surfaces of the furnace. The HF values are included for perspective to indicate 

approximate HF concentrations based on the amounts of AFFF introduced. Note that NO 

values decrease with decreasing AFFF injection temperatures. This behavior is not fully 

understood but may be related to selective non-catalytic reduction (SNCR) technologies 

used for the control of nitrogen oxides54–56. SNCR decreases NO concentrations in 

combustion effluents by reactions with added ammonia, ammonia derivatives, or urea to 

the combustion gases at temperatures between 700 to 1000 °C. AFFF is known to contain 

percent levels of amines, sulfonamides, and amides, and these may be acting to reduce 

the NO concentrations as the AFFF injection temperatures fall below 1000 °C. Efforts to 

improve confidence in FTIR measurements including HF and NO are ongoing.
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Nontargeted PFAS emissions

Additional mass spectra analysis of the OTM-45 extracts revealed there were up to 

92 features that indicated the presence of different semivolatile polar PFAS. Figure 2 

presents the sum of the peak areas for these 92 fluorinated species for the six combustion 

experiments and the PBT. Where the peak area of a feature was very low, an arbitrary value 

was given to the peak to allow for statistical analysis by the software. This artificially makes 

the peak areas for fluorinated features in the blanks and some low detection samples higher 

than what they may actually be. Figure 2 does not correct for this, and again near blank 

levels may indicate the nontargeted peak areas are below detection limits. Figure 2 presents 

separate analysis for four OTM-45 sample fractions: front half (filter and probe rinse), back 

half (XAD-2 sorbent), impinger solutions, and a second volume of XAD-2 sorbent, used for 

these experiments, to quantify the potential for sample breakthrough. The NTA peak areas 

in Figure 2 are separated between those corresponding to 36 targeted PFAS (lightly shaded), 

and 56 nontargeted (unidentified) PFAS found. The tentative formulas and chemical names 

for the nontargeted PFAS are listed in Table S5. These formulas and names are based on 

the MS1 molecular ion, the software occasionally picked compounds that do not contain 

fluorine. The MS2 spectra did show PFAS-like features and are included in Table S5. The 36 

targeted PFAS are part of the other OTM-45 targeted list of PFAS shown in Table S2, and 

Figure 2 shows how much the total PFAS present are made up of these targeted compounds. 

It is apparent many of the compounds sampled during these experiments are not found in 

the OTM-45 list. As the temperature decreases the peak area of the OTM-45 fractions shifts 

from the back half XAD having the most area to the front half, or filter, fraction having the 

most area at 810 °C. This is due to the large increase of sulfonates in the emissions, see 

Table 1, that preferentially adsorbed on the filter, and to a lesser extent an increase of PFCAs 

on the filter too.

Figure 2 presents these data on two linear scales. The larger plot includes the 810 °C 

experiment, and the insert excludes these data to allow better comparison of the other 

experimental results. NTA indicates additional unidentified semivolatile polar PFAS mass in 

addition to the 36 targeted PFAS in all sample fractions. However, like the volatile non-polar 

PIC measurements, injection temperatures >1000 °C do not result in NTA PFAS mass 

significantly above blank levels. Note that the NTA also shows the suspected hysteresis 

effect of performing the 1180 °C experiment after the 810 °C experiment. The NTA 

indicates increasing PFAS emissions at AFFF injection temperatures <1000 °C, and that 

unidentified PFAS comprise a portion of these emissions.

Conclusions

The functional groups of many PFAS, and perhaps many PFAS of industrial importance, 

can be removed at temperatures which do not fully mineralize the fluorinated chain. This 

would classily many industrial PFAS as Class 3 to Class 5 compounds on the U.S. EPA’s 

Thermal Stability Index, where Class 1 is the most stable and Class 7 compounds are the 

least stable45. Despite the ranking of parent PFAS, subsequent fluorinated PICs formed are 

stable57, and the simple use of DEs as the sole indicator of complete PFAS destruction 

may be misleading. For some PFAS, relatively low energies are needed to remove the polar 
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functional group, with the first step being the loss of the terminal C or S likely through a 

lactone or sulfone intermediate, leaving a non-polar fluoroalkyl chain. If conditions prevent 

continuation of the destruction mechanisms, this may result in high DEs, >99.99%, but 

not necessarily the mineralization of the PFAS molecule. Here, complete destruction is 

defined as mineralization, which for a C, F, O, H system results in CO2, HF, and H2O. 

In these experiments, combustion conditions were examined that produced high DEs and 

measurable PICs. However, when AFFF was exposed to temperatures ≥1090 °C (including 

exposure to flames and near adiabatic flame temperatures) high DEs and near detection limit 

concentrations of relatively few vPFAS PICs were observed. Based on these experiments, 

high destruction of PFAS can be shown only by considering both high DEs and the absence 

of PICs.

Finally, note that these experiments focused on steady-state combustor operations. This 

was done to simplify the fluid dynamics and mixing behavior and allow focus on kinetic 

aspects. However, except for thermal oxidizers and some other steady-state liquid injection 

applications, HWIs (often rotary kilns) introduce wastes in multiple ways, including batch 

solids and contained liquids. These cause transient release of organics to the vapor phase that 

may temporarily overwhelm available oxygen and depress temperatures. For most HWIs, the 

afterburner is intended to dampen and smooth this transient behavior, but it is likely that the 

time dependent behavior of PFAS in HWIs and other batch fed systems will depend on the 

system’s ability to smooth these transients and maintain high temperatures. More research 

into rotary kiln systems and full-scale incinerators is needed.
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Figure 1: 
EPA refractory-lined natural gas-fired furnace showing the AFFF injection locations, 

through the flame with the natural gas and at ports 4 and 8 and the stack sampling locations 

indicated. Measurements are made prior to the facility air pollution control system (APCS).
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Figure 2: 
The sums of the peak areas of fluorinated features observed with nontargeted analyses of the 

OTM-45 extracts. Each fraction of the sampling train is shown for each temperature. The 

darkened portion of each bar is the sum of the targeted compounds’ peak areas, included to 

show how well the targeted list covers the observed PFAS.
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Table 1:

OTM-45 results

Temperature (°C) MB* PBT* Flame 1180 1090 970 870 810

Sample volume (dscm)a - - 3.12 3.71 3.71 3.72 3.74 3.74

Injection Port - - burner 4 4 8 4 8

PFAS* ng/sample ng/sample ng/sample ng/sample ng/sample ng/sample ng/sample ng/sample

PFBA ND 5.57 22.3 108 9.10b 628b 3950 116000

PFPeA ND 3.32 17.6 56.0 7.42b 249 b 741 63400

PFHxA ND 6.59 26.1 100 13.8 490 1240 151000

PFHpA 0.40 1.55 6.32 29.8 5.23 65.5 475 36300

PFOA ND 2.30 36.8 156 144c 452c 1430 78400

PFBS 0.11 0.41 0.61 6.66 0.57 0.67 28.8 1860

PFPeS ND ND ND 4.58 0.14 0.54 23.4 1680

PFHxS ND 1.25 0.92 21.6 1.36c 2.33c 118 8520

PFHpS ND ND ND 1.84 ND 0.34 17.1 989

PFOS ND 9.30c 3.08c 116 42.2c 18.6c 819 62200

*
MB is laboratory method blank, PBT is the proof blank train, abbreviations are in Table S2

a
Dry standard cubic meter

b
Pre-extraction internal standards were above of acceptance criteria, >150%

c
Pre-extraction internal standards were below acceptance criteria, <20%
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Table 2:

DEs for measured PFAS in AFFF with red indicating less than four nines DE

Temperature, (°C) Flame 1180 1090 970 870 810

PFAS (%) (%) (%) (%) (%) (%)

PFBA 99.9958 99.9725 99.9978 99.8443 b 98.3336 b 45.7362

PFPeA 99.9993 99.9971 99.9996 99.9876 b 99.9372 b 94.0300

PFHxA 99.9997 99.9984 99.9998 99.9925 99.9678 95.6188

PFHpAa 99.9997 99.9984 99.9997 99.9965 99.9566 96.3086

PFOA 99.9996 99.9978 99.9981 99.9938b 99.9663 b 97.9522

PFBSa >99.9999 >99.9999 >99.9999 >99.9999 99.9996 99.9704

PFPeS >99.9999 >99.9999 >99.9999 >99.9999 99.9996 99.9671

PFHxS >99.9999 >99.9999 >99.9999b >99.9999b 99.9997 99.9768

PFHpS >99.9999 >99.9999 >99.9999 >99.9999 99.9996 99.9766

PFOS >99.9999b >99.9999 >99.9999b >99.9999b 99.9997 99.9751

a
PFBS and PFHpA were detected in the analytical method blanks.

b
Pre-extraction internal standards were outside of acceptance criteria, DEs used estimated maximum concentrations.

ACS ES T Eng. Author manuscript; available in PMC 2024 July 10.



E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript

Shields et al. Page 20

Table 3:

Volatile PFAS and other gases quantified in the emissions from AFFF incineration

Temperature (°C) Flame 1180 1090 970 870 810

Canister Analytes (μg/m3)

tetraflouromethane ND ND ND ND ND ND

hexafluoroethane ND ND ND 11.4 9.36 6.51

chlorotrifluoromethane ND ND ND ND ND ND

fluoroform ND ND ND 5.47 601 7530

octafluoropropane ND ND ND 267 903 795

difluoromethane ND ND ND 2.87 8.51 94.4

pentafluoroethane 0.70 1.35 0.65 3.99 276 8950

octafluorocyclobutane ND ND ND ND ND 14.1

fluoromethane ND ND ND ND ND 1.30

tetraflouroethylene ND ND ND ND 1.16 149

hexafluoropropylene ND 0.19 ND 0.31 4.96 567

1,1,1-trifluoroethane ND ND ND ND ND ND

hexafluoropropene oxide ND ND ND ND ND ND

chlorodifluoromethane ND ND ND ND ND ND

1,1,1,2-tetrafluoroethane ND ND ND 3.39 1.84 64.2

perfluorobutane ND 0.30 ND ND 434 620

1H heptafluoropropane ND 0.99 ND ND 86.8 2480

octafluourocyclopentene ND ND ND ND 5.15 235

trichlorofluoromethane 0.40 0.17 0.57 0.57 0.40 0.57

dodecafluoro-n-pentane ND ND ND ND 51.2 503

1H nonafluorobutane ND 0.64 ND ND 59.8 1230

tetradecafluorohexane ND ND ND ND 1.41 307

1H perflluoropentane ND ND ND ND 12.1 1000

E1a ND ND ND ND ND ND

hexadecaflluroheptane ND ND ND ND ND 85.81

1H perfluorohexane ND ND ND ND 6.65 1090

perfluorooctane ND ND ND ND ND 291

1H perfluoroheptane ND ND ND ND ND 316

1H Perfluorooctane ND ND ND ND ND 203

E2b ND ND ND ND ND ND

FTIR Analytes

CO (ppm) 7.2 3.6 4.5 5.7 109 1730

CO2 (%) 6.2 6.3 5.2 5.0 4.4 4.0

HF (ppm)c 427 340 278 266 260 227

NO (ppm)c 86.7 91 63.5 38.1 4.9 0.4
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Temperature (°C) Flame 1180 1090 970 870 810

SO2 (ppm)c 60.9 41.7 34 31.4 35.2 35.4

Other Gas

Oxygen, O2 (dry, %) 7.9 7.2 9.0 9.2 11.8 12.0

a
Heptafluoropropyl 1,2,2,2-tetrafluoroethyl ether

b
2H-Pefluoro-5-methyl-3,6-dioxanonane

c
Values not verified with CEM data or certified transfer standard.
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