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Abstract 

Utilizing air (O2) as the bath gas at reaction temperatures between 500 – 1000 °C, the thermal 

decomposition of perfluorooctanesulfonic acid (PFOS) in an α-alumina reactor was studied. It 

was found that in an air bath gas (and in the absence of water vapor), COF2 and trace amounts 

of C2F4 were detected. Quantum chemical calculations at the G4MP2 level of theory confirmed 

that CF2 radicals can react with O2 to form COF2 and an O (3P) atom.  

The inclusion of 2000 ppmv or 20000 ppmv of water vapor (H2O(g)) to the air bath gas proved 

to be the key step to mineralizing all PFOS into HF, CO2 and SO2. At temperatures above 850 

°C (0.95 – 0.84 s residence time), a feed of 20000 ppmv of H2O(g) in air was observed to 

produce a product stream in which no gaseous fluorocarbon products were detected, with only 

HF, SO2 and CO2 being produced. A sulfur balance confirmed that 100±5% of all the S in 

PFOS had converted into SO2 with a chemical kinetic model predicting in excess of 99.99999% 

destruction removal efficiency of PFOS at temperatures above 700 °C. Furthermore, from an 

elementary balance of F and C atoms, it was determined that at 1000 °C, approximately 99±5% 



of F atoms present in PFOS have been converted into HF, and approximately 100±5% of C 

atoms had converted into CO2. 

A chemical kinetic model was developed to understand the importance of both O2 and water 

vapor in the overall thermal decomposition of PFOS, leading to complete mineralization. In 

the presence of both O2 and H2O(g), it was found that relatively high concentrations of OH 

radicals were produced, with significant contribution to OH formation attributed to the well-

known chain branching reaction O(3P) + H2O → OH + OH. 

Introduction 

Per- and Poly-Fluoroalkyl Substances (PFAS) represent some of the most notorious 

contaminants found in the environment. PFAS stability, a result of the stable C-F bonds in their 

structure and the significant level of their usage, have caused numerous contamination sites 

worldwide.1-3 One of the more problematic compounds in the PFAS group of products is 

perfluorooctanesulfonic acid (PFOS), a C8 fluorocarbon with a sulfonic acid head group. PFOS 

has been detected in soils, water, wildlife and even humans, and PFOS is associated with health 

and environmental concerns, which have prompted many jurisdictions to introduce legislation 

related to the legacy of these sites.4-13 As a consequence, this has led to significant interest in 

developing technologies to remediate PFAS from the environment. 

Thermal decomposition is one of the leading treatment methods, and this process generally 

comprises operation of two distinct and critical elevated temperature stages.14 The first stage 

adopted to thermally remediate PFAS from a solid (e.g., soil), typically uses a rotary dryer 

operating between 200 and 700 °C, leading to the desorption of PFAS into the gas phase. The 

now exiting concentrated PFAS gas stream enters the second stage, which is generally a high 

temperature reactor (above 900 °C) used to thermally decompose the PFAS into HF, CO2  and 

SO2. The second stage has been studied by the USEPA, using the so-called combustor 



“Rainbow furnace”, where both CHF3 and C2F6 had a destruction efficiency of over 99%.15 

Most thermal treatment methods aim to mineralize all the PFAS into HF, CO2 and SO2 and 

avoid undesirable fluorocarbons products. Additionally, with thermal treatment plants (thermal 

desorption plants) being built or currently operating, it is critical that the thermal decomposition 

of PFOS is well understood.16  

Under inert conditions, PFOS was initially found to decompose into hydrogen fluoride (HF), 

sulfur dioxide (SO2) and perfluorooctanyl fluoride (C8F16O).17-19 However, our most recent 

inert gas pyrolysis study20 found that tetrafluoroethylene (C2F4) was also produced from the 

thermal decomposition of PFOS. This led to the discovery of a previously undetected fission 

route for PFOS into C8F17 and HOSO2 radicals. The C8F17 radical was found to fission into CF2 

radicals and directly into C2F4. Additionally, C8F16O was also found to fission into FCO and 

C7F15, which will also rapidly fission into CF2 radicals, which rapidly form C2F4 in inert 

conditions. For the HOSO2 radical, it was found to decompose and form OH and SO2.20 

With the knowledge that CF2 radicals will be produced in significant concentration, and noting 

that PFOS contains only one hydrogen (H) atom, a further study21 was carried out under 

pyrolysis conditions with water vapor (H2O(g)) (in a helium bath gas). The objective of this 

study was to ascertain whether water vapor could provide the requisite H and O atoms needed 

to form both HF and CO2 as the principal products. It was found that in the presence of excess 

H2O(g), there was a significant increase in the concentration of HF, CO, and CO2. Under the 

conditions studied, COF2 was not detected. A quantum chemical study disclosed direct 

reactions between CF2 and H2O and CF2 and OH, which are the major reactions steps during 

PFOS thermal decomposition in the presence of water vapor. However, co-pyrolysis of PFOS 

and water vapor alone was not able to convert all of the PFOS into HF and CO2.21 



Since air or oxygen are commonly present in most thermal treatment technologies, it is vital to 

understand the impact that O2 has on the thermal decomposition of PFOS. Likewise, both O2 

and H2O(g) are commonly present in commercial reactors; hence, insights are needed to 

understand the reactions influencing a feed containing air and H2O(g).  

The present investigation examined the effect that a feed gas containing air and combined air 

and H2O(g) will have on the thermal decomposition of PFOS at different temperatures and 

residence times. To elucidate the influence that air and H2O(g) have on the thermal 

decomposition of PFOS, we have studied a select number of reactions using quantum chemical 

techniques and as a result, extended our existing chemical kinetic model20, 21 with the 

incorporation of new reactions involving O2. This study provides much needed insight into the 

effect that air and combined air and H2O(g) have on the thermal decomposition of PFOS.  

Experimental 

The experimental methodology is  based on our previous study with the thermal decomposition 

of PFOS in the presence of water vapor.21 However, instead of using helium as a bath gas, an 

air feed (78.1% N2, 20.9% O2 and 0.9% Ar) was used. Air was used separately as well as being 

bubbled through a saturator filled with Milli-Q water at 20 °C to make a combined air and 

water vapor bath gas. The combined bath gas was then diluted using a second controlled flow 

of air to produce a bath gas with a concentration of H2O(g) between 1000 – 20000 ppmv. The 

experimental details have been discussed in depth in previous publications.19-22 However, the 

experimental schematic and additional information related to the experimental methodology 

used has been added to the SI. 

Computational methodology  

Gaussian 0923 has been used to study the interaction between O2 and the important CF2 and 

CF3 radicals produced in the thermal decomposition of PFOS. Further reaction with O2, OH 



and H2O of the radicals subsequently formed has also been studied. Molecular geometries of 

reactants, products and transition states (TSs) were obtained at the B3LYP/6-31G(2df,p) level 

of theory and energies were calculated by the high level G4MP2 method. Intrinsic reaction 

coordinate (IRC) analysis was used to link the TSs to their reactant(s) and product(s). 

All relevant rate constants were calculated through the ChemRate program24, which uses 

thermochemical parameters evaluated quantum chemically. Hindered rotors were identified 

and treated as such in the rate constant calculations, and canonical variation transition (CVT) 

state methods25 were used for barrierless reactions. The Ansys Chemkin 2022 R126 model from 

our H2O(g) and PFOS27 was used to model the plug flow reactor (PFR) based on the 

experimental methodology with the relevant O2 equations added.  

 

 

 

 

 

 

 

 

 

 

 

 



Results and discussion 

The thermal decomposition of PFOS using air as the carrier gas at atmospheric pressure was 

significantly different to the product distribution observed in our previous pyrolysis19, 20 and 

H2O(g) studies27. In the presence of air or under conditions where there is excess oxygen, the 

main products at temperatures above 600 °C were COF2, SO2, CO2 and HF. A reduction in 

C2F4 concentration was evident from the FT-IR spectra in Figure 1.  

At 700 °C, COF2 was the primary reaction product detected. We suggest that the slight decrease 

in COF2 concentration at 750 °C is caused by a small amount of H2O(g) (200 – 400 ppmv) 

present as an impurity in the gas supply. Our previous work27 disclosed that even a low 

concentration of H2O(g) can reduce the concentration of COF2 produced at elevated 

temperatures. CO2 and CO were also observed at high concentrations above 750 °C, which is 
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Figure 1. FT-IR spectra of PFOS thermal decomposition in an air bath gas between 500 – 1000 °C at a 150 mL 
min-1 (1.5 – 0.85 s) in a α-alumina reactor. 



further evidence that H2O(g) is reducing the concentration of COF2 detected at elevated 

temperatures. However, even though there is a reduced concentration of gaseous fluorocarbon 

products, C2F4 and C2F6 are still detected. GC/MS was able to confirm the presence of longer 

chain perfluoroalkanes and perfluoroalkenes in the product stream. For the complete GC/MS 

table, please refer to the SI. The presence of fluorocarbon in the product gas stream is not 

surprising as an insufficient concentration of H atoms is present to form HF as the only 

fluorinated product. Nevertheless, using air as the reactor atmosphere does indicate that a 

combination of air and H2O(g) might be the key to the full mineralization of PFOS into HF, CO2 

and SO2. We now attempt to identify the reactions which assist in the mineralization in the 

presence of both O2 and H2O using quantum chemical analysis and kinetic modeling. 

CF2 reaction with O2 

Reaction between air/oxygen and PFOS at elevated temperatures in the absence of water vapor 

results in the production of COF2 and inhibits the formation of C2F4. The addition of even trace 

quantities of water vapor reduces the concentration of COF2 in the product stream and 

continues to inhibit the formation of C2F4. The addition of excess quantities of H2O(g) leads to 

the absence of COF2 in the product stream. 

Molecular oxygen does not readily react with stable molecules. This is largely because of the 

strength of the O=O bond. The exception to this is the reaction RH + O2 → HO2 + R. Reaction 

enthalpies for O2 abstractions from C-H and COO-H to form HO2 are typically 200 kJ mol-1 

with A-factors around 1013 cm3 mol-1 s-1 making the bimolecular initiation to HO2 

uncompetitive with the previously identified pyrolysis initiation reactions.28, 29 However, this 

reaction has a large activation energy and a relatively low A-factor since most R-H bonds are 

strong. Thus, even in the presence of O2, it is probable that the initiation of pyrolysis takes 

place in the same way as under an inert bath gas. 



It is postulated that an initiation reaction takes place, as for inert gas pyrolysis, producing 

significant quantities of CF2. The following reaction, where O(3P) denotes an oxygen atom in 

its ground (triplet state) and O2 (3Σg) denotes a ground state molecule of oxygen if it occurs as 

written 

CF2 + O2 (3Σg) → COF2 + O (3P)    (R1) 

is remarkable in that it has a large exothermicity of 163.9 kJ mol-1 (enthalpy values from Active 

Thermochemical tables30), and thermochemistry predicts that it is able to cleave the  O=O bond 

to produce the highly reactive O (3P) atom in a facile manner. Reaction (R1) would account for 

the inhibition of C2F4 formation and an increase in the concentration of COF2. This is not an 

extensively studied reaction, with little definitive information available in the NIST Database28. 

Therefore, we have carried out a quantum chemical analysis of this reaction using the G4MP2 

method. 

Firstly, we located a TS for the reaction between CF2 + O2 (3Σg) on the triplet surface. This has 

a barrier (at 298 K) of only 77.9 kJ mol-1. However, an intrinsic reaction coordinate (IRC) 

analysis indicated that the TS does not directly link to the products, COF2 + O (3P), but to the 

triplet complex, CF2OO. A potential energy scan of the O-O bond in the complex revealed an 

extremely weak O-O bond. In fact, the barrier to rupture to COF2 + O (3P) was only 8.1 kJ mol-

1. The reaction PES is shown in Figure 2. 



 

 

The interpretation of Figure 2 is as follows: Once the reactants, CF2 and O2, have sufficient 

energy to overcome the barrier represented by TS1, on account of the large exothermicity and 

minute barrier for decomposition, except at extremely low temperatures, the reaction will 

proceed all the way to products COF2 + O and we can treat the reaction as the simple 

bimolecular reaction given by R1. Hence, we derive the forward rate constant for R1 as k1f = 

3.68 × 105 T2.050 exp(-73.22 kJ mol-1/RT) cm3 mol-1 s-1 and for the reverse rate constant, k1r = 

4.08 × 109 T1.316 exp(-240.0 kJ mol-1/RT) cm3 mol-1 s-1. Tunneling plays an important role in 

determining the magnitude of the A-factor. The tunneling correction factor ranges from 5.2 at 

500 K to 1.7 at 1500 K. 

With R1 producing O (3P) and in the presence of H2O, the well-known chain branching reaction 

R2 can take place 

O + H2O → OH + OH     (R2) 

Figure 2. PES on the triplet surface for the reaction between CF2 and O2. 



which forms OH radicals critical to the thermal decomposition of PFOS. It should be noted that 

the reaction between O atoms and CF2 radicals to form COF2 is spin-forbidden hence will not 

regenerate this product. 

CF3 reaction with O2 

CF3 radicals play a minor role in the decomposition of PFOS as the product of their 

recombination, C2F6, is usually detected in low concentration (below 50 ppmv) in the product 

stream. In the presence of water vapor or oxygen, CF3 radicals can undergo several reactions. 

The reaction between CF3 and 3O2 (R3) has been studied because of its importance in the upper 

atmosphere. The NIST Chemical Kinetic Database28 lists many measurements of the rate 

constant for 

CF3 + O2 (+M) → CF3OO (+M)    (R3) 

M is a third-body collision partner, usually the carrier gas.  When shown in a reaction as (+M) 

this denotes a reaction in “fall-off”, i.e., the reaction rate is dependent on the pressure of the 

collider. Most data have been obtained around 300 K and lower temperatures. At 1 atm and 

300 K, the reaction is bimolecular. In their 1997 review, Atkinson et al.31 recommended an 

experimental value of k3 = 6.03 × 1012 cm3 mol-1 s-1 for the reaction at temperatures between 

200 – 400 K. The only high temperature value is a theoretical one obtained by Cobos and Troe32 

of k3 = 1.56 × 1013 exp(- 2.59 kJ mol-1/RT) cm3 mol-1 s-1. At 400 K this gives a rate constant of 

7.15 × 1012 cm3 mol-1 s-1 so agreement between theory and experiment would appear to be 

good. 

CF3OO radicals 



To the best of our knowledge, there are no kinetic data on the possible reaction of CF3OO 

radicals with water. Hence, we have carried out a quantum chemical study at the G4MP2 level 

of theory for the reaction 

CF3OO + H2O → CF3OOH + OH    (R4) 

This reaction occurs on the doublet surface. A TS was located for R4, and a barrier of 115.6 kJ 

mol-1 at 298 K was obtained. However, the reaction enthalpy at 298 K was found to be 118.0 

kJ mol-1 at this same level of theory. An intrinsic reaction coordinate (IRC) analysis revealed 

that the product was the post-reaction complex (PRC) CF3OOH_OH_prc located at 87.2 kJ 

mol-1 above the reactants. This is illustrated in the PES shown in Figure 3.  

 

Hence, the effective barrier for the formation of CF3OOH + OH is equal to the reaction enthalpy 

of 118.0 kJ mol-1. The rate constant for R4 is evaluated with this barrier and the thermodynamic 

constants of the located TS. A value of k4 = 5.62 T3.528 exp(-113.3 kJ mol-1/RT) cm3 mol-1 s-1 

was obtained by ChemRate. 

The hydrocarbon analogue of CF3OOH, viz., CH3OOH, has been much studied and is known 

to undergo barrierless fission to CH3O + OH, with an activation energy similar to the bond 

Figure 3. PES for reaction between CF3OO and H2O. 



enthalpy and an A-factor between 6 × 1014 and 4 × 1015 s-1.33 Hence a reasonable value of the 

rate constant for R5  

CF3OOH → CF3O + OH    (R5) 

would be k5
 = 2 × 1015 exp(-205 kJ mol-1/RT) s-1 where the activation energy is taken to be 

equal to the enthalpy of reaction at 298 K. 

In the presence of water and air (and probably even in water alone), there are likely to be 

significant quantities of OH radicals, so the reaction between CF3OO and OH radicals could 

be important. Only a single value has been obtained (Biggs et al.34) for the rate constant 

purported to be for the reaction 

CF3OO + OH → CF3O + HO2    (R6) 

However, products were not detected but inferred, and the reactant CF3OO underwent parallel 

unimolecular decomposition, making rate measurements of the bimolecular R6 difficult to 

unravel. Biggs et al.34 obtained the sole value of 2.4×1013 cm3 mol-1 s-1 at 296 K. More recently, 

Du and Zhang35 carried out a quantum chemical study of the CF3OO + OH reaction system, 

showing that the mechanism was far more complex than given by R6 but did not provide any 

rate data. They point out that a reaction between these two radicals can occur both on singlet 

and triplet surfaces. 



We carried out a similar quantum chemical study but at a higher level (G4MP2) than that 

undertaken by Du and Zhang35, whose calculations were made at the b3lyp/6-311G(d,p) level 

of theory. There are several similarities with their earlier results, but also some important 

differences. The reaction between the two radicals leads to a CF3OOOH product on both singlet 

and triplet surfaces, but the structures and stabilities of CF3OOOH-sing and CF3OOOH-trip 

differ considerably. These structures are depicted in Figure 4. 

The CF3OOOH-sing is very stable, lying 137.9 kJ mol-1 below the reactants, whereas the triplet 

product lay just 22.05 kJ mol-1 below the reactants at 298 K. (In comparison, Du and Zhang35 

obtained values of -130.71 and -82.59 kJ mol-1, respectively.) The optimized geometries were 

not substantially different from those of Du and Zhang35. However, Du and Zhang35 described 

both CF3OOOH products as biradicals, whereas the singlet in the present study appeared to be 

a closed shell and its counterpart, a pure triplet. Contamination with higher spin states appeared 

to be low, with the largest observed value of <S2> = 2.0083 prior to annihilation of spin 

contaminant in the triplet case and <S2> = 0.7529 for doublets. Hence, the application of the 

single reference methods used in the present study would seem to be appropriate. 

Triplet CF3OOOH forms a weakly bonded six-membered ring which could almost be described 

as a post-reaction complex between CF3O and HO2 radicals. Separated CF3O + HO2 lie at -17.5 

kJ mol-1 with respect to the reactants CF3OO and OH. Du and Zhang35 do not report the 

observation of a TS on either surface for the reaction between CF3OO and OH. However, we 

1.45Å 2.19Å 

1.66Å 

Figure 4. Optimized structures of CF3OOOH. Singlet (left), Triplet (right). 



located a TS for the reaction between these two radicals on the triplet surface. At 298 K, this 

TS has a barrier of 84.8 kJ mol-1, but it does not link with CF3O + HO2 on the products’ side. 

Instead, an IRC shows that the product is CF3OOOH-trip.  

We located a TS for the fission of the triplet into CF3O + HO2, which lies just 1.38 kJ mol-1 

above the triplet. However, the reaction enthalpy is calculated as 4.6 kJ mol-1, slightly larger 

than the calculated barrier. This might indicate that the products could be a very weakly bound 

post-reaction complex, but the probable accuracy of the G4MP2 method is between ± 4.2 – 6.3 

kJ mol-1. Hence, it is probably best to describe this “barrier” as virtually barrierless. 

Again, a TS beginning with the triplet CF3OOOH has been located, for the elimination of HF 

+ COF2, i.e., 

CF3OOOH → COF2
 + HF + 3O2   (R7)  

The G4MP2 evaluation of this barrier encountered convergence problems in the coupled cluster 

singles and doubles (CCSD) route of the compound calculation, so only an estimate of -2.5 ± 

5.0 kJ mol-1 could be obtained. It should be noted that Du and Zhang35 also obtained a small 

negative value for this barrier. They also obtained a TS of approximately 167 kJ mol-1 directly 

from CF3OO + OH for the formation of CF3OH + 3O2. Because of its height, this process plays 

no part in the overall reaction mechanism, nor do the large barrier processes they located for 

the singlet reaction surface. 



The PES on the triplet surface is depicted in Figure 5. 

Examination of the PES in Figure 5 leads to the conclusion that the two routes, viz., to CF3O 

+ HO2 and to COF2
 + HF + 3O2 will be facile and have the same rate constants, determined by 

the thermodynamic parameters of the reactants and TS1. Hence, the rate constants of k6 and k8  

where 

CF3OO + OH → [CF3OOOH-trip] → COF2
 + HF + 3O2   (R8) 

are k6 =k8 =1.05×103 T2.587 exp(-81.88 kJ mol-1/RT) cm3 mol-1 s-1. 

With the now better understanding of the impact that O2 will have on the thermal 

decomposition of PFOS, we have updated our kinetic model to include reactions involving O2. 

All new reactions added to the kinetic model are provided in Table 1. 

 

 

 

Figure 5. PES for reaction between CF3OO and OH. TS1 is for formation of the triplet 
CF3OOOH. TS2 is for formation of CF3O + HO2 from the triplet and TS3 is for elimination of 
HF and 3O2.   



Table 1. New reactions added to the kinetic model (see SI) 

Equation A-factor* n Ea/R (K) Reference 
CF2 + O2 = COF2 + O 6.68 x 105 2.05 7800 PW 
CF3 + O2 + M = CF3O2 + M 1.56 x 1013 0 314 PW 
O + CO (+M) <=> CO2 (+M) 1.80 x 1010 0.329 1200 36 
O2 + CO <=> O + CO2 2.50 x 1012 0 24053 36 
2H + CO2 <=> H2 + CO2 5.50 x 1020 -2 0 36 
2O + M <=> O2 + M 1.20 x 1017 -1 0 36 
O + H + M <=> OH + M 5.00 x 1017 -1 0 36 
O + H2 <=> H + OH 3.87 x 104 2.70 3150 36 
H + O2 <=> O + OH 5.06 x 1015 -0.49 8102 37 
2OH <=> O + H2O 8.5 x 104 2.26 -898 36 

*Rate constant, k = A Tn exp(-Ea/RT). Units vary for depending on the order of the reaction. s-1 for first order, 
cm3/mol s for second order and cm6/mol2 s for third order reactions. PW – Present Work. 

 

Air and water experiments 

Based on our previous work, water vapor alone, especially excess water vapor, significantly 

reduced the rate of COF2 formation.27 Experiments indicate that COF2 is the main product in 

an air atmosphere. Consequently, if we combined both air and H2O(g) in the feed, it is plausible 

that at elevated temperatures, only HF, CO2 and SO2 will be observable products. 

Figures 6 and 7 depict FT-IR spectra of products obtained with combined air and H2O(g) 

between 500 – 1000 °C, with Figure 6 having a reduced H2O(g) concentration of 2000 ppmv 

while Figure 7 has 20000 ppmv of H2O(g).  
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Figure 7.  FT-IR spectra of PFOS thermal decomposition in the presence of 20000 ppmv of H2O(g) between 
500 – 1000 °C using a 150 mL min-1 air bath gas giving a residence time of 1.5 – 0.85 s. 
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Figure 6. FT-IR spectra of PFOS thermal decomposition in the presence of 2000 ppmv of H2O(g) between 
500 – 1000 °C using a 150 mL min-1 air bath gas giving a residence time of 1.5 – 0.85 s. 



The reduced (2000 ppmv) H2O(g) and air runs (Figure 6) have similar FT-IR spectra to the 

spectra of air (Figure 1) between 500 – 800 °C. This is anticipated as both have limited amounts 

of H2O(g) present; however, as the temperature exceeds 800 °C, it is clear that the extra H2O(g) 

can convert more fluorocarbons to HF and CO2. Moreover, in excess H2O(g)  and air (Figure 7), 

there was a minimal concentration of fluorocarbons between 500 – 1000 °C, with HF and CO2 

being the primary products detected over the entire temperature range studied. It was also found 

that at temperatures above 850 °C, fluorocarbons were not detected, indicating that all the 

PFOS had decomposed into HF, CO2 and SO2. 

To assist in understanding the process that is involved in the thermal decomposition of PFOS 

in the presence of air and H2O(g), the concentration of HF, CO2 and SO2 were modeled under 

various reaction conditions using Chemkin 2022 R1. These concentrations are plotted as mole 

ratios (concentration ratios) versus temperature at a flowrate of 150 mL min-1 and depicted in 

Figure 8. 
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Figure 8. The predicted (line) and the experimental (points) of the thermal decomposition of 
PFOS using air as the bath gas at 150 mL min-1  (1.5 – 0.85 s) for experimental (green triangles, 
169 ppmv of PFOS) and predicted (light green, 169 ppmv of PFOS) and in the presence of 2000 
ppmv of H2O(g) for predicted (light blue, 169 ppmv of PFOS) and experimental (blue circle, 178 
ppm of PFOS), alongside the 20000 ppmv of H2O(g) for predicted (light orange, 178 ppmv of 
PFOS), and experimental (orange square, 179 ppm of PFOS. a) Mole ratio (concentration ratio) 
of the total SO2 concentration and total PFOS concentration. b)  Mole ratio (concentration ratio) 
of the total HF concentration and total PFOS concentration. c) Mole ratio (concentration ratio) 
of the total CO2 concentration and total PFOS concentration. 
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The predicted SO2 concentration from the model (Figure 8a) is in excellent agreement with 

experimental data. 

The experimentally measured HF/PFOS concentration ratio (Figure 8b) reached 16.8 F atoms 

converted into HF out of a total of 17 in the PFOS feed (99±5% conversion) in the presence of 

air and 20000 ppmv of H2O(g) at 1000 °C. It is probable that the conversion is higher; however, 

the precision of the experimental technique is limited to ±5%.  

There are three distinct temperature ranges that impact the overall thermal decomposition of 

PFOS in excess H2O(g)  and air. Between 500 – 600 °C, the thermal decomposition of PFOS 

into HF and SO2 at equimolar rates is observed, which has been described in our inert gas 

pyrolysis experiments.19, 20 Between 600 – 850 °C, CF2 radicals are the primary product and 

these species will react predominantly with OH radicals and, to some extent O2 which leads to 

the formation of additional HF. At temperatures above 850 °C, the overall mechanism produces 

excess concentration of OH radicals, which readily react with CF2, with only a small amount 

of O2 reacting directly with CF2 radicals. This leads to the formation of HF and CO2 as the 

primary products. Although the model predicts that some COF2 will be present at 1000 °C, it 

is not observed experimentally. COF2 can react directly with H2O(g)
38, 39; however, the model 

still predicts COF2 to be present. Uchimaru et al.40 suggested that excess H2O(g) will likely 

reduce the barrier needed to decompose COF2 owing to the participation of an extra H2O in the 

reaction TS which could explain the limits in the model.  

The combined air mixed with a reduced level of H2O(g)  (2000 ppmv) compared to the “dry” 

air experiments produced similar trends up to 800 °C. This is most likely due to the presence 

of H2O(g), which forms more OH radicals at the elevated temperatures needed to react with 

CF2, thus producing HF. Overall, a similar trend is observed between 2000 and 20000 ppmv 

of H2O(g), resulting in approximately 80% of all F present in PFOS converted into HF at 1000 



°C. Between 600 – 800 °C, more than double the number of F atoms are converted into HF 

under conditions where there is a significant excess of H2O(g) in the feed. During experiments 

at the lower level of 2000 ppmv of H2O(g) feed, there is competition between O2 and OH to 

react with CF2 whereas, with excess water vapor, reaction with CF2 is dominated by its reaction 

with OH alone, highlighting the importance of excess H2O(g) in the feed. It was also observed 

at temperatures below 850 °C, in both 2000 and 20000 ppmv of H2O(g), that fluorocarbons, 

especially C2F4, C2F6 and COF2 are still detected. This was even more evident at lower water 

vapor concentrations (2000 ppmv) This implies, between 600 – 850 °C, it should be expected 

that short chain fluorocarbons will be produced, and careful consideration needs to be made 

what temperature to choose when thermally decomposing PFOS.    

The CO2 concentration profile (Figure 8c) has a very similar trend to HF formation in the 

combined air and 20000 ppmv of H2O(g) runs. It was discovered that of the eight C atoms 

present in PFOS, all eight were converted to CO2 (100±5%) in full agreement with model 

predictions up to and above 900 °C. Furthermore, it was also found that the HF to CO2 ratio 

was between 2 and 2.15 at temperatures above 650 °C in both the model and experiment, which 

is reflective of the ratio of F atoms to C atoms in PFOS of 2.125.  

Reaction path diagrams between PFOS and HF and PFOS and CO2 are provided in SI. A similar 

trend was also observed for the flowrate of 122 mL min-1, which can be found in the SI. 

Importance of OH radicals, H and O atoms 

As described in our previous publication, where we examined the effect of water vapor on 

PFOS decomposition27, there were only limited chain branching reactions to form OH. This 

led to reactions such as R9,36 ensuring that the OH concentration was relatively low. 

CO + OH → CO2 + H (R9) 



However, with O2 in the feed, additional chain branching reactions, most notably R1, R2 and 

R10, result in a significant enhancement in the concentration of OH from O atoms.  

H + O2 ↔ O + OH (R10) 

To understand the full extent of the impact that the combined water vapor and air have on the 

thermal decomposition of PFOS, the rate of production of O and H atoms alongside OH 

radicals in the middle of the reactor, as calculated by chemkin is provided in Figure 9. Please 

refer to the SI for points from the start and end of the reactor. 

  

 

 

 

 

 

 

As expected, the primary reactions leading to the production of O atoms are via both R1 and 

R10 in the first 0 - 2 cm (0 – 0.11 s residence) of the reactor, which leads to the chain formation 

of OH via R2. R2 between 0 – 3.24 cm of the reactor (0 to 0.16 s residence time at 900 °C) was 

the dominant producer of OH.  

Figure 9. The absolute ratio of production of O, H and OH at 900 °C within 9 cm of reaction 
(0.47 s residence time) provided by Ansys Chemkin  



Upon closer inspection, the FCO radical is the principal propagator of OH, where it is well 

known that FCO radical breakdown takes place via R11. 

FCO + M → F + CO + M     (R11) 

while the F atoms via the reverse of R12 

OH + HF ↔ H2O + F      (R12) 

will form HF and more OH radicals. For the remaining residence time and length of the reactor, 

the combination of R11 and R12 is the primary way that OH radicals are produced.  

As mentioned in our previous publication27, most FCO radicals will form via R14 

CF2 + OH ↔ HF +FCO     (R14) 

However, with the addition of O2 enhancing the concentration of OH, R9 will also readily 

produce more H atoms. These H atoms are vital to decomposing all the COF2 into more FCO 

through R15.  

COF2 + H ↔ HF +FCO     (R15) 

R15 forms more FCO, which produces more OH and H atoms. It is also important to note that 

some of the H and OH will be terminated by forming H2O. 

Without both O2 and H2O(g) present in the thermal decomposition of PFOS, there would be a 

very limited amount of OH formed, which would lead to the formation of fluorocarbons. A full 

sensitivity analysis for OH is provided in the SI.  

Summary of the effect of reaction conditions on the PFOS decomposition products 

formed 

Understanding the effect that reaction conditions have on PFOS decomposition provides 

critical information relevant to the industrial development of thermal treatment processes of 



PFAS. During reaction at temperatures between 500 and 600 °C, the initial stage of thermal 

decomposition of PFOS occurs. The primary products are essentially the same during reaction 

under various conditions resulting in the formation of HF and SO2. At temperatures above 600 

°C, differences are observed in product distribution between each reactor bath gas composition. 

This difference is associated with CF2 radical formation and subsequent reaction. Table 2 

provides a summary of all the major products in the temperature range of 500 °C – 1000 °C 

and reactor conditions of inert pyrolysis, H2O(g), air and a combined air and H2O(g) feed.   

It is expected that in most industrial processes designed to treat PFAS, such as PFOS, the bath 

gas will include both air and H2O(g). Table 2 provides a summary of the products that have been 

detected during reactions in such conditions. Consequently, understanding the mechanism of 

the thermal decomposition of PFOS can provide the knowledge needed for the thermal 

treatment of PFAS in order to optimize the process and have a better awareness of safety 

requirements.  

Table 2. A summary of the expected main products in the thermal decomposition of PFOS at 
different reactor conditions and temperature ranges. 

Temperature 
range (°C) 

Pyrolysis19, 20 
(Helium bath 
gas) 

Excess Water 
vapor (H2O(g)) 
and Helium 

Air Air + excess 
H2O(g) 

500 – 600 
(Initial thermal 
decomposition of 
PFOS) 

HF, SO2, C8F16O 
and C2F4 

HF, SO2, C8F16O 
and C2F4 

HF, SO2, 
C8F16O and 
COF2 

HF, SO2, and 
CO2 

600 – 700 
(Increase CF2 
radical 
concentration)  

HF, SO2, C8F16O 
and C2F4 

HF, SO2, C8F16O, 
C2F4 and COF2 

HF, SO2, 
C8F16O and 
COF2 

HF, SO2, COF2 
and CO2 

700 – 850 
(All PFOS has 
decomposed) 

HF, SO2, 
C8F16O, C2F4 
and CO 

HF, SO2, C8F16O, 
C2F4, CO and CO2 

HF, SO2, 
C8F16O and 
COF2 

HF, SO2, and 
CO2 

850 – 1000 
(C2F4 breakdowns 
and OH radicals 
become dominate 
in H2O(g)) 

HF, SO2, C2F4, 
CO, CO2 and 
perfluoroalkanes 
and 
perfluoroalkenes 

HF, SO2, CO, 
CO2, 
perfluoroalkanes 
and 
perfluoroalkenes  

HF, SO2, COF2,  
CO and CO2 

HF, SO2, and 
CO2 



Destruction and Removal Efficiency (DRE) 

Our chemical kinetic modeling for inert pyrolysis, water vapor and combined air and water 

vapor predicts in excess of 99.99999% destruction and removal efficiency (DRE) of PFOS at 

temperatures above 700 °C. Figure 10 demonstrates the predicted DRE of PFOS as the 

temperature increases. However, our current experimental approach limits our ability to 

accurately estimate DRE, and we can only report a PFOS conversion of 99±5% (based on SO2 

production) at temperatures above 650 °C due to the limitations in the experiment using real-

time spectroscopic analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. DRE of PFOS modeled in Chemkin based on the experimental parameters of 200 ppmv of 
PFOS, blue line 150 mL min-1 (1.5 – 0.85 s), grey line 100 mL min-1 (2.4 – 1.3 s) and orange line 50 
mL min-1 (4.8 – 2.5 s) in inert helium, air, water vapor and combined air and water vapor. 
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Impact of the H2O(g) and O2 ratio 

The impact of H2O(g)/O2 has been examined by our kinetic model at various H2O(g) and O2 

concentrations. It was evident that excess H2O(g) is needed; however, the modeling did indicate 

that a restricted concentration of O2 can provide more HF than in excess O2 (higher ratio of 

H2O to O2). Figure 11 illustrates a surface 3D plot of the modeled different concentrations of 

O2 and H2O(g) and the impact it has on the conversion of HF.  

 

 

 

 

 

 

 

 

 

 

 

150 mL min-1 and 100 mL min-1 flowrates are provided in the SI. Having a longer residence 

time and less O2 provided more conversion into HF, whereas with a shorter residence time, 

higher O2 concentration is needed for higher HF conversion.  
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Figure 11. 3D surface plot based on the modeling of the different concentrations of O2 and 
H2O(g) in Chemkin at 50 mL min-1 at 1000 °C (2.54 s residence time) . The O2 concentration 
is plotted as the total percentage present in bath gas. Times by 10000 to get ppmv.  



As mentioned previously, this is not fully reflective of the experimental conditions as there is 

still limited understanding of the mechanism of the reaction between COF2 and H2O(g), 

especially on alumina surfaces. Nevertheless, ratios similar to those modeled will lead to 

significant mineralization, i.e., formation of HF, CO2 and SO2. 

 Conclusion 

The thermal decomposition of PFOS using air (O2) as a carrier gas was found to produce COF2 

as the primary product; consequently, the C2F4 concentration as a reaction product significantly 

decreased. Quantum chemical calculations at the G4MP2 level of theory found that the CF2 

radicals produced within the thermal decomposition of PFOS readily react with O2 to form 

COF2 and an O atom. 

Using a combination of air and excess water vapor as the bath gas in the experimental trials, 

the thermal decomposition of PFOS produced three main products of HF, SO2 and CO2. 

Furthermore, at temperatures above 850 °C, it was found that only these three products were 

observable, and at 1000 °C (0.85 s residence time), ≈99% conversion of F mineralized PFOS 

into HF and 100% of C into CO2. Using a reduced water vapor concentration of 2000 ppmv 

and air produced an 80% conversion to HF, revealing the importance of excess water vapor. A 

chemical kinetic model (82 elementary reaction steps and 43 species) predicted a similar trend 

to the experimental results and demonstrated the importance air and H2O(g) have on the product 

distribution in the thermal decomposition of PFOS. The presence of both air and H2O(g) in the 

feed leads to the formation of significant amounts of OH radicals, the key reactant needed to 

form HF and CO2 from the thermal decomposition of PFOS. The formation of OH radicals was 

found to arise from two primary sources. The first is a direct reaction between H2O(g) and F 

atoms forming OH and HF. The second is from the presence of O(3P) atoms which produce 

two OH radicals from a chain branching reaction with H2O(g). O(3P) atoms are, in turn, 



generated by the reaction of O2 with CF2 and a separate reaction between O2 and H atoms 

forming more OH and an O atom. Without air and excess H2O(g), limited OH radicals are 

produced, allowing for other fluorocarbons products to be created.  

Overall, combined air (O2) and excess water vapor and temperatures above 850 °C as reaction 

conditions provide an inexpensive source of H, OH and O that can mineralize all PFOS into 

HF, CO2 and SO2. Hence, this study provides crucial insights into the entire thermal 

decomposition of PFOS and the role CF2 radicals play in the presence of water vapor and air.      
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