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ABSTRACT 
Introduction and Objectives: There is intense interest in developing better approaches for 
managing wastes laden with per- and polyfluoroalkyl substances (PFAS). High temperature 
thermal treatment (e.g., above 1000 ℃) of these materials is frequently performed, but lower 
temperature treatment (e.g., below 600 ℃) may be appropriate to remove PFAS from materials 
as well. The focus of this limited scope SERDP project was to help develop better understanding 
of PFAS fate associated with lower temperature thermal treatment approaches. Specifically, the 
objectives of this project were to evaluate effects of low temperature thermal treatment on PFAS 
in simulated investigation derived wastes (IDW) and to assess the potential benefit of Ca(OH)2 
amendments for lowering PFAS decomposition temperatures and release of volatile organic 
fluorine (VOF) species.  

Technical Approach: Simulated solid IDW materials were prepared with high concentrations of 
perfluorosulfonic acids (PFSAs) and perfluorocarboxylic acids (PFCAs), with Ca(OH)2 added to 
a subset of these materials. The high concentrations of PFAS used in these experiments 
facilitated examination of a variety of thermal decomposition products, including fluoride 
mineralized from the PFAS, sulfur oxyanions from desulfonation of PFSAs, and VOF species 
that evolved. Thermal decomposition was performed in a tube furnace at temperatures up to 
575 ℃ and products remaining in solids, trapped in aqueous solutions, and collected in gas 
sampling bags were examined through a variety of techniques. In addition to evaluation of 
PFAS, modified approaches were used to examine fluoride associated with solid species, and 
selected-ion monitoring (SIM) gas chromatography-mass spectrometry (GC-MS) was used to 
examine expected fluorocarbon ion fragments of collected VOF. 

Results: Removal of PFSAs and perfluorooctanoic acid (PFOA) from the solids was essentially 
complete (>99.9%) when final temperatures reached 575 ℃ and 450 ℃, respectively, with 
representative decomposition temperatures for PFSAs occurring near 360 ℃, and that for PFOA 
occurring below 300 ℃. With the amendment of Ca(OH)2 to solids, decomposition of PFSAs 
appeared to occur below 300 ℃, while PFOA was less affected. Without Ca(OH)2, no more than 
30% of initial fluorine in the PFAS was observed as fluoride, consistent with long perfluoroalkyl 
chains associated with 1H-perfluoroalkane and perfluoroalkene VOF observed. Fluorine 
mineralization was particularly low for PFOA. Ca(OH)2 amendments increased fluorine 
mineralization in all cases, but this remained below 50% of initial fluorine content under all 
conditions evaluated. While up to 5% of PFSAs added to solids were observed as PFCAs in 
aqueous traps without Ca(OH)2 amendments, these PFCAs were not observed when Ca(OH)2 
was present. The inclusion of Ca(OH)2 appeared to cause a shift in the composition of VOF 
species, possibly suppressing the evolution of perfluoroalkene species.  

Benefits: This project demonstrated that low temperature treatments can remove perfluoroalkyl 
acids (PFAAs) from simulated IDW materials, and that VOF evolve from this low temperature 
process. Further, this work demonstrated the concept that hydrated lime (Ca(OH)2) amendments 
can lower PFAS decomposition temperatures, facilitate greater PFAS mineralization, and change 
the composition of VOF. The use of amendments such as Ca(OH)2 that offer promise for treating 
PFAS at low temperatures to products with lower toxicity should be investigated further. Better 
understanding of these processes will aid future implementation of lower temperature thermal 
treatments for PFAS.  



ii 
 

EXECUTIVE SUMMARY 

ES.1. INTRODUCTION: 

This limited scope project was performed to help address a need for improved treatment 
approaches for waste derived from subsurface investigations related to per- and polyfluoroalkyl 
substances (PFAS). Thermal treatment is practical and widely utilized for management of such 
investigation derived waste (IDW), despite some current uncertainties regarding the fate of 
volatile organic fluorine (VOF). While high temperature thermal treatment (e.g., above 1000 °C) 
is frequently used, lower temperature decomposition (e.g., below 600 °C) may also be 
appropriate and requires fewer resources and less energy. Additionally, lower temperature 
thermal treatment, including so-called thermal desorption processes, may be applicable at more 
field sites due to much greater ease of deployment. Lower temperatures have been shown to 
volatilize many PFAS, but resulting products, including hydrogen fluoride (HF) and VOF 
species, may present challenges. 

The work described herein showed that low temperature treatments can remove 
perfluoroalkyl acids (PFAAs) from simulated IDW materials, and that VOF evolve from this low 
temperature process. Further, this work demonstrated the concept that hydrated lime (Ca(OH)2) 
amendments can lower PFAS decomposition temperatures, facilitate greater PFAS 
mineralization, and change the composition of VOF. A thermal testing system was developed to 
evaluate these processes, and to facilitate the examination of VOF and quantification of fluoride 
species. A gas chromatography-mass spectrometry (GC-MS) method was applied to examine 
VOF, which may otherwise occur beyond the analytical coverage provided by liquid 
chromatography with tandem mass spectrometry (LC-MS/MS). It is necessary to consider the 
composition and chemistry of VOF and other products when evaluating low temperature 
treatment approaches for PFAS. 

ES.2. OBJECTIVES:  

The objectives of this project were to evaluate thermal treatment for PFAS in simulated IDW 
and to assess the potential benefit of Ca(OH)2 amendments for lowering PFAS decomposition 
temperatures and release of VOF species. One benefit of thermal treatment is that it can be 
operated at small scales as may be appropriate for IDW. Specific objectives of the work 
described in this report were: 

1. To evaluate thermal decomposition and production of mineralized fluorine (e.g., HF) and 
VOF species during heating of perfluorocarboxylic acids (PFCAs) and perfluorosulfonic 
acids (PFSAs); 

2. To evaluate whether Ca(OH)2 amendments affect the formation of VOF compounds that 
may include fluorinated greenhouse and toxic gases; and 

3. To evaluate the thermal decomposition of a mixture of the 6 PFAS included in the third 
Unregulated Contaminant Monitoring Rule (UCMR-3) in a representative soil, with and 
without Ca(OH)2 amendments. These UCMR-3 PFAS are: 

o Perfluorooctanesulfonic acid (PFOS), 
o Perfluorohexanesulfonic acid (PFHxS), 
o Perfluorobutanesulfonic acid (PFBS), 
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o Perfluorononanoic acid (PFNA), 
o Perfluorooctanoic acid (PFOA), and 
o Perfluoroheptanoic acid (PFHpA). 

ES.3. TECHNICAL APPROACH:   

Three primary technical tasks were performed to achieve the objectives of this limited scope 
project:  

Task 1.  Preparation of simulated IDW solids 
Task 2.  Baseline decomposition of PFOS, PFHxS, and PFOA 
Task 3.  Decomposition of simulated solid IDW with Ca(OH)2 

During Task 1, all-purpose sand and field soil granular solids were separately augmented 
with PFAS to simulate solid IDW. PFAS augmented granular solids were used for the 
experiments in this project because they eased handling, concentration measurements, and 
mixing with Ca(OH)2 solids. All granular solids were dried and sieved, with the fraction passing 
the 0.6 mm sieve used for the experiments. For experiments with Ca(OH)2, this was 
homogenized with the solids using a rotary tumbler. 

Most of the effort for this project was associated with Tasks 2 and 3. Tasks 2 and 3 were 
performed in a similar manner, and both tasks used the same testing system to examine thermal 
decomposition of PFSA and PFCA laden solid materials. This system consisted of a tube furnace 
fitted with a 1-inch OD stainless-steel process tube, two midget impingers in series to trap 
fluoride, sulfur dioxide, and other water-soluble species, and a Flexfoil gas sampling bag for 
collection of VOF species (See Figure ES - 1). A nickel sample boat was used to contain PFAS-
laden samples within the furnace. Temperatures provided throughout this work are the furnace 
set temperatures, but those at the sample boat may have been up to 20 ℃ lower. 

 

Figure ES - 1. Components of the thermal testing system. Depicted are the nitrogen sweep gas 
cylinder, tube furnace, midget impingers (i.e., base traps), and Flexfoil gas collection bags. 
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During experiments, a nickel sample boat containing simulated PFAS IDW was emplaced in 
the center of the process tube, and the process tube was connected to two midget impingers, 
which were in turn connected to a Flexfoil bag. The system was closed, such that gases evolved 
from the simulated IDW were swept to the impingers and ultimately collected in the Flexfoil 
bags. During a given thermal decomposition experiment, the set temperature of the furnace was 
systematically increased through a range where PFSA and PFCA decomposition was anticipated. 
Impingers were replaced approximately every hour, together with a change in furnace 
temperature, and solutions collected for analysis. Flexfoil bags were replaced at the same time as 
impingers and stored for off-line analysis of VOF by GC-MS. After a given thermal run, the 
furnace was allowed to cool and the nickel boat containing thermally treated solids was carefully 
removed, with contained solids placed in aqueous solution for extraction. Solutes associated with 
nickel boat and process tube surfaces were also extracted and analyzed. 

Fluoride was evaluated by ion chromatography (IC) consistent with USEPA Method 300 or 
using a fluoride ion specific electrode (ISE). Sulfur oxyanions were evaluated in aqueous 
solutions and extracts as sulfate, after oxidation by hydrogen peroxide, by IC consistent with 
USEPA Method 300. An analytical method based on reverse phase liquid chromatography with 
suppressed conductivity detection (RPLC-SCD) was used to evaluate PFSA and PFCA 
concentrations for most of the work described in this report, and a limited number of samples 
were sent to an external DoD ELAP accredited laboratory (Pace Analytical Gulf Coast) for 
analysis by LC-MS/MS. Overall, agreement between the RPLC-SCD and LC-MS/MS methods 
was satisfactory for the interpretations provided herein. A GC-MS method was developed and 
improved throughout this project to evaluate VOF species. While this GC-MS approach requires 
further refinement, it proved to be one of the more useful tools for the interpretations provided in 
this work.  

ES.4. RESULTS AND DISCUSSION:  

Concentrations ranging from 0.8 mg/g to 2.4 mg/g for individual PFAS were targeted for use 
in the simulated IDW. After preparation, measured PFAS concentrations of the solids were 
within 35% of target concentrations and satisfactory for purposes of the experiments. 

During thermal decomposition experiments, PFSAs and PFCAs were removed from 
simulated IDW materials at temperatures achievable in the field, and amendment with Ca(OH)2 
was shown to increase this removal. Depending on conditions, PFAS removals ranged between 
90% (for PFSAs held at 325 ℃ for 4 hours without Ca(OH)2 addition) and greater than 99.9% 
(for PFOS and PFHxS ramped up to a final temperature of 575 ℃; and PFOA ramped up to a 
final temperature of 450 ℃). VOF evolution from the simulated IDW solids was significant 
during this process, which was be noted by the presence of the trifluoromethyl (-CF3) ion 
fragment with mass to charge (m/z) ratio of 69 in GC-MS analyses. Figure ES - 2 shows the 
accumulating m/z 69 signal (shown in blue) associated with PFOS decomposition in the 
simulated IDW using sieved all-purpose sand, both without and with Ca(OH)2. The average 
furnace temperature at which VOF were collected (based on averaged m/z 69 signal) during 
PFOS decomposition was estimated, and is also indicated in Figure ES - 2 as the blue dashed 
line, shifting from TVOF=364 ℃ without Ca(OH)2 to TVOF=278 ℃ with Ca(OH)2. Using this 
methodology, in the experiments using all-purpose sieved sand, temperatures associated with 
VOF release from PFSAs decreased from near 360 ℃ to near 280 ℃ when Ca(OH)2 was 
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amended, while temperatures associated with VOF release from PFOA were near 250 ℃ 
whether Ca(OH)2 was amended or not (See Figure ES - 3). Consistent with these observations 
that Ca(OH)2 lowered decomposition temperature for PFSAs, fewer PFSAs remained when the 
simulated field IDW material was held at 325 ℃ for four hours when Ca(OH)2 was amended, 
and no PFCAs were detected in either case (See Figure ES - 3). 

 

Figure ES - 2. Evolution of VOF from simulated PFOS IDW with increasing temperature.  A.) IDW 
alone and B.) IDW with Ca(OH)2. Blue markers and solid line represent cumulative m/z 69 observed as 
temperature increases. M/z 69 represents both perfluoroalkene and 1H-perfluoroalkane species. The 
dashed blue line represents the estimated average temperature at which m/z 69 was recovered. Red 
markers and dashed line represent the cumulative ratio of m/z 51 to m/z 131. The shift to lower 51:131 
ratios with increasing temperature, indicating an increase in perfluoroalkene-like abundance with 
temperature, was much more muted with Ca(OH)2. 

 

Figure ES - 3. Decomposition temperatures and PFAS remaining after decomposition. A.)Estimated 
average temperature at which m/z 69 was recovered in VOF showing a shift to lower temperatures with 
Ca(OH)2 amendments for PFSAs. B.) Observed fraction of PFAS remaining in simulated IDW after 
thermal treatment. 

Improved fluorine mineralization of PFAS and suppression of volatile water-reactive PFCA 
precursors (e.g., acyl fluoride species) was also noted with the inclusion of Ca(OH)2 amendments 
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(See Figure ES - 4). This suggests promise for enhancing PFAS mineralization and reducing 
PFCA formation using Ca(OH)2, and this process should be optimized. While the volatile PFCA 
precursors appeared reasonably facile to remove from the gas phase, they are of interest as they 
may lead to mobilization and distribution of PFCA species (perhaps localized) if not 
appropriately considered. 

  

Figure ES - 4. Products of PFAS thermal decomposition. A.) Fraction of fluorine of parent PFAS 
observed as fluoride products, indicating greater fluorine mineralization with Ca(OH)2 amendments. B.) 
Fraction of initial PFAS observed as PFCAs in impinger traps, indicating the release of likely volatile 
intermediates (e.g., acyl fluoride VOF). 

VOF collected in Flexfoil bags were observed to contain large quantities of two homologous 
series – one with strongest signals at m/z 51 and 69, and one with strongest signals at m/z 131 
and 69. The mass spectra of VOF collected during decomposition of the simulated field IDW 
illustrate this well and are shown in Figure ES - 5 at relevant retention times. Representative 
1H-perfluoroalkane and perfluoroalkene species procured from Synquest Labs, Inc (Alachua, 
FL) match the retention times and mass spectra of the VOF resulting from thermal 
decomposition closely (See Figure ES - 5), and suggest that other observed VOF with analogous 
spectra are 1H-perfluoroalkane and perfluoroalkene species with longer or shorter perfluoroalkyl 
chains, including perfluorooctene, 1H-perfluoropentane, 1H-perfluorobutane and likely 1H-
perfluoropropane. During this work, examination of such spectra indicated that 
1H-perfluoroalkane and perfluoroalkene VOF of similar length as parent PFAS were most 
common, but other minor VOF components, including possibly more toxic species, should not be 
ruled out. 
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Figure ES - 5. Cumulative GC-MS SIM ion fragment signals of VOF resulting from PFAS 
decomposition and from stock materials. A.) VOF after thermal decomposition of simulated field IDW 
with the 6 UCMR-3 PFAS, without Ca(OH)2. B.) VOF from procured stock materials. GC-MS signals 
were discretized at 0.1 min resolution. For (B), red and green dashed lines indicate homologous 
1H-perfluoroalkane and perfluoroalkene species, respectively. The size and intensity of red squares relate 
to the strength of the signal for ion fragments observed at indicated retention times. 

In addition to the m/z 69 ion fragment which is shared among both 1H-perfluoroalkane and 
perfluoroalkene species, we also evaluated the ratio of m/z 51 to m/z 131 as an indication of 
relative proportions of these two dominant VOF. This ratio (shown as cumulative amount 
evolved at temperature indicated and below) is shown in Figure ES - 2 in red for the case of 
PFOS decomposition, both without and with Ca(OH)2. As shown, amendment of IDW with 
Ca(OH)2 resulted in a shift in the cumulative composition of VOF toward greater 
1H-perfluoroalkane abundance with Ca(OH)2 amendment. While this is evident by the ratio of 
m/z 51:131 in Figure ES - 2, an additional decomposition experiment with PFOS sand amended 
with 10 times greater Ca(OH)2 (160 mg/g) very clearly demonstrated this effect. Figure ES - 6 
shows the mass spectra of VOF from this experiment together with the baseline spectra of PFOS 
without Ca(OH)2, and perfluoroalkene VOF species (e.g., perfluoroheptene at RT=4.5 min) were 
notably suppressed in the presence of higher Ca(OH)2. 
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Figure ES - 6. Cumulative GC-MS SIM ion fragment signals of VOF resulting from PFOS 
decomposition in simulated IDW and with Ca(OH)2 amendment. GC-MS signals were discretized at 
0.1 min resolution. A shift from perfluoroalkene (e.g., m/z 131) to 1H-perfluoroalkane species (e.g., m/z 
51) is observed when Ca(OH)2 is present. Furnace temperatures for both experiments were matched and 
ranged from 275 ℃ to 575 ℃. 

ES.5. IMPLICATIONS FOR FUTURE RESEARCH AND BENEFITS:  

Low temperature thermal treatment of PFAS is promising as it has been shown to remove 
PFAAs through partial mineralization and transformation to more volatile VOF. Improved 
understanding of these VOF is essential to evaluate the fate of thermally treated PFAS, and to 
assess toxicity risks associated with VOF products. Future development of low temperature 
thermal treatment approaches for PFAS will rely on safe, cost-effective, and optimized methods 
for managing the VOF produced.  

There remains a need to continue identifying and quantifying VOF that may evolve during 
PFAS thermal decomposition, including VOF evolving from PFAA precursors and novel PFAS, 
such as GenX. Towards this end, GC-MS methods for VOF should continue to be refined. At 
this time, the GC-MS method used in this work requires high concentrations of analytes and 
there would be significant benefit associated with improving the sensitivity of these 
measurements. Particularly with respect to VOF, identification of major species and other 
components of interest should facilitate better approaches to trap and concentrate species for 
better detection. 

All the experiments performed during this limited-scope project utilized relatively inert and 
dry N2 as a sweep gas. This may have had the experimental benefit of preserving more reactive 
products or intermediates that otherwise may not have been observed. However, the influence of 
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oxygen and water in the gas phase should be investigated as these may significantly alter volatile 
products. For example, oxygen may be added at the vinyl bond of the perfluoroalkene species, 
resulting in possible acyl fluoride groups, which may be subsequently hydrolyzed to form new 
PFCAs, albeit with a shorter perfluoroalkyl chain. With respect to low temperature thermal 
treatment of PFAS, and better understanding of possible volatile emissions, all such processes 
are important to consider and warrant further investigation. 

During this work, Ca(OH)2 amendments were observed to decrease decomposition 
temperatures, increase fluorine mineralization, and change the composition of VOF. It is unclear 
whether or how these individual effects are related, but the suppression of perfluoroalkene 
species, as exhibited in Figure ES - 6 is intriguing. It would be helpful to better understand 
reactions between perfluoroalkene, or possibly acyl fluoride species, and Ca(OH)2 that could 
lead to fluorine mineralization, or whether Ca(OH)2 otherwise inhibits formation of these volatile 
species during thermal PFAS decomposition. For application of low temperature treatment for 
PFAS, better understanding of factors affecting the relative abundances of perfluoroalkene and 
1H-perfluoroalkane VOF is necessary, as these VOF likely behave differently during subsequent 
flue gas treatment approaches (e.g., sorption or oxidation) that may be necessary. Ultimately, 
understanding products resulting from low temperature thermal decomposition of PFAS, 
including the perfluoroalkene and 1H-perfluoroalkane VOF identified in this work, will be 
critical for the DoD as it considers thermal treatment approaches to manage PFAS laden 
materials.  
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1.0 OBJECTIVES 

The objectives of this project were to evaluate thermal treatment for per- and polyfluoroalkyl 
substances (PFAS) in simulated investigation derived wastes (IDW) and to assess the potential 
benefit of hydrated lime (Ca(OH)2) amendments for lowering PFAS decomposition temperatures 
and release of volatile organic fluorine (VOF) species. One benefit of thermal treatment is that it 
can be operated at small scales as may be appropriate for IDW. Specific objectives of the work 
described in this report were: 

1. To evaluate thermal decomposition and production of mineralized fluorine (e.g., HF) and 
VOF species during heating of perfluorocarboxylic acids (PFCAs) and perfluorosulfonic 
acids (PFSAs); 

2. To evaluate whether Ca(OH)2 amendments affect the formation of VOF compounds that 
may include fluorinated greenhouse and toxic gases; and 

3. To evaluate the thermal decomposition of a mixture of the 6 PFAS included in the third 
Unregulated Contaminant Monitoring Rule (UCMR-3) in a representative soil with and 
without Ca(OH)2 amendments. These UCMR-3 PFAS are: 

o Perfluorooctanesulfonic acid (PFOS), 
o Perfluorohexanesulfonic acid (PFHxS), 
o Perfluorobutanesulfonic acid (PFBS), 
o Perfluorononanoic acid (PFNA), 
o Perfluorooctanoic acid (PFOA), and 
o Perfluoroheptanoic acid (PFHpA). 
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2.0 BACKGROUND 

There is heightened concern within the U.S. and internationally regarding environmental 
releases of per- and polyfluoroalkyl substances (PFAS). Regulatory limits for some PFAS in 
water are in the low parts per trillion (ppt) range, driven by their recalcitrance and associations 
between PFAS exposure and health outcomes such as developmental impacts, hepatoxicity, 
immunosuppression, and others.1–4 PFAS are contaminants of concern across all branches of the 
Department of Defense (DoD) primarily due to their presence in aqueous film-forming foams 
(AFFF) which are widely applied for suppressing hydrocarbon fires. Historical application of 
AFFF at military sites includes emergency applications, fire training exercises, and equipment 
testing, resulting in more than 650 sites across DoD.5  

Recognition of the risks posed by PFAS has resulted in evaluations and investigations 
associated with DoD use of these materials. Site investigations have been and continue to be 
initiated to determine the extent of the issue, resulting in IDW that may contain PFAS (e.g., 
sediments from the installation of groundwater monitoring wells). The scale and types of IDW 
generated at sites vary widely, but IDW laden with PFAS requires disposal management. 

Thermal treatment is practical and widely utilized for management of IDW, despite some 
current uncertainties regarding the fate of VOF. High temperature thermal treatment (e.g., above 
1000 °C) is widely applied,6–8 but lower temperature decomposition (e.g., below 600 °C) is also 
of interest as it requires fewer resources and is less energy intensive. Additionally, lower 
temperature thermal treatment, including so-called thermal desorption processes, may be 
applicable at more field sites due to much greater ease of deployment. Lower temperatures have 
been shown to volatilize many PFAS, but resulting products, including hydrogen fluoride (HF) 
and VOF, may present challenges.  

The impact of thermal processing on PFAS has been investigated experimentally in a variety 
of contexts that provide insight into required temperatures and expected products. The 
fluorochemical industry, for example, has long examined such processes from an industrial 
processing perspective. In this context, thermally processed PFCA salts were shown to yield up 
to 9- carbon perfluoroalkene species at temperatures below 300 ℃, with yields as high as 97% 
depending on parent PFCA and cations used.9 During these studies, 1H-perfluoroalkane, and 
acyl fluoride species were also noted as products depending on cation type and other reaction 
conditions.9 More recently, similar approaches have been evaluated for the production of 
perfluoroalkene monomers of interest, such as tetrafluoroethylene (TFE) from the pyrolysis of 
perfluoropropionic acid salts (PFPA) with high yields.10 In addition to non-polymeric PFAS 
(e.g., PFCAs), polymeric PFAS such as (e.g., polytetrafluoroethylene, PTFE) have also been 
investigated as a source of fluorocarbon monomers, particularly with TFE and 
hexafluoropropylene (HFP) products noted with variable efficiency.11–14 

In addition to studies related to industrial processing of fluorochemicals, thermal treatment of 
PFAS has also been experimentally investigated with regards to waste management needs. For 
example, thermal treatment of activated carbon (AC) containing PFAS at temperatures exceeding 
700 °C has been shown to remove most PFAS from AC, but VOF species as well as mineralized 
fluorine products were produced,15 with much greater mineralization at 1000 °C. VOF indicated 
incomplete mineralization of the PFAS and highlight the continued need for improved 
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understanding of thermal treatment approaches. Other VOF that have been observed after 
thermal decomposition of PFAS include 1H-perfluoroalkane, perfluoroalkene, and cyclic 
perfluoroalkane species,16,17 broadly consistent with products described earlier with respect to 
industrial processes. VOF may be further transformed in the atmosphere and result in the broader 
distribution of PFCA species. For example, several VOF (e.g., 1H-perfluorooctane) are 
considered PFOA-related compounds with respect to the Stockholm Convention on Persistent 
Organic Pollutants.18 

Optimization of thermal processing of PFAS-containing solids through use of amendments 
has received attention. For example, the addition of alkaline NaOH solution to GAC prior to 
thermal treatment resulted in greater fluorine mineralization localized to the GAC than without 
such alkaline treatment.19 Similar to this alkaline treatment, the addition of Ca(OH)2 to various 
solid materials (e.g., sludge, boron nitride) has been investigated.20–23 During these studies, 
Ca(OH)2 was suggested to the lower decomposition temperature of PFOS from near 450 ℃ to 
near 350 ℃ and lead to the formation of stable CaF2 minerals, as observed by x-ray diffraction 
analyses.21 Later studies with Ca(OH)2 suggested greater fluorine mineralization of PFSAs than 
PFCAs when Ca(OH)2 was present.22 During these efforts, VOF were examined by gas 
chromatography-mass spectrometry (GC-MS) and changes among ion fragments associated with 
VOF were noted, although it is not clear whether individual VOF (e.g., 1H-perfluoroalkane) 
were identified in chromatograms.22 

During this limited-scope project, we pursued the concept that Ca(OH)2 amendments may be 
utilized to lower decomposition temperatures and VOF emissions, with the goal of understanding 
factors that affect this performance. This required developing a thermal testing system that 
facilitated the examination of VOF products and allowed for quantification of fluoride species. 
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3.0 MATERIALS AND METHODS 

3.1 Thermal testing system 

A thermal testing system was used to experimentally examine the thermal decomposition of 
PFSA and PFCA laden solid materials. This system consisted of: a tube furnace fitted with a 1-
inch OD, 0.875-inch ID diameter 316 stainless-steel process tube; two midget impingers (25 mL) 
in series to trap fluoride, sulfur dioxide, and other water-soluble species; and a Flexfoil gas 
sampling bag for collection of VOF species (See Figure 1). A nickel sample boat was used to 
contain PFAS-laden samples within the furnace. The stainless-steel process tube was 20” long, 
with an internal volume of approximately 200 mL. Nitrogen gas (N2(g)) flowing at approximately 
25 mL/min was used as a sweep gas during experiments resulting in a mean residence time 
(MRT) of ~8 minutes in tube. While the system was typically closed, it was contained within a 
fume hood to prevent possible exposures to vented gases when components were serviced. 

The thermal response of this system was evaluated with flow of N2(g) and in the presence of 
an empty sample boat using a K-type thermocouple inserted to the mid-point of the tube near the 
sample boat. Figure 2 shows the progression of temperature with time in response to changes in 
set temperature of the furnace. Temperatures within the process tube were measured to be 10 to 
20 ℃ less than the set temperature and this temperature was generally reached within 10 minutes 
of change in set temperature. Based on these thermocouple measurements, then, furnace set 
temperatures can be viewed as conservative estimates of required decomposition temperatures 
(i.e., biased high), as true temperatures are expected to be as much as 20 ℃ lower. As such, 
temperatures provided throughout this work will be the furnace set temperatures. Future efforts 
should endeavor to incorporate more direct measures of temperature, but this was beyond the 
scope of the current effort. 

 

Figure 1. Components of the thermal testing system. Depicted are the nitrogen sweep gas, tube 
furnace, midget impingers (i.e., base traps), and Flexfoil gas collection bags. 
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Figure 2. Example furnace set temperatures and measured process tube temperatures. Measured 
temperatures were located internal to the process tube under flow conditions. 

During experiments, the nickel sample boat was emplaced in the center of the process tube, 
and the process tube was connected by stainless steel compression fittings to smaller diameter 
stainless steel tubing, and ultimately connected to two midget impingers (25mL) in series via 
short lengths of PVC tubing. Impingers operate by facilitating contact between the gas and a 
surface or solution, thereby removing species of interest from the gas phase. Throughout the 
efforts described in this report, the impingers were filled with 20 mL of 1 mM NaOH solution or 
carbonate buffered solution prepared in water (20mM at pH~10) to collect water soluble species. 
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Nitrogen sweep gas carrying VOF species not trapped in the impingers was routed to Flexfoil 
bags (3L) for ultimate collection. Prior to each use, Flexfoil bags were evacuated, and filled with 
N2 gas, to be evacuated again, a minimum of three times. 

3.2 Analytical methods 

3.2.1 Anions 

Fluoride produced during complete or partial PFAS mineralization was of significant interest 
during this work. Two approaches were used to evaluate fluoride concentrations: ion 
chromatography (IC) with conductivity detection and potentiometric determination using a 
fluoride ion specific electrode (ISE). IC was performed consistent with USEPA Method 300 and 
the ISE was used with matrix matched standards, where possible, as well as with standard 
addition approaches. Figure 3 shows a comparison of the two methods utilized (IC and ISE) and 
agreement between the two was satisfactory. For most samples, IC was determined to be 
appropriate and it was used for analysis of fluoride in aqueous trap solutions and most aqueous 
extracts from thermally treated and control solids, nickel boats, and process tube surfaces. 
Extraction of solids containing Ca(OH)2 and field derived solids were additionally processed 
using an EDTA solution and analyzed by ISE.   

 

 
Figure 3. Comparison of fluoride measurements. Measurements were made by ion chromatography 
(IC) and fluoride ion specific electrode (ISE). The dashed line shows a 1:1 relationship. 

Sulfur oxyanions were noted to result from complete or partial mineralization of thermally 
treated PFSAs, and these were evaluated in aqueous solutions and extracts by IC consistent with 
USEPA Method 300. In addition to sulfate, a signal later determined to be sulfite was noted in 
the chromatograms. This interpretation was initially informed by the disappearance of the peak 
upon treatment with hydrogen peroxide, together with an increase in sulfate concentrations, as 
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shown in Figure 4, and was later confirmed with a solution of sodium bisulfite. For clarity, total 
sulfur oxyanion concentrations of all aqueous samples and extracts were evaluated as sulfate 
after oxidation by hydrogen peroxide. While quantification and discrimination between sulfite 
and sulfate signals was beyond the scope of this work, examination of a limited sample set 
suggested that sulfite may have comprised a significant fraction of sulfur in trapped samples. The 
presence of sulfite suggests that SO2(g) evolved during decomposition, rather than SO3(g). Further 
investigations examining the speciation of sulfur produced during thermal treatment of PFSAs 
would benefit from improved efforts at quantifying both SO2 and SO3 in gas phases as well as 
sulfite and sulfate oxyanions associated with solids. 

 
Figure 4. Sample IC chromatogram of aqueous sample from an impinger demonstrating oxidation 
of sulfite. A.) shows the condition prior to hydrogen peroxide treatment, and B.) after treatment. 

3.2.2 PFAS 

An analytical method based on reverse phase liquid chromatography with suppressed 
conductivity detection (RPLC-SCD) was used to evaluate PFSA and PFCA concentrations for 
most of the work described in this report,24,25 with a limited number of samples sent to an 
external DoD ELAP accredited laboratory (Pace Analytical Gulf Coast) for analysis by liquid 
chromatography with tandem mass spectrometry (LC-MS/MS). Drawbacks of the RPLC-SCD 
method include higher detection limits (on the order of 0.05 mg/L) and interference between 
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PFCA and PFSA species due to co-elution. Experimentally, the use of elevated PFAS 
concentrations addressed the issue of relatively high detection limits. The drawback related to 
co-elution of PFSA and PFCA species led to occasional equivocal determinations, but the use of 
a single PFAS during most experiments, and complementary analytical determinations facilitated 
use of the information provided by the RPLC-SCD method. 

 To briefly describe the RPLC-SCD method, a borate buffer mobile phase was used to load a 
large volume sample aliquot (0.5-2.5 mL) onto a 2-mm guard column (Acclaim PA2) to collect 
and concentrate the PFAS analytes. After sample introduction, the guard column was washed 
with buffer to remove matrix interferences. After the wash step the concentrator column was 
switched into line with a 2-mm analytical column (Acclaim PA2), where acetonitrile was used as 
an organic modifier in the mobile phase to transport the PFAS analytes through the column for 
separation and analysis. After separation, the PFAS were detected and quantitated using external 
suppressed conductivity. Figure 5 shows example chromatograms with three PFCAs and three 
PFSAs of interest, together comprising the six UCMR-3 PFAS. 

 

 
Figure 5. RPLC-SCD chromatogram associated with the 6 UCMR-3 PFAS. A.) Shows the 3 PFCAs, 
and B.) the 3 PFSAs. 
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3.2.3 VOF 

A method using GC-MS instrumentation was developed and improved throughout this 
project to evaluate VOF collected in Flexfoil bags after PFAS decomposition. This method was 
pursued after preliminary observations of VOF by GC-MS appeared successful. While the 
GC-MS approach used in this work requires further refinement, evaluation of VOF proved to be 
one of the more useful tools for the interpretations of this work. It enabled identification of 
several VOF and preliminary assessment of their relative amounts. Future efforts are necessary 
to better quantify observed species as well as to further identify unknown compounds. Improved 
identification of relevant VOF will also facilitate future efforts at concentrating such VOF 
analytes for observation at much lower concentrations. 

The GC-MS method used an Agilent 7980/5975 GC-MS system equipped with a 60-meter 
DB-624 column (Agilent part # 123-0364UI) with high purity helium carrier gas. Samples were 
introduced to the GC-MS instrument by manual injection of 0.2- or 0.5-mL volumes. Oven 
temperatures were ramped from 45 ℃ to 250 ℃ and the transfer line was maintained at 250 ℃. 
The total runtime of the method was 18 minutes. Selected-ion monitoring (SIM) was used to 
observe 12 ion fragments that corresponded to fluorocarbon species (fragments at mass charge 
ratio, m/z of 51, 69, 81, 93, 100, 113, 119, 131, 150, 181, 207, 231). SIM was used to increase 
signals by focusing acquisition time on ion fragments of interest. For purposes of this initial 
investigation, retention times of integrated peak areas were truncated at a resolution of 0.1 
minutes.  

Two primary standards were utilized to observe and normalize for fluctuations in GC-MS 
signal response: tetrafluoromethane (CF4) alone, which was observed at mass 69, and a mixture 
of CF4 and hexafluoroethane (C2F6), which was observed at both mass 69 and 119. Both of these 
standards eluted at the same time. Review of collected signals and comparison to reference 
spectra available on the NIST Chemistry WebBook26 led to the purchase of perfluoroalkene and 
1H-perfluoroalkane VOF from Synquest Labs, Inc (Alachua, FL). Measured mass spectra 
(normalized to the signal at m/z 69) for these homologous species are provided in Figure 6 and 
Figure 7. As discussed in Sections 4.2.3, 4.3.1.3, and 4.3.2.3, many of these spectra and 
retention times match those of VOF resulting from PFAS thermal decomposition. In examining 
the mass spectra during this project, it was helpful to focus on three dominant ion fragments 
observed: m/z 69 as a measure of both perfluoroalkene and 1H-perfluoroalkane type species, 
m/z 131 as a measure of perfluoroalkene type species, and m/z 51 as a measure of 
1H-perfluoroalkane type species. As shown in Figure 8, these fragments correspond to 
components of the associated molecules. More refined identification and quantification of VOF 
will require additional effort beyond the scope of this project. 
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Figure 6. VOF of stocks analyzed by GC-MS SIM method. GC-MS signals were normalized by m/z 
69 signal and discretized at 0.1 min resolution. Red and green dashed lines indicate homologous 1H-
perfluoroalkane and perfluoroalkene species, respectively. The size and intensity of red squares relate to 
the strength of the signal for ion fragments observed at indicated retention times. 

 
Figure 7. Measured mass spectra of A.) perfluoroalkene and B.)  1H-perfluoroalkane species. There 
is great similarity in these series. Note that m/z 131 and 69 are dominant in A.), and m/z 51 and 69 are 
dominant in B.) 
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Figure 8. Molecular structures of A.) perfluoroheptene and B.) 1H-perfluoroheptane. The dominant 
ion fragments observed by GC-MS SIM are indicated. Note that the hydrogen atom is omitted in the 
representation of 1H-perfluoroheptane but is included in the mass of the ion fragment as CHF2 (m/z 51). 

3.3 Experimental Methods 

The thermal decomposition of PFAS in simulated IDW materials and the evaluation of 
Ca(OH)2 amendments for lowering decomposition temperature and releases of VOF were 
addressed with three primary technical tasks: 

Task 1. Preparation of simulated IDW solids 
Task 2. Baseline decomposition of PFOS, PFHxS, and PFOA 
Task 3. Decomposition of simulated solid IDW with Ca(OH)2 

The experimental methods associated with each of these tasks is detailed below, with results 
described in Sections 4.1,4.2, and 4.3 
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3.3.1 Preparation of simulated IDW solids 

To investigate PFAS thermal decomposition during this work, sand and soil granular solids 
were augmented with PFAS. While other methods of introducing PFAS to the tube furnace were 
investigated (e.g., drying of salts in the sample boat), preparation of PFAS augmented granular 
solids eased handling, concentration measurements, and mixing with Ca(OH)2 solids. All 
granular solids were dried and sieved, with the fraction passing the 0.6 mm sieve used for the 
experiments. 

For most of the experiments performed, solids consisted of sieved all-purpose sand. PFAS 
were not detected by RPLC-SCD in aqueous extracts of this sand prior to their amendment. 
PFAS were added to the sieved sand by adding 6 mL of a single alkaline methanol PFAS stock 
(10 g/L or 10 g/kg) to 25 g of sand in 20 mL vials. After the methanol was subsequently 
evaporated under filtered N2(g) flow, the solids were homogenized through use of a vortex mixer 
or rotary tumbler. Target and measured PFAS concentrations of these augmented solids are 
discussed in Section 4.1. For experiments with Ca(OH)2, 0.1 g of Ca(OH)2 was mixed with 6 g 
of PFAS containing solids and homogenized by use of rotary tumbler, resulting in an average 
concentration of 16.7 mg/g. 

A second set of solids was prepared using sieved field IDW collected from soil borings at 
Joint Base McGuire-Dix-Lakehurst (JBMDL). This IDW was collected on January 28 and 29, 
2019 in the vicinity of the Lakehurst Historic Fire Training Area #1 (AFFF Area 16) during field 
efforts associated with SERDP Project ER18-1204. The JBMDL IDW used was a composite 
from five soil borings (SB1 to SB5) and covered depths from 5 to 12 feet. Limited 
characterization of this IDW suggested that total PFAS concentrations were less than 1 mg/kg 
prior to augmentation, significantly lower than concentrations after amendment. The sieved IDW 
was mixed 1:1 with sieved all-purpose sand and loaded with the six UCMR-3 PFAS. 100 g of the 
sieved IDW/sand mixture was augmented in a glass jar through addition of 10 mL of each 
individual alkaline methanol PFAS stock (10 g/kg). As before, after the methanol was 
evaporated under filtered N2(g) flow, the solids were homogenized through use of a rotary 
tumbler. Target and measured PFAS concentrations of these augmented solids are discussed in 
Section 4.1. For the experiment with Ca(OH)2, 0.67 g of Ca(OH)2 was mixed with 20 g of PFAS 
containing solids, for a concentration of 33.5 mg/g, and homogenized by use of rotary tumbler. 

The particle sizes (<0.6 mm) utilized in these experiments facilitated preparation of well-
mixed and homogenous solids, and likely reduced spatial distances between PFAS and Ca(OH)2 
amendments. Due to the short length scales associated with the simulated IDW solids, heat and 
mass transport limitations were likely muted compared to larger scale materials and treatment 
systems. As such, the results observed during these studies likely represent more optimal 
conditions leading to PFAS decomposition and VOF transport. Nonetheless, the underlying 
decomposition mechanisms probed are relevant, and the knowledge gained from these efforts 
can help inform systems at different scales. For larger scale systems, heat and mass transport 
limitations, as well as impacts of soil moisture and other constituents, require greater 
consideration beyond the scope of this work.  
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3.3.2 Baseline decomposition of PFOS, PFHxS, and PFOA 

The thermal decomposition of representative PFSAs (PFOS and PFHxS) and a PFCA 
(PFOA) was evaluated using the testing system and sample train described in Section 3.1. The 
nickel sample boat was loaded with 2.5 to 3 g of the PFAS augmented sieved sand described 
above (~5-8 mg PFAS) and emplaced in the furnace process tube, which was subsequently 
sealed and connected to all remaining components of the system. The N2(g) sweep gas was then 
set to a flow rate of 25 mL/min through the process tube and the experiment was initiated. 

During a given thermal decomposition experiment, the set temperature of the furnace was 
systematically increased through a range where PFSA and PFCA decomposition was anticipated: 
275 ℃ to 575 ℃ for PFSAs, and 150 ℃ to 450 ℃ for PFOA. During thermal runs, impingers 
were replaced approximately every hour, together with a change in furnace temperature, and 
solutions collected for analysis. Impinger solutions were analyzed for anions (fluoride and sulfur 
oxyanions) and PFAS by RPLC-SCD. Between uses, impingers were washed and triple rinsed. 
There was no evidence of significant carry-over of analytes between uses, and there were no 
detections of fluoride or PFAS among blanks. Additionally, no significant changes in 
concentration of fluoride in impingers due to sorption were observed over time when initial 
concentrations were 1 mg/L. 

For VOF collection, Flexfoil bags were replaced at the same time as impingers and stored for 
off-line analysis by GC-MS. While VOF were noted to be stable for longer periods in the 
Flexfoil bags, they were generally analyzed within 24 hours of collection. 

After a given thermal run, the furnace was allowed to cool and the nickel boat containing 
thermally treated solids was carefully removed and solids were placed in aqueous solution for 
extraction. The nickel boat was separately placed in aqueous solution for extraction of its 
surfaces, and additional solution placed within the process tube for extraction of inner surfaces. 
Extracts of the solids, boat and process tube surfaces were analyzed for anions (fluoride and 
sulfur oxyanions) and PFAS by RPLC-SCD as described previously. 

3.3.3 Decomposition of simulated solid IDW with Ca(OH)2 

3.3.3.1 Decomposition of PFOS, PFHxS, and PFOA in sand amended with Ca(OH)2 

The thermal decomposition of representative PFSAs (PFOS and PFHxS) and a PFCA 
(PFOA) mixed with Ca(OH)2 was evaluated in the same manner as described above in Section 
3.3.2. As noted in Section 3.3.1, these solids were mixed with Ca(OH)2 at a concentration of 16.7 
mg/g. For these experiments, the nickel sample boat was loaded with 3 g of the PFAS and 
Ca(OH)2 augmented sieved sand. 

During thermal decomposition experiments, the set temperature of the furnace was adjusted 
to account for PFAS decomposition at lower temperatures in the presence of Ca(OH)2. 
Temperatures were systematically increased from approximately 150 ℃ to 400 ℃ for 
PFOS/Ca(OH)2 materials, from 150 ℃ to 450 ℃ for PFHxS/Ca(OH)2 materials, and from 100 
℃ to 450 ℃ for PFOA/Ca(OH)2 materials. Use of impingers and Flexfoil bags was analogous to 
the Task 2 experiments described in Section 3.3.2. 
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After each thermal run, the furnace was allowed to cool, the nickel boat was carefully 
removed, and the treated solids were removed and extracted as described in Section 3.3.2. 
Extracts of the solids, sample boat and process tube surfaces were then analyzed for anions 
(fluoride and sulfur oxyanions) and PFAS by RPLC-SCD. 

It was noted that extracts and recoveries of analytes from Ca(OH)2 amended sand using a 
single aqueous extraction appeared incomplete. As such, solids containing Ca(OH)2 were 
additionally processed. This process consisted of up to three sequential extractions (suspension 
in fresh solution and separation by centrifugation) in ultrapure water, and for fluoride analyses, 
up to three additional extractions using a trisodium EDTA solution (20 mM Na3H-EDTA). 
Trisodium EDTA was utilized to complex calcium and other species and to facilitate extraction 
and subsequent quantification of fluoride by ISE. Decreases in measured concentrations with 
sequential extracts indicated extraction efficiency. 

3.3.3.2 Decomposition of UCMR-3 PFSAs and PFCAs in amended field IDW 

Thermal decomposition of the six UCMR-3 PFAS was evaluated using the same overall 
system described in Section 3.1. This was performed using the field IDW material prepared as 
described in Section 3.3.1, with and without Ca(OH)2. The Ca(OH)2 concentration used for these 
experiments, 33.5 mg/g, was double that of the earlier experiments due to the approximate 
doubling of organic fluorine associated with amended PFAS. As before, the nickel sample boat 
was loaded with 3 g of solids. 

During these experiments, the furnace was set to a constant temperature of 325 ℃ for the 
duration of the experiment. The furnace was kept at this temperature for four hours, with 
replacement of impingers and Flexfoil bags every hour in the same manner as described in 
Sections 3.3.2 and 3.3.3.1. A 5-mL subsample of impinger solutions was reserved for analyses 
by an external DoD ELAP accredited lab (Pace Analytical Gulf Coast) for PFAS. Due to limited 
sample volume (and in order to reserve sample in case of loss during shipping), samples sent to 
the external lab were diluted 250x (0.5 mL sample to 125 mL water). 

After four hours, the furnace was allowed to cool and the nickel boat containing thermally 
treated solids was carefully removed, with contained solids split in half for analyses of PFAS by 
RPLC-SCD and LC-MS/MS at the external DoD ELAP accredited lab. Due to limited sample 
quantities (and in order to reserve sample in case of loss during shipping), between 0.5 g and 
0.8 g of solids were sent to the external laboratory. The solids to be analyzed by RPLC-SCD 
were placed in aqueous solution for extraction and were also analyzed for fluoride and sulfur 
oxyanions. 

Extracts of the solids, sample boat and process tube surfaces were analyzed for anions and 
PFAS as described in Section 3.3.3.1. As before, multiple extractions of the solids, including a 
second set using a trisodium EDTA solution to complex calcium, were performed. 
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4.0 RESULTS AND DISCUSSION 

4.1 Preparation of simulated IDW solids 

Concentrations of simulated IDW solids prepared for the experiments were evaluated. The 
three all-purpose sieved sand solids prepared with PFOS, PFHxS and PFOA were evaluated by 
extraction with water and analysis by RPLC-SCD (See Table 1). Amended concentrations of 
solids used were satisfactory and within 25% of target PFAS concentrations. During this work, it 
was clear that use of alkaline methanol stocks was important, particularly for PFAS procured as 
acid/protonated species. For example, use of acidic PFOA in methanol without alkaline 
stabilization resulted in loss of PFOA during preparation of augmented solids, perhaps due to 
volatilization during evaporation and drying of the solids.  

Concentrations of the UCMR-3 PFAS in solids prepared using sieved field IDW are provided 
in Table 2. These UCMR-3 PFAS were quantified by both the RPLC-SCD method and 
LC-MS/MS with reasonably good agreement between the two measures. PFBS analysis by 
RPLC-SCD was sensitive to the high pH of Ca(OH)2 amended samples, so this was omitted from 
Table 2. Measured PFAS concentrations were often lower than target concentrations, but 
LC-MS/MS measures were within 35% of target concentrations and satisfactory for purposes of 
the experiments. Reasons for discrepancies between target and measured PFAS concentrations 
were unresolved, but may have included some loss of PFAS to glass jar surfaces during 
preparation. Analytical reports for the LC-MS/MS and RPLC-SCD analyses associated with the 
field IDW are included in Appendix A. 

The concentrations of PFAAs associated with the simulated IDW solids used in this work are 
much greater and more homogenous than would be expected in many IDW materials. Further, 
the PFAAs were also recently added to the solids and perhaps less strongly sequestered through 
associations with organic and inorganic materials. While these differences are unlikely to affect 
the decomposition processes probed during this work, this should be verified in future studies. 
Like the issues associated with different heat and mass transfer limitations in larger scale systems 
described in Section 3.3.1, this was outside the scope of this study. 

Table 1. PFAS concentrations of three prepared IDW solids. These solids were prepared with all-
purpose sand. Expected sulfur and fluorine concentrations associated with the PFAS are also provided. 

Solid Target PFAS 
Concentration 

(mg/g) 

Measured PFAS 
Concentration 
by RPLC-SCD 

(mg/g)a 

Expected Sulfur 
Concentration 

(mg/g)b 

Expected 
Fluorine 

Concentration 
(mg/g)b 

IDW - PFOS 2.4 2.7 0.52 1.7 

IDW - PFHxS 1.9 1.8 0.42 1.1 

IDW - PFOA 2.4 2.7 - 1.8 

Notes:  (a) – Measurements prior to experiment and/or of control samples 
(b) – Based on measured PFAS concentrations 
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Table 2. Concentrations of the 6 UCMR-3 PFAS in prepared soil IDW. LC-MS/MS analyses were 
performed at Pace Analytical Gulf Coast. Expected sulfur and fluorine concentrations associated with the 
PFAS are also provided. 

PFAS 
Amendment 

Target 
Concentration 

(mg/g) 

Measured 
Concentration 
by RPLC-SCD 

(mg/g)a 

Measured 
Concentration 
by LC-MS/MS 

(mg/g)a 

Expected 
Sulfur 

Concentration 
(mg/g)b 

Expected 
Fluorine 

Concentration 
(mg/g)b 

PFSAs      
-PFOS 0.8 0.86 0.59 0.11 0.38 
-PFHxS 0.8 0.69c 0.61 0.15 0.38 
-PFBS 0.8 0.67d 0.62 0.20 0.35 
PFSA Total 2.4 2.2 1.8 0.46 1.1 
PFCAs      
-PFNA 0.8 0.77 0.58 - 0.40 
-PFOA 0.8 0.69c 0.61 - 0.42 
-PFHpA 0.8 0.55 0.55 - 0.37 
PFCA Total 2.4 2.0 1.7 - 1.2 
PFAS Total 4.8 4.2 3.6 0.46 2.3 
Notes:  (a) – Average of two controls samples analyzed (with and without Ca(OH)2) 

(b) – Based on LC-MS/MS measured concentrations performed by Pace Analytical Gulf Coast 
(c) – Taken as ½ of the equivocal total PFHxS/PFOA signal which co-eluted 
(d) – Does not include Ca(OH)2 amended sample as PFBS response by RPLC-SCD was 
sensitive to high pH  

 
 

4.2 Baseline decomposition of PFOS, PFHxS, and PFOA 

The thermal decomposition of representative PFSAs (PFOS, PFHxS) and a PFCA (PFOA) 
was investigated to provide a baseline for evaluating the impacts of Ca(OH)2 amendments. While 
these solids were not amended with Ca(OH)2, it was impractical in this work to eliminate all 
materials that could possibly help facilitate PFAS decomposition, such as sand grain surfaces and 
small quantities of NaOH and KOH (introduced with the methanol stocks).  

4.2.1 Evaluation of sample extracts 

PFAS, fluorine, and sulfur oxyanion quantities extracted from solids, sample boats, and the 
process tube after thermal treatment are provided in Table 3. None of the amended PFAS were 
detected after thermal treatment, suggesting greater than 99.9% removal from the solids in each 
case (based on 0.05 mg/L detection limit in extracts). Approximately 1% of PFOS removed from 
the solids was observed as PFOA in the extracts, more than 95% of which was observed in the 
extract of process tube surfaces. Due to the likely decomposition of PFOA itself at elevated 
temperatures, this recovery of PFOA from the process tube suggested it may have been located 
in colder regions of the process tube. 

Up to 13% of initial sulfur quantities were found in extracts, primarily associated with 
process tube surfaces. Concentrations, however, were similar to those found in extracts observed 
after PFOA decomposition (where no sulfur should have resulted from PFOA decomposition) 
suggesting that background concentrations may have accounted for a sizeable portion of the 
sulfur observed. 
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Fluorine, however, was observed in all thermal decomposition experiments at quantities 
greater than background and controls. Approximately 13% of initial fluorine content in the case 
PFHxS, 8% for PFOS, and 5% for PFOA were accounted for in the extract solutions. 

Table 3. Quantities of PFAS, fluoride, and sulfur oxyanions extracted from IDW solids, sample 
boat, and process tube. 

Solid Temp 
Range 
(℃) 

Initial 
PFAS 
(mg/g) 

Final PFASa 
(mg/g)b and 

(%)c 

Initial 
Sulfur 
(mg/g) 

Final 
Sulfur 
(mg/g)b 

and (%)c 

Initial 
Fluorine 
(mg/g) 

Final 
Fluorine 
(mg/g)b 

and (%)c 

IDW-
PFOS 

275-575 2.7 
PFOA-0.02 

(1%) 
0.17 

0.02 
(13%) 

1.7 
0.13 
(8%) 

IDW-
PFOS 
(Control) 

- 2.7 
PFOS-3.0 
(110%) 

0.17 
0.005 
(3%) 

1.7 
0.01 

(0.3%) 

IDW-
PFHxS 

275-575 1.8 ND 0.14 
0.01 
(8%) 

1.1 
0.14 

(13%) 

IDW-
PFHxS 
(Control) 

- 1.8 
PFHxS-1.8 

(100%) 
0.14 

0.003 
(2%) 

1.1 ND 

IDW-
PFOA 

150-450 2.7 ND - 
0.01 
(-%) 

1.8 
0.08 
(5%) 

IDW-
PFOA 
(Control) 

- 2.7 
PFOA-2.5 

(91%) 
- 

0.005 
(-%) 

1.8 ND 

Notes:  (a) – PFAS measured is identified if possible. 
(b) – Sum of quantities extracted from solids, sample boat, and process tube normalized by 
IDW mass emplaced in the furnace 
(c) – Percent of initial quantities of PFAS, sulfur, or fluorine 

 
4.2.2 Evaluation of impinger solutions 

Quantities of PFAS, fluoride, and sulfur oxyanions recovered in the impingers during thermal 
decomposition of PFOS and PFHxS are shown in Figure 9 and provided in Table 4. The 
quantities shown in Figure 9 represent the quantity collected at the temperature indicated and 
that collected at all lower temperatures, such that the quantity at the highest temperature (i.e., 
575 ℃) represents the sum collected during the entire experiment. PFAS, fluoride, and sulfur 
were not detected or quantified at concentrations greater than background in impingers during 
the thermal decomposition of PFOA. Agreement among the products of PFOS and PFHxS 
decomposition in the impingers helps provide confidence that the overall recovery behavior is 
representative of these PFSAs. 

Approximately two-thirds (~66%) of sulfur introduced to the tube furnace associated with 
PFSAs was recovered at the impingers. The average furnace temperature at which sulfur species 
were collected in impingers (mass average) was estimated to be 375 ℃. Given the qualified 
quantity of sulfur observed in extracts described in Section 4.2.1, between 74% and 80% of 
initial sulfur found in parent PFAS were recovered in the extracts and the impingers. While much 
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of sulfur associated with PFSAs was accounted for, the mass balance of sulfur remained 
incomplete. This suggests there were unexpected challenges in quantifying sulfate or initial 
PFAS, or else, unexplained loss of sulfur beyond analytical coverage. Future efforts would 
benefit from improved mass balance of sulfur. 

Approximately 15% of fluorine present in the PFSAs was observed in the impingers. 
Together with extracts described in Section 4.2.1, 4% (PFOA), 22% (PFOS), and 28% (PFHxS) 
of initial fluorine associated with parent PFAS materials was recovered in the extracts and the 
impingers. Fluoride measured in the impingers may result from hydrofluoric acid (HF) evolution 
during thermal decomposition, but may also result from other volatile fluorine species such as 
silicon tetrafluoride (SiF4), carbonyl fluoride (COF2) or other acyl fluoride species (e.g., 
perfluorooctanoyl fluoride (C7F15COF) or perfluorohexanoyl fluoride (C5F11COF)) that react 
quickly in the aqueous phase, with liberation of fluoride. Reactions of acyl fluoride species with 
water can also result in PFCA products, as observed in the impingers (see below). Unlike the 
signals of PFAS and sulfur, fluorine recovery at the impingers continued as temperatures 
increased, perhaps as a result of the complex transport behavior of gaseous fluorine species. In 
experiments with PFSAs, the average furnace temperature at which fluoride was collected in 
impingers (mass average) was estimated to be 440 ℃. Broader scrutiny of individual water-
reactive volatile fluorine species is necessary but was beyond the scope of this work. 

On a mass basis, approximately 5% of the thermally treated PFSAs was recovered in the 
impingers as complementary PFCAs with equal number of carbons. Identification of PFHxA in 
impingers after thermal treatment of PFHxS, however, was equivocal as both PFHxA and PFBS 
co-eluted in the RPLC-SCD method. As PFOA was noted to result from PFOS decomposition, 
and a significant quantity of sulfur was recovered, it appeared likely the PFAS recovered were 
PFCAs rather than sulfonated species. Together with extracts described in Section 4.2.1, up to  
6% of initial PFSA masses were recovered as PFCAs in the extracts and the impingers. The 
average furnace temperature at which PFCAs resulting from PFSA decomposition were collected 
in impingers (mass average) was estimated to be 390 ℃. As noted previously, these PFCAs may 
have resulted from the reaction of volatile acyl fluorides, or perhaps other volatile intermediate 
species, with water. Identification and quantification of such volatile PFCA precursor species is 
necessary but was beyond the scope of this effort. 
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Figure 9. Cumulative percentage of fluorine, PFAS, and sulfur recovered in impingers solutions. 
These resulted after thermal decomposition of PFOS and PFHxS in IDW without Ca(OH)2. Open symbols 
represent recoveries during thermal decomposition of PFOS, and closed symbols represent recoveries 
during thermal decomposition of PFHxS. The PFAS recovered during PFOS decomposition is almost 
exclusively PFOA (>95%), with minor contributions from PFHpA and likely PFHxA. PFHxA co-eluted 
with PFBS leading to equivocal assessment. The PFAS recovered during PFHxS decomposition was 
likely PFHxA. Vertical dashed lines represent the weighted average temperature species were estimated 
to evolve at. 

Table 4. Cumulative quantities of PFAS, fluoride, and sulfur oxyanions collected in impingers 
during thermal treatment of IDW. 

Solid Temp 
Range 
(℃) 

Initial 
PFAS 
(mg/g) 

Trapped PFASa 
(mg/g)b and (%)c 

Initial 
Sulfur 
(mg/g) 

Trapped 
Sulfur 
(mg/g)b 

and (%)c 

Initial 
Fluorine 
(mg/g) 

Trapped 
Fluorine 

(mg/g)b and 
(%)c 

IDW-
PFOS 

275-575 2.7 
PFOA- 0.13 

(5%) 
0.17 

0.12 
(67%) 

1.7 
0.24 

(14%) 

IDW-
PFHxS 

275-575 1.8 
PFHxA/PFBS-0.08 

(5%)b 
0.14 

0.09 
(66%) 

1.1 
0.20 

(15%) 

IDW-
PFOA 

150-450 2.7 ND - 
0.01 
(-%) 

1.8 ND 

Notes:  (a) – PFAS measured is identified if possible. 
(b) – Cumulative total collected in impingers tube normalized by IDW mass emplaced in the furnace 
(c) – Percent of initial quantities of PFAS, sulfur, or fluorine  

 
4.2.3 Evaluation of VOF 

The VOF that passed through aqueous impingers and collected in Flexfoil bags were 
evaluated by GC-MS as described in Section 3.2.3. Because these VOF passed through aqueous 
traps, it suggests they are beyond analytical coverage provided by LC-MS/MS methods generally 
focused on accurately quantifying PFAAs. 
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Cumulative signals of the ion fragments observed by SIM during GC-MS analysis of the 
VOF are presented in Figure 10. These signals represent the sum of detected ion fragments at 
given retention times collected during the entire experiment. Consideration of the relative 
quantities of the mass spectra shown in Figure 10 is helpful in understanding the evolution of 
VOF during PFSA and PFCA decomposition. As noted in Section 3.2.3, homologous series 
associated with 1H-perfluoroalkane species and perfluoroalkene species appear prevalent among 
the VOF species. As anticipated, no species were identified with fluoroalkyl chain lengths 
exceeding that of the parent PFAS themselves. It is interesting to note, however that the most 
abundant perfluoroalkene species observed in the case of the PFSAs were 1 carbon unit shorter 
than the parent compounds: perfluoroheptene (RT~4.5 min) resulting from PFOS decomposition, 
and tentatively identified (TIC) perfluoropentene (RT~4.1 min) resulting from PFHxS 
decomposition. These VOF suggest the loss of three fluorine atoms for each product, if the 
missing component is completely defluorinated. This contrasts with VOF resulting from PFOA 
decomposition where products of equal fluoroalkyl carbon length dominated: 1H-
perfluoroheptane (RT~5.1 min) with no defluorination, and perfluoroheptene (RT~4.5 min) with 
loss of a single fluorine atom for each product. This evidence of greater defluorination among 
VOF products of PFSA decomposition (occurring at higher temperatures) relative to PFCA 
decomposition (occurring at lower temperatures), was consistent with the greater quantities of 
fluorine observed in impingers and associated with the solid products after thermal 
decomposition. The prevalence of VOF with preserved fluoroalkyl chain of equal length after 
PFOA decomposition is very consistent with the lack of fluorine observed in impingers and 
small quantity of fluorine observed in solids. For all three compounds, smaller signals likely 
associated with shorter chained VOF were also observed, but detailed scrutiny of these was 
beyond the scope of this effort. 

As mentioned in Section 3.2.3, it can be helpful to focus attention on three of the dominant 
ion fragments observed in the mass spectra of the perfluoroalkene and 1H-perfluoroalkane 
species: m/z 69 as a measure of both species, m/z 131 as a measure of perfluoroalkene species, 
and m/z 51 as a measure of 1H-perfluoroalkane species. As m/z 69 can represent both species, 
cumulative evolution of this mass fragment observed by GC-MS during the thermal experiments 
was used to evaluate decomposition progress. This cumulative m/z 69 quantity is represented by 
the blue markers and solid lines in Figure 11 for PFOS, PFHxS, and PFOA with increasing 
temperatures. As before, the average furnace temperature at which VOF were collected (based 
on averaged m/z 69 signal) can be estimated for PFOS, PFHxS, and PFOA. The temperatures 
associated with the decomposition of PFOS (TVOF=364 ℃),  and PFHxS (TVOF=355 ℃) were 
consistent that those determined using analytes observed in the impingers as shown in Figure 9. 
The temperature associated with PFOA decomposition is significantly lower than for the PFSAs 
at TVOF=245 ℃, indicating that decarboxylation of PFCAs occurred more readily than 
desulfonation of PFSAs under the baseline conditions tested. 
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Figure 10. Cumulative GC-MS SIM ion fragment signals of VOF resulting from PFAS 
decomposition in sand IDW. This IDW was not amended with Ca(OH)2. GC-MS signals were 
discretized at 0.1 min resolution. VOF resulting from decomposition of a single PFAS in the IDW: A.) 
PFOS, B.) PFHxS, and C.) PFOA. 
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Figure 11. Evolution of VOF from simulated IDW without Ca(OH)2. Blue markers and line represent 
cumulative m/z 69 observed as temperature increases. M/z 69 represents both perfluoroalkene and 
1H-perfluoroalkane species. The dotted blue line represents the estimated average temperature at which 
m/z 69 was recovered. Red markers and line represent the cumulative ratio of m/z 51 to m/z 131. A shift 
to lower 51:131 ratios was observed with increasing temperature, indicating an increase in 
perfluoroalkene like abundance with temperature. 

During the thermal experiments, a shift in VOF composition from greater 
1H-perfluoroalkane abundance to greater perfluoroalkene abundance was noted with increasing 
temperature. This shift can be observed through inspection of the ratio of m/z 51 (representing 
1H-perfluoroalkane species) to m/z 131 (representing perfluoroalkene species), which is shown 
as the red markers and dashed lines in Figure 11. The decrease in this cumulative ratio observed 
for all PFAS examined indicates this shift, which was noted to be most evident at furnace 
temperatures near 300 ℃. Determining whether the observed perfluoroalkene species resulted 
from elimination of HF from 1H-perfluoroalkane species with increasing temperature, or through 
some other pathway from parent PFSA or PFCA species would be helpful for understanding 
VOF formation and evolution, and warrants study beyond the scope of this preliminary effort. It 
is notable perhaps, however, that the shift to greater perfluoroalkene species was more evident in 
VOF collected during PFSA decomposition, which occurred at higher temperatures and appeared 
associated with greater fluorine mineralization. 
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4.3 Decomposition of simulated solid IDW with Ca(OH)2 

4.3.1 Decomposition of PFOS, PFHxS, and PFOA in sand amended with Ca(OH)2 

To assess the potential benefit of Ca(OH)2 for lowering decomposition temperatures of PFAS 
and lowering releases of VOF,  the sands investigated and described in Section 4.2 were 
reexamined after mixing with 16.7 mg/g of Ca(OH)2, as described in Section 3.3.1. The same 
general tools utilized during the baseline investigation were applied for this comparison: 
evaluation of extracts of solids and surfaces, evaluation of impinger solutions, and evaluation of 
VOF by GC-MS. However, as noted in Section 3.3.3.1, lower temperatures were used during 
these experiments to account for lower temperature decomposition facilitated by the Ca(OH)2 
amendments. 

4.3.1.1 Evaluation of sample extracts 

Extracted PFAS, fluorine, and sulfur oxyanion quantities associated with solids, sample 
boats, and the process tube after thermal treatment are provided in Table 5. Approximately 
0.01 mg/g of PFOS and 0.005 mg/g of PFHxS were observed after treatment of their respective 
solids, corresponding to 0.4% and 0.3% of the amended quantities, respectively. This indicates 
that approximately 99.6% of PFOS and PFHxS were removed from the sands after thermal 
treated at temperatures up to 400 ℃ and 450℃, respectively, and greater than 99.9% removal of 
PFOA (based on 0.05 mg/L detection limit in extracts), after treatment at temperatures up to 450 
℃. Unlike during the baseline assessment, no other PFAAs were observed among the extracts, 
with cumulative detection limits of approximately 0.005 mg/g. 

Recovery of sulfur from PFSAs in the solid extracts was substantial, with 50-60% of initial 
sulfur recovered. This contrasts with no more than 15% recovery in cases without the Ca(OH)2 
amendment. The recovery of sulfur in the presence of Ca(OH)2 is similar to the total recovery 
observed in impingers previously (up to 67%, see Table 4). No sulfur was detected in the 
impingers, indicating that volatile and trapped sulfur oxyanions accounted for no more than 1% 
of initial quantities. As in the case without Ca(OH)2, while much of the added sulfur was 
accounted for, the mass balance of sulfur remained incomplete, perhaps for the same reasons as 
noted in Section 4.2.2. Future efforts would benefit from improved mass balance of sulfur. 

Fluoride was observed associated with solids in all thermal decomposition experiments with 
Ca(OH)2, accounting for: 41% of initial PFOS fluorine, 32% of initial PFHxS fluorine, and 26% 
of initial PFOA fluorine. Despite the lower temperatures that were used in these experiments, 
each of these quantities is greater than total fluoride observed without Ca(OH)2: by a factor of 
1.9x for PFOS, 1.1x for PFHxS, and 5.8x for PFOA. It is unclear why the relative improvement 
for mineralization of PFHxS was smaller. It should be noted that 80% to 90% of the fluoride 
observed was extracted using the complexing EDTA solution, after previous extractions with 
water alone showed limited recovery of fluoride. This increased fluoride extraction with more 
aggressive EDTA extraction suggests it was present as CaF2 or other less soluble species. 
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Table 5. Quantities of PFAS, fluoride, and sulfur oxyanions extracted from Ca(OH)2 amended IDW 
solids, sample boat, and process tube. 

Solid Temp 
Range 
(℃) 

Initial 
PFAS 
(mg/g) 

Final PFASa 
(mg/g)b and 

(%)c 

Initial 
Sulfur 
(mg/g) 

Final 
Sulfur 
(mg/g)b 

and (%)c 

Initial 
Fluorine 
(mg/g) 

Final 
Fluorine 
(mg/g)b 

and (%)c 

IDW-PFOS 
w/ Ca(OH)2 

150-400 2.7 
PFOS-0.01 

(0.4%) 
0.17 

0.11 
(62%) 

1.7 
0.7 

(41%) 

IDW-PFOS 
w/ Ca(OH)2 
Control 

- 2.7 
PFOS-1.8 

(67%) 
0.17 

0.01 
(6%) 

1.7 
0.01 

(0.3%) 

IDW-PFHxS 
w/ Ca(OH)2 

150-450 1.8 
PFHxS-0.005 

(0.3%) 
0.14 

0.08 
(55%) 

1.1 
0.35 

(32%) 

IDW-PFHxS 
w/ Ca(OH)2 
Control 

- 1.8 
PFHxS-1.5 

(83%) 
0.14 

0.004 
(3%) 

1.1 
0.01 

(0.6%) 

IDW-PFOS 
w/ Ca(OH)2 

100-450 2.7 ND - 
0.005 
(-%) 

1.8 
0.5 

(26%) 

IDW-PFOA 
w/ Ca(OH)2 

Control 
- 2.7 

PFOA-2.4 
(89%) 

- 
0.005 
(-%) 

1.8 
0.01 

(0.3%) 

Notes:  (a) – PFAS measured is identified if possible. 
(b) – Sum of quantities extracted from solids, sample boat, and process tube normalized 
by IDW mass emplaced in the furnace 
(c) – Percent of initial quantities of PFAS, sulfur, or fluorine 

 

4.3.1.2 Evaluation of impinger solutions 

No quantities of PFAS, fluoride, or sulfur oxyanions were observed in the impingers after 
thermal decomposition of the PFAS when amended with Ca(OH)2. This contrasts with 
experiments performed in the absence of Ca(OH)2, suggesting that Ca(OH)2 inhibits 
volatilization or otherwise sequesters the relevant species. With respect to possible evolution of 
PFCA forming species, which were recovered at impingers when Ca(OH)2 was not added to 
solids, it is unlikely that more than 0.02 mg of PFCAs could have been present in the impingers 
without detection. This indicates that less than 0.4% of PFAS treated in presence of Ca(OH)2 
were converted to volatile species that form PFCAs in solution. 

4.3.1.3 Evaluation of VOF 

The VOF that passed through aqueous impingers and collected in Flexfoil bags were 
evaluated by GC-MS as described in Sections 3.2.3 and 4.2.3. As before, these VOF passed 
through aqueous traps and were likely beyond analytical coverage provided by LC-MS/MS 
methods. 
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Cumulative signals of the ion fragments observed by SIM during GC-MS analysis of the 
VOF are presented in Figure 12. 1H-perfluoroalkane and perfluoroalkene species were again 
prevalent and no species were identified with fluoroalkyl chain lengths exceeding that of the 
parent PFAS. The greatest VOF signal observed in each case was associated with the 1H-
perfluoroalkane species of equal fluoroalkyl chain length as the parent PFAS: 1H-
perfluorooctane (RT = 5.7 min) for PFOS, 1H-perfluorohexane (RT=4.7 min) for PFHxS, and 
1H-perfluoroheptane (RT=5.1 min) for PFOA. For the case of PFSA decomposition, this 
contrasts with the experiments without Ca(OH)2 amendment, where strong signals representing 
fluoroalkyl chains with one fewer carbon were noted, particularly the perfluoroalkene species. 

The prevalence of a second 1H-perfluoroalkane VOF signal shown in Figure 12 may also be 
of interest – that associated with a fluoroalkyl chain length three carbons shorter than the parent 
PFAS (i.e., 1H-perfluoropentane [TIC, RT = 4.4 min] for PFOS, 1H-perfluoropropane [TIC, RT 
= 4 min] for PFHxS, and 1H-perfluorobutane [TIC, RT=4.1 min] for PFOA). These VOF were 
noted despite the apparent absence of 1H-perfluoroalkane VOF of intermediate chain lengths 
(e.g., the absence of 7- or 6-carbon 1H-perfluoroalkane species for PFOS). While speculative, 
this pattern suggests the cleavage/release of a 3-carbon intermediate species, perhaps as 
fluoropropane or fluoropropene. 

As before, ion fragments m/z 69 and the ratio of m/z of 51:131 were used to evaluate 
decomposition progress as furnace temperatures were increased (see Figure 13). The average 
furnace temperature at which VOF were collected (estimated based on averaged m/z 69 signal) 
were significantly lower than without Ca(OH)2 for PFOS (TVOF=278 ℃) and PFHxS (TVOF=286 
℃), but almost identical for PFOA (TVOF=239 ℃). While no products were observed at 
impingers for comparison, these lower temperatures likely indicate that Ca(OH)2 facilitated 
PFSA decomposition at lower temperatures, while the impact on PFCAs was more limited. 
Perhaps this relates to stronger interactions between Ca(OH)2 and sulfonate groups than 
carboxylate groups. It may also be related to the presence of Na+ or K+ cations in the alkaline 
methanol, which several industry studies indicated facilitated PFCA decomposition at similar 
temperatures.9,27,28 
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Figure 12. Cumulative GC-MS SIM ion fragment signals of VOF resulting from PFAS 
decomposition in sand IDW amended with Ca(OH)2. GC-MS signals were discretized at 0.1 min 
resolution. VOF resulting from decomposition of a single PFAS in the IDW: A.) PFOS, B.) PFHxS, and 
C.) PFOA. 
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Figure 13. Evolution of VOF from simulated IDW with Ca(OH)2. Blue markers and line represent 
cumulative m/z 69 observed as temperature increases. M/z 69 represents both perfluoroalkene and 1H-
perfluoroalkane species. The dotted blue line represents the estimated average temperature at which m/z 
69 was recovered. Red markers and line represent the cumulative ratio of m/z 51 to m/z 131. 51:131 ratios 
were observed to be constant or increasing as VOF evolved, indicating a more limited perfluoroalkene 
contributions than in absence of amended Ca(OH)2. 

The shift in VOF composition from 1H-perfluoroalkane to perfluoroalkene species noted 
during decomposition of the PFAAs without Ca(OH)2 with increasing temperature (as indicated 
by a decrease in the m/z 51:131 ratio) was muted or absent in the presence of Ca(OH)2. While 
this is evident in the data presented in Figure 13, an additional decomposition experiment with 
PFOS sand amended with 10 times greater Ca(OH)2 (160 mg/g) also clearly demonstrated this 
effect. This experiment was performed at the same temperatures as the thermal decomposition 
experiment without Ca(OH)2, and cumulative GC-MS signals for both experiments are shown in 
Figure 14. Most of the VOF collected in the presence of Ca(OH)2 occurred at the lowest furnace 
temperature (275 ℃). As shown in Figure 14, perfluoroalkene VOF species (e.g., 
perfluoroheptene at RT=4.5 min) were notably suppressed in the presence of higher Ca(OH)2. 
While this experiment preceded the use of multiple extractions, or EDTA to facilitate fluoride 
extractions, fluoride was noted together with sulfur oxyanions in an aqueous extract of the high 
Ca(OH)2 amended sand. Unfortunately, these extractions were likely far from complete. No 
analytes of interest were observed in the impinger solutions associated with the experiment with 
higher Ca(OH)2. The pattern noted earlier, with the absence of 7- and 6-carbon 
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1H-perfluoroalkane species, is apparent in this data as well. Further evaluating conditions at 
which perfluoroalkene species form, are inhibited from forming, or decompose are likely of 
significant importance when evaluating the thermal decomposition of PFAS and deserves further 
scrutiny. 

 

Figure 14. Cumulative GC-MS SIM ion fragment signals of VOF resulting from PFOS 
decomposition in simulated IDW and with 160 mg/g Ca(OH)2 amendment. GC-MS signals were 
discretized at 0.1 min resolution. A shift from perfluoroalkene (e.g., m/z 131) to 1H-perfluoroalkane 
species (e.g., m/z 51) is observed when Ca(OH)2 is present. Furnace temperatures for both experiments 
were matched and ranged from 275 ℃ to 575 ℃. 

4.3.2 Decomposition of UCMR-3 PFSAs and PFCAs in amended field IDW 

Experiments performed with the amended field IDW were used to evaluate and verify, under 
more complex conditions, the interpretations of previous experiments. These experiments were 
performed with a mix of the six UCMR-3 PFAS, consisting of 3 PFSAs (PFOS, PFHxS, and 
PFBS) and 3 PFCAs (PFNA, PFOA, and PFHpA) (Table 2). Due to the anticipated doubling of 
fluorine associated with these PFAS in the amended field IDW compared to previous 
experiments, Ca(OH)2 amendments were doubled to 33.5 mg/g to maintain a similar Ca:F ratio. 
The same general investigative approach as used for the previously described experiments were 
used to observe decomposition behavior of the amended field IDW. As noted in Section 3.3.3.2, 
however, the furnace was set to a fixed temperature of 325 ℃ for a duration of four hours for 
these experiments. Based on earlier results, this temperature was expected to result in extensive, 
if not complete, removal of PFCAs, and more limited removal of PFSAs from the IDW solids. 
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4.3.2.1 Evaluation of sample extracts and solids 

PFAS, fluorine, and sulfur oxyanion quantities associated with solids, sample boats, and the 
process tube after thermal treatment are provided in Table 6. The PFAS quantities provided in 
Table 6 were based on concentrations measured by the DoD ELAP accredited laboratory (Pace 
Analytical Gulf Coast) by LC-MS/MS after collection as described in Section 3.3.3.2. As noted 
in Section 4.1 (see Table 2), LC-MS/MS and RPLC-SCD measurements were in reasonable 
agreement, and analytical reports for the LC-MS/MS and RPLC-SCD analyses associated with 
the field IDW are included in Appendix A. 

In the absence of Ca(OH)2, a total of approximately 0.17 mg/g of PFSAs (10% of the 
amended quantity), distributed fairly evenly among PFOS, PFHxS, and PFBS, remained in the 
solids after treatment at 325 ℃ for 4 hours. No PFCAs were detected among the solids with a 
cumulative limit of detection (LOD) of 0.006 mg/g for the three PFCAs added. These quantities 
indicate that 90% of PFSAs were removed during the treatment and that greater than 99.5% of 
PFCAs were removed. The extent of PFSA removal was greater than expected based on the 
earlier experiments with all-purpose sand, which suggested that a component of the field soil 
may have facilitated some PFSA decomposition. 

In the field IDW mixed with Ca(OH)2, a total of approximately 0.02 mg/g of PFSAs 
remained after treatment, again fairly evenly distributed among PFOS, PFHxS, and PFBS, and 
no PFCAs were detected. For the PFSAs, this corresponded to a reduction in quantities of 98.7% 
compared to controls and a reduction of 86% (almost one additional log unit of reduction) 
beyond that observed in the treated samples without Ca(OH)2. Due to a lower LOD, greater than 
99.95% in PFCA quantities were removed in the samples with Ca(OH)2 amendments. No other 
PFAS were noted among the solid samples. 

Sulfur mineralization from the PFSAs in the solid extracts was substantial, with 69% of 
initial sulfur recovered in the case without Ca(OH)2, and approximately 100% of initial sulfur 
recovered in the case with Ca(OH)2 amendments. The high recovery of sulfur in both 
experiments is in agreement with thermal decomposition of significant quantities of PFSAs. The 
higher recovery among the solids in the case without Ca(OH)2 than in earlier experiments with 
the sieved all-purpose sand suggest greater sequestration by materials in the field sample, and are 
perhaps consistent with the greater PFSA mineralization than expected. The mass balance among 
sulfur species in these experiments was more complete than before, perhaps as a result of better 
quantification of PFSA species by the LC-MS/MS method. 

Fluoride resulting from PFAS decomposition was observed in solids, both without and with 
Ca(OH)2 amendments. As expected, mineralization and recovery of total fluoride was greater in 
the case of Ca(OH)2 amendment (40%) than in the case without Ca(OH)2 (15%). This factor of 
2.6x increase in fluoride mineralization was consistent with previous experiments where 
amendment with Ca(OH)2 increased total fluoride mineralization by 1.1x to 5.8x with increased 
sequestration in the solids. 

 

 



30 
 

Table 6. Quantities of PFAS, fluoride, and sulfur oxyanions extracted from simulated soil IDW. 
Extractions from soils without and with Ca(OH)2 are provided. PFAS analyses by LC-MS/MS were 
performed at Pace Analytical Gulf Coast. 

Analyte 
(PFAS, 
Sulfur, or 
Fluorine) 

Initial PFAS 
(mg/g)a 

No Ca(OH)2 With 33.5 mg/g Ca(OH)2 

Final solid 
extracts 

(mg/g) and 
(%)b 

Impinger 
 (mg/g)c and 

(%)b 

Final solid 
extracts 

(mg/g) and 
(%)b 

Impinger 
 (mg/g)c and 

(%)b 

PFSAs 

-PFOS 0.59 
0.05 
(9%) 

<6.7 x 10-6 U 
0.007 

(1.3%) 
<6.7 x 10-6 U 

-PFHxS 0.61 
0.06 

(10%) 
<6.7 x 10-6 U 

0.006 
(1.0%) 

<6.7 x 10-6 U 

-PFBS 0.62 
0.06 

(10%) 
<6.7 x 10-6 U 

0.01 
(1.6%) 

<6.7 x 10-6 U 

PFSA Total 1.8 
0.17 

(10%) 
ND 

0.02 
(1.3%) 

ND 

PFCAs 
-PFNA 0.58 <0.002 U <6.7 x 10-6 U <0.0002 U <6.7 x 10-6 U 
-PFOA 0.61 <0.002 U <6.7 x 10-6 U <0.0002 U <6.7 x 10-6 U 
-PFHpA 0.55 <0.002 U 6.5 x 10-6 J <0.0002 U <6.7 x 10-6 U 
-PFHxA <0.015 U <0.002 U 6.9 x 10-6 J <0.0002 U <6.7 x 10-6 U 
-PFPeA <0.015 U <0.002 U 1.0 x 10-5 J <0.0002 U <6.7 x 10-6 U 
-PFBA <0.015 U <0.002 U 2.1 x 10-5 <0.0002 U <6.7 x 10-6 U 

PFCA Total 1.7 
<0.012 U 
(<0.7%) 

4.5 x 10-5 J 
<0.001 U 
(<0.06%) 

ND 

PFAS Total 3.6 
0.17 
(5%) 

4.5 x 10-5 J 
(0.001%) 

0.02 
(0.7%) 

ND 

Sulfur and Fluorined 

Sulfur 0.15 
0.10 

(69%) 
0.03 

(18%) 
0.15 

(100%) 
0.004 
(3%) 

Fluorine 2.3 
0.35 

(15%) 
ND 

0.92 
(40%) 

ND 

Notes:  (a) – Based on control samples analyzed by LC-MS/MS at Pace Analytical Gulf Coast 
(b) – Percent of initial quantities of PFAS, sulfur, or fluorine 
(c) – Mass collected at impingers normalized by IDW mass emplaced in the furnace 
(d) – Sulfur and fluorine concentrations are relative to unheated controls 

 
4.3.2.2 Evaluation of impinger solutions 

Cumulative totals of sulfur oxyanions and PFAS recovered and measured in impingers are 
provided in Table 6. No fluoride was detected in the impinger solutions. For the soil without 
Ca(OH)2, approximately 18% of sulfur present in parent PFSAs was observed in the impingers, 
primarily during the first hour of treatment. This quantity was smaller than expected given the 
extent of PFSA decomposition but was consistent with the larger than expected quantity 
observed in soils and consistent with sequestration among the solids. Consistent with the 
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previous experiments utilizing Ca(OH)2 amendments, very little sulfur was observed in 
impingers during thermal decomposition of PFAS in field solids with Ca(OH)2. 

As no PFAS were detected in the impinger solutions by RPLC-SCD, only two impinger 
solutions were analyzed for PFAS by LC-MS/MS for each experiment: the impinger solution 
associated with the first hour of decomposition as it was anticipated to contain the greatest 
quantity of PFAS, and the impinger solution associated with the third hour of decomposition as a 
comparative baseline sample, where no detectable PFAS were anticipated. As shown in Table 6, 
small quantities of various PFCAs with perfluoroalkyl chains containing 7 or less carbons were 
detected in the impinger solution after PFAS decomposition in the soil without Ca(OH)2, 
corresponding to approximately 4.5 x 10-5 mg per gram of treated soil in total. In this case, it is 
difficult to attribute the PFCAs to either PFSA or PFCA parent compounds, but the earlier 
observation of PFCAs resulting from PFOS and PFHxS decomposition suggest that PFSAs may 
have been the source of these PFCAs as well. If all amended PFAS are considered the source, 
then less than 0.001% of PFAS were recovered as PFCAs in the impingers. If only PFSAs were 
the source of these PFCAs, then less than 0.002% of these PFSAs were recovered as PFCAs in 
the impingers. No PFAS were detected among impinger solutions in the case when Ca(OH)2 was 
added to the soil IDW prior to thermal treatment. 

4.3.2.3 Evaluation of VOF 

Cumulative signals of the ion fragments observed by SIM during GC-MS analysis of the 
VOF are presented in Figure 15. More than 98% of the total VOF observed were collected in the 
first hour of heating in the case without Ca(OH)2, and no VOF were noted in Flexfoil bags after 
the first hour in the case with Ca(OH)2. 1H-perfluoroalkane and perfluoroalkene species 
appeared to compose the greatest fraction of VOF observed and no species were identified with 
fluoroalkyl chain lengths exceeding that of the parent PFAS. The VOF spectra shown in Figure 
15 with and without Ca(OH)2 appear similar to each other, and it is evident that large quantities 
of VOF evolved from the parent PFAS with little to no mineralization of fluorine (e.g., 
1H-perfluorooctane, RT=5.7 min, resulting from either PFNA or PFOS). As noted in previous 
discussions, there was a shift from perfluoroalkene to 1H-perfluoroalkane species with the 
inclusion of Ca(OH)2, which was perhaps most evident in examining the ratio of m/z 51:131, 
which increased from 2.1 to 3.6 when Ca(OH)2 was added. It is unclear how this shift related to 
the increased mineralization of fluorine observed. It is notable, however, that significant signals 
of both 1H-perfluoroalkane and perfluoroalkene VOF with long perfluoroalkyl chains indicating 
little mineralized occurred together with significant removal of parent PFAS from the solid 
phase.  
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Figure 15. Cumulative GC-MS SIM ion fragment signals of VOF resulting from PFAS 
decomposition in simulated soil IDW. This soil IDW was amended with the six UCMR-3 PFAS and 
examined A.) without and B.) with 34 mg/g Ca(OH)2 amendment. While similar, there is a slight shift in 
abundance among perfluoroalkene (e.g., m/z 131) and 1H-perfluoroalkane species (e.g., m/z 51) species. 
The furnace temperature for both experiments was set to a constant temperature of 325 ℃. GC-MS 
signals were discretized at 0.1 min resolution.  
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5.0 CONCLUSIONS AND IMPLICATIONS FOR FUTURE RESEARCH 

Management of PFAS laden materials is a concern for the DoD. This concern extends to 
management of IDW that occur at a variety of scales. One management approach for these 
materials that can cover a broad range of scales is thermal treatment, including lower 
temperature thermal desorption approaches. The work described in this report showed that low 
temperature treatments can remove PFAAs from simulated IDW materials, and that VOF evolve 
from this low temperature process. Further, this work demonstrated the concept that Ca(OH)2 
amendments can lower PFAS decomposition temperatures, facilitate greater PFAS 
mineralization, and change the composition of VOF. 

There remains a need to continue identifying and quantifying VOF that may evolve during 
PFAS thermal decomposition, including species evolving from PFAA precursors and novel 
PFAS, such as GenX. While further refinements and improvements are necessary, methodologies 
were developed during this project to use GC-MS instrumentation to assess prevalent VOF 
species that passed through aqueous traps, and to evaluate mineralized fluoride found as CaF2 or 
other less soluble species. At this time, both of these approaches require high concentrations of 
analytes and there would be significant benefit associated with improving the sensitivity of these 
measurements. Particularly with respect to VOF, identification of major species and other 
components of interest should facilitate better approaches to trap and concentrate species for 
better detection. 

PFSAs and PFCAs were removed from simulated IDW at temperatures achievable in the 
field, and amendment with Ca(OH)2 at quantities up to 34 mg/g were shown to increase this 
removal. In clean, sieved sand, temperatures associated with VOF release from PFSAs decreased 
from near 360 ℃ to near 280 ℃ when Ca(OH)2 was added, while temperatures associated with 
VOF release from PFOA were near 250 ℃ whether Ca(OH)2 was present or not (See Figure 16). 
Consistent with these observations, less PFSAs remained in the field IDW material held at 
325 ℃ when Ca(OH)2 was added, and no PFCAs were detected in either case (See Figure 16). 
Improved fluorine mineralization of PFAS and suppression of volatile water-reactive PFCA 
precursors (e.g., acyl fluoride species) was also noted with the inclusion of Ca(OH)2 amendments 
(See Figure 17). While these volatile PFCA precursors appeared reasonably facile to remove 
from the gas phase, they are of interest as they may lead to mobilization and distribution of 
PFCA species (perhaps localized) if not appropriately considered. 
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Figure 16. Decomposition temperatures and PFAS remaining after decomposition. A.)Estimated 
average temperature at which m/z 69 was recovered in VOF showing a shift to lower temperatures with 
Ca(OH)2 amendments for PFSAs. B.) Observed fraction of PFAS remaining in simulated IDW after 
thermal treatment, showing less PFAS remaining with Ca(OH)2 amendments. 

 

Figure 17. Products of PFAS thermal decomposition. A.) Fraction of fluorine of parent PFAS observed 
as fluoride products, indicating greater fluorine mineralization with Ca(OH)2 amendments. B.) Fraction of 
initial PFAS observed as PFCAs in impinger traps, indicating the release of likely volatile intermediates 
(e.g., acyl fluoride VOF). 

At the lower decomposition temperatures evaluated in this work, VOF with fluoroalkyl 
chains of similar length as parent PFAS were observed. VOF consisted largely of 
1H-perfluoroalkane and perfluoroalkene species that were not removed by aqueous impinger 
traps, but other minor VOF components, including possibly more toxic species, should not be 
ruled out. Amendment of IDW with Ca(OH)2 resulted in an apparent shift in the cumulative 
composition of VOF, from greater perfluoroalkene abundance to greater 1H-perfluoroalkane 
abundance, noted as a shift to greater relative quantities of m/z 51 to m/z 131 ion fragments 
observed by GC-MS SIM (See Figure 18). As greater perfluoroalkene quantities were observed 
at higher temperatures in the absence of Ca(OH)2, this suggests a possible relationship between 
the influence of Ca(OH)2 and perfluoroalkene species that should be explored further. For 
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example, it would be helpful to better understand reactions between perfluoroalkene, or possibly 
acyl fluoride species, and Ca(OH)2 that could lead to fluorine mineralization, or whether 
Ca(OH)2 otherwise inhibits formation of these volatile species from parent PFAS. For 
application of low temperature treatment of PFAS, improved understanding of the relative 
abundances of perfluoroalkene and 1H-perfluoroalkane VOF is also necessary, as these VOF 
have different toxicities and likely behave differently during subsequent flue gas treatment 
approaches (e.g., sorption or oxidation) that may be necessary. 

 
Figure 18. Cumulative ratio of m/z 51 to 131 of VOF evolved from IDW. With the inclusion of 
Ca(OH)2, a shift to greater 51:131 was observed indicating the greater presence of 1H-perfluoroalkane 
species. 

All the experiments performed during this limited-scope project utilized relatively inert and 
dry N2 as a sweep gas. This may have had the potential benefit of preserving more reactive 
products or intermediates that otherwise may not have been observed. However, the influence of 
oxygen and water in the gas phase should be investigated as these may significantly alter 
products. For example, oxygen may be added at the vinyl bond of the perfluoroalkene species, 
resulting in possible acyl fluoride groups, which may be subsequently hydrolyzed to form new 
carboxylic groups, albeit with a shorter perfluoroalkyl chain. If these shortened PFCAs remain in 
the thermal treatment system, this may lead to sequential decomposition of the perfluoroalkyl 
chain. This process was noted as a challenge causing fluorocarbon polymer instabilities six 
decades ago, together with a patented technique using humidified air to produce more stable -
CF2H endgroups, analogous to 1H-perfluoroalkane species.29 The role of Ca(OH)2 and similar 
species were noted to impact these processes,29 consistent with the observations described in this 
report. If the end goal of PFAS thermal treatment is improved fluorine mineralization, the former 
process of repeated perfluoroalkene oxidation and chain shortening may be desired, provided 
perfluoroalkene and acyl fluoride VOF are not released, whereas if the formation of more stable 
and likely less toxic 1H-perfluoroalkane species are desired, inclusion of water vapor may be 
desired. 

Ca(OH)2 was observed to alter the composition of 1H-perfluoroalkane and perfluoroalkene 
VOF and to impact PFAS mineralization. To apply low temperature treatment of PFAS, it will 
be important for the DoD to improve its understanding of this dynamic system. This includes 
understanding whether other amendments perform similarly to Ca(OH)2 and what temperatures 
are required for desired PFAS mineralization when using such amendments. Recognizing the 
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importance of developing effective management approaches for PFAS laden materials, these 
efforts will help improve understanding of PFAS fate during low temperature thermal treatment. 
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Appendix A 

PFAS Analytical Results for Amended Field IDW Experiments 



Sample Key for Pace Analytical Gulf Coast Report, PFAS by LC-MS/MS: 

Smp 1 – Control Field IDW solid w/o Ca(OH)2 

Smp 2 – Treated Field IDW solid w/o Ca(OH)2 

Smp 3 – Control Field IDW solid w/ Ca(OH)2 

Smp 4 – Treated Field IDW solid w/ Ca(OH)2 

Smp 5 – 250x dilution of Impinger 1, Field IDW solid w/o Ca(OH)2 at 325 ℃, 1st hour 

Smp 6 – 250x dilution of Impinger 3, Field IDW solid w/o Ca(OH)2 at 325 ℃, 3rd hour 

Smp 7 – 250x dilution of Impinger 1, Field IDW solid w/ Ca(OH)2 at 325 ℃, 1st hour 

Smp 8 – 250x dilution of Impinger 3, Field IDW solid w/ Ca(OH)2 at 325 ℃, 3rd hour 

 

Aptim Sample Reports 

Lab ID RD2784 – Field IDW w/o Ca(OH)2 

Lab ID RD2787 – Field IDW w/ Ca(OH)2 
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1.0 Chain of Custody

 

 

   

  

  

  

 

 



2.0 Sample Results

 

 

   

  

  

  

 

 



APTIM
Analytical and Treatability Laboratories

17 Princess Road
Lawrenceville, New Jersey 08648

Tel; 609/895-5370
Fax: 609/895-1858

Sample Information

Lab ID RD2784 Date Sampled
Date Received

Matrix Aqueous Date Analyzed

Limited Chemistry

Lab ID PFHpA Q PFOA Q PFNA Q PFBS Q PFHxS Q PFOS Q Units PQL Dilution 
Factor

Method 
Code

std 20ppb 20.91 19.36 19.92 20.17 20.17 20.17 mg/L 0.05 1.0 ATL073

RD2784- 1 Impinger 1A 0.05 U 0.05 U 0.05 U 0.05 U 0.05 U 0.05 U mg/L 0.05 1.0 ATL073

RD2784- 2 Impinger 1B 0.05 U 0.05 U 0.05 U 0.05 U 0.05 U 0.05 U mg/L 0.05 1.0 ATL073

RD2784- 3 Impinger 2A 0.05 U 0.05 U 0.05 U 0.05 U 0.05 U 0.05 U mg/L 0.05 1.0 ATL073

RD2784- 4 Impinger 2B 0.05 U 0.05 U 0.05 U 0.05 U 0.05 U 0.05 U mg/L 0.05 1.0 ATL073

RD2784- 5 Impinger 3A 0.05 U 0.05 U 0.05 U 0.05 U 0.05 U 0.05 U mg/L 0.05 1.0 ATL073

RD2784- 6 Impinger 3B 0.05 U 0.05 U 0.05 U 0.05 U 0.05 U 0.05 U mg/L 0.05 1.0 ATL073

RD2784- 7 Impinger 4A 0.05 U 0.05 U 0.05 U 0.05 U 0.05 U 0.05 U mg/L 0.05 1.0 ATL073

RD2784- 8 Impinger 4B 0.05 U 0.05 U 0.05 U 0.05 U 0.05 U 0.05 U mg/L 0.05 1.0 ATL073

RD2784- 9 Con 1st Wash 11.26 33.23 21.58 20.65 23.55 mg/L 0.05 1.0 ATL073

RD2784- 10 Con 2nd Wash 1.12 3.59 2.63 1.44 2.75 mg/L 0.05 1.0 ATL073

RD2784- 11 Con 3rd Wash 0.16 0.31 0.25 0.13 0.15 mg/L 0.05 1.0 ATL073

RD2784- 12 Exp 1st Wash 0.05 U 0.05 U 0.05 U 3.14 1.40 2.61 mg/L 0.05 1.0 ATL073

RD2784- 13 Exp 2nd Wash 0.05 U 0.05 U 0.05 U 0.56 0.21 0.23 mg/L 0.05 1.0 ATL073

RD2784- 14 Exp 3rd Wash 0.05 U 0.05 U 0.05 U 0.15 0.05 0.07 mg/L 0.05 1.0 ATL073

RD2784- 15 Con Boat 0.04 0.12 0.07 0.14 0.05 U 0.08 mg/L 0.05 1.0 ATL073

RD2784- 16 Test Boat 0.05 U 0.05 U 0.05 U 0.05 U 0.05 U 0.02 mg/L 0.05 1.0 ATL073

RD2784- 17 Tube Wash 0.05 U 0.05 U 0.05 U 0.05 U 0.05 U 0.05 U mg/L 0.05 1.0 ATL073

Impinger volumes were 20 mL

1st and 2nd wash volumes were 45 mL, 3rd wash and boat volumes were 50 mL

Tube wash volume was 200 mL

Concentrations are below PQL

06/03/2020

06/02/2020
06/02/2020

Combination of co-eluted PFOA/PFHxS peaks.



17 Princess Rd

Lawrenceville, New Jersey 08648

Tel: 609/895-5357
Fax: 609/895-1858

Limited Chemistry Deliverables

Prepared for
IR&D

Lab ID
RD2787

Project Number:   501150

Samples Received
9-Jun-20

 
Reported
12-Jun-20

 
  

Paul Hedman Date
Laboratory Director

APTIM



1.0 Chain of Custody

 

 

   

  

  

  

 

 



2.0 Sample Results

 

 

   

  

  

  

 

 



APTIM
Analytical and Treatability Laboratories

17 Princess Road
Lawrenceville, New Jersey 08648

Tel; 609/895-5370
Fax: 609/895-1858

Sample Information

Lab ID RD2787 Date Sampled
Date Received

Matrix Aqueous Date Analyzed

Limited Chemistry

Lab ID PFHpA Q PFOA Q PFNA Q PFBS Q PFHxS Q PFOS Q Units PQL Dilution 
Factor

Method 
Code

std 20ppb 20.91 19.36 19.92 20.17 20.17 20.17 mg/L 0.05 1.0 ATL073

RD2787- 1 Impinger 1A 0.05 U 0.05 U 0.05 U 0.05 U 0.05 U 0.05 U mg/L 0.05 1.0 ATL073

RD2787- 2 Impinger 1B 0.05 U 0.05 U 0.05 U 0.05 U 0.05 U 0.05 U mg/L 0.05 1.0 ATL073

RD2787- 3 Impinger 2A 0.05 U 0.05 U 0.05 U 0.05 U 0.05 U 0.05 U mg/L 0.05 1.0 ATL073

RD2787- 4 Impinger 2B 0.05 U 0.05 U 0.05 U 0.05 U 0.05 U 0.05 U mg/L 0.05 1.0 ATL073

RD2787- 5 Impinger 3A 0.05 U 0.05 U 0.05 U 0.05 U 0.05 U 0.05 U mg/L 0.05 1.0 ATL073

RD2787- 6 Impinger 3B 0.05 U 0.05 U 0.05 U 0.05 U 0.05 U 0.05 U mg/L 0.05 1.0 ATL073

RD2787- 7 Impinger 4A 0.05 U 0.05 U 0.05 U 0.05 U 0.05 U 0.05 U mg/L 0.05 1.0 ATL073

RD2787- 8 Impinger 4B 0.05 U 0.05 U 0.05 U 0.05 U 0.05 U 0.05 U mg/L 0.05 1.0 ATL073

RD2787- 9 Con 1st Wash 21.29 31.03 2.23 91.79 0.91 mg/L 0.05 1.0 ATL073

RD2787- 10 Con 2nd Wash 2.45 19.94 19.69 2.85 24.74 mg/L 0.05 1.0 ATL073

RD2787- 11 Con 3rd Wash 0.31 3.49 4.93 0.09 5.37 mg/L 0.05 1.0 ATL073

RD2787- 12 Exp 1st Wash 0.05 U 0.05 U 0.05 U 2.17 0.46 0.14 mg/L 0.05 1.0 ATL073

RD2787- 13 Exp 2nd Wash 0.05 U 0.05 U 0.05 U 0.05 U 0.06 0.15 mg/L 0.05 1.0 ATL073

RD2787- 14 Exp 3rd Wash 0.05 U 0.05 U 0.05 U 0.05 U 0.01 0.08 mg/L 0.05 1.0 ATL073

RD2787- 15 Con Boat 0.27 0.54 0.25 0.38 0.05 U 0.14 mg/L 0.05 1.0 ATL073

RD2787- 16 Test Boat 0.05 U 0.05 U 0.05 U 0.05 U 0.05 U 0.05 U mg/L 0.05 1.0 ATL073

RD2787- 17 Tube Wash 0.05 U 0.05 U 0.05 U 0.05 U 0.05 U 0.05 U mg/L 0.05 1.0 ATL073

Impinger volumes were 20 mL

1st and 2nd wash volumes were 45 mL, 3rd wash and boat volumes were 50 mL
Tube wash volume was 200 mL

Concentrations are below PQL

06/10/2020

06/09/2020
09/09/2020

Combination of co-eluted PFOA/PFHxS peaks.
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