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ABSTRACT 

Perfluorooctanoic acid (PFOA) is persistent in environment due to its stable structure. It is also 

toxic to animals and human. The objective of this research is to remove PFOA with a non-thermal 

plasma reactor, anaerobic and aerobic bio-reactors, and their combination. Mineralization and 

defluorination (i.e., fluoride production) occurred in the plasma reactor. Neither PFOA removal 

nor fluoride production was observed in the bioreactors. In the plasma reactor with Argon as the 

carrier gas, 20 µM of PFOA in deionized (DI) water was removed to 4.22 and 4.04 µM, 

respectively, when the hydraulic retention time (HRT) was 0.21 s and 0.15 s, respectively. When 

the carrier gas was changed to Helium, PFOA was removed to 3.85 µM and 3.77 µM, respectively. 

Therefore, the carrier gas and HRT did not have significant effect on PFOA degradation. However, 

the carrier gas and HRT strongly affected the defluorination rate:  11% (for HRT = 0.21 s) and 

6.5% (for HRT = 0.15) when Argon was the carrier gas, and 22% (for HRT = 0.21 s) and 8.6% 

(for HRT = 0.15 s) when Helium was the carrier gas. Consequently, a higher energy yield was 

achieved with Helium as the carrier gas (maximum of 11.3×10-11 mole F- production/J) than with 

Argon as the carrier gas (maximum of 6.43×10-11 mole F- production/J). Perfluoroheptanoic acid 

(PFHpA) and perfluorohexanoic acid (PFHxA) were observed in the effluent of the non-thermal 

plasma reactor by using liquid chromatography-tandem mass spectrometry (LC/MS/MS). The 

intermediates production rate was higher when argon was the carrier gas compared with Helium, 

probably because the degradation mechanisms are different for PFOA and their intermediates. 

 

 

 

Keywords 

Bioreactor; Non-thermal plasma reactor; Perfluorooctanoic acid (PFOA); Perfluoroalkyl acids 

(PFAAs); Perfluoroalkyle substances (PFASs); Perfluorohexanoic acid (PFHxA); 

Perfluoroheptanoic acid (PFHpA).
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CHAPTER 1 

INTRODUCTION 

Perfluoroalkyle substances (PFASs) are persistent in the environment and toxic to humans and 

animals. Therefore, they have attracted significant attention recently (Houtz et al., 2013; post et 

al., 2012; Stahl et al., 2011). Perfluorooctanoic acid (PFOA, C8HF15O2), a perfluoroalkyl acid 

(PFAA), is a representative PFAS. The United States Environmental Protection Agency (USEPA) 

has established a provisional health advisory level of 70 parts per trillion for PFOA (C8HF15O2) in 

drinking water (EPA, 2016).  

Perfluoroalkyl acids (PFAAs) are not degradable in conventional water treatment plants (Quiñones 

and Snyder, 2009; Xiao et al., 2013; Appleman et al., 2014). Physicochemical methods such as 

activated carbon adsorption, reverse osmosis, and advanced oxidation/reduction can remove 

PFAAs (Appleman et al., 2013; 2014; Yan et al., 2015; Watanabe et al., 2015). However, 

adsorption through activated carbon and reverse osmosis produce residues that need further 

treatment or disposal (Appleman et al., 2013; 2014). Advanced oxidation/reduction, such as with 

sonolysis, activated persulfate, electrolysis, and non-thermal plasma, can destroy these 

contaminants (Campbell et al., 2009; Liu et al., 2012; Schaefer et al., 2015). Biodegradation of 

PFAAs are very rare. The objective of this study was to 1) evaluate a liquid-film non-thermal 

plasma reactor for PFOA degradation and compare it with other advanced oxidation/reduction 

processes, 2) evaluate the effects of operating conditions, such as the carrier gas and hydraulic 

retention time (HRT), on PFOA removal, 3) evaluate the biodegradability of PFOA, and 4) 

evaluate the combined non-thermal plasma reactor and bioreactors for PFOA removal. 

 

1.1 Non-thermal plasma treatment of PFOA in water 

1.1.1 Non-thermal plasma reactor 

To create an electric discharge between electrodes, a non-thermal plasma reactor consisting of two 

electrodes is connected to a very high voltage power supply. It can provoke materials around the 

electrical discharge to make ions and radicals. To make plasma, large electric fields are required 
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to provide the free electrons with sufficient energy for creating ions and dissociating other species.  

In a non-thermal plasma the temperature or energy of the electrons is much higher than that of the 

surrounding gases.  In the reactor used in the present study the plasma gas temperature was 300 to 

750 K. However, the electron energy was in the range of 1 to 4 eV (11,000 to 50,000 K) (Locke et 

al., 2006; Wang et al., 2018).   

Recently, reactors with electrical discharge are studied for water treatment, agriculture, and many 

other purposes (Locke et al., 2006; Bruggeman and Leys, 2009; Bruggeman et al., 2016). Plasma 

reactors with many different types of electrodes, and different configurations of reactors, have 

been tested to obtain the highest efficiency. The main reactive compounds, like free electrons (e-), 

hydroxyl radicals, ozone and hydrogen peroxide, and hydrogen radicals in different conditions like 

ultraviolet (UV) light, have been examined as well. Still, there is a need to quantify the effects of 

them as well as to find and consider other possible reactants. Many data from non-thermal plasma 

in the gas phase or other AOPs are available to predict reactions in water, but the physical processes 

and the propagation of electric discharge in the liquid are not well understood (Locke et al., 2006). 

Due to discharging of high voltage electricity in water, some of the products of non-thermal pulsed 

plasma reactors are hydrogen peroxide (H2O2) and hydroxyl radicals (·OH), Hydroperoxl, and 

other radicals (Davies and Hickling, 1952; Sato et al., 1996; Joshi et al., 1995; Sunka et al., 1999; 

Hickling, 1971; Stara and Krcma, 2004; Locke and Shih, 2011). These products and other reactive 

compounds produced by plasma reactors and high-energy pulses can remove many types of 

organic compounds (Locke et al., 2006). Some research has indicated that electrical discharge 

plasma with lower energy is more useful for lower concentrations of contaminants, but for organic 

contaminants in higher concentrations, plasma with higher energy in a more powerful pulsed-arc 

process (thermal plasma) may be more effective. Hybrid gas-liquid systems are effective for the 

decomposition of contaminants in gas and liquid phase at the same time. More research in 

laboratories and at the pilot scale is needed for better understanding and measurement of the effect 

of non-thermal plasma on the degradation of contaminants from water. Studies need to be 

conducted with different contaminant concentrations, different pH levels, different conductivities, 

wide ranges of retention time, and different densities of energy (Locke et al., 2006). 
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One of the reasons that non-thermal pulsed plasma can be used for water purification purposes is 

that they can produce species like hydroxyl radicals (·OH), which is a strong oxidant able to 

eliminate many contaminants. To measure the potential of the plasma reactor in the production of 

·OH, researchers mostly measure H2O2, which has more stable structure. Also, H2O2 is mostly 

produced by ·OH (Locke and Shih, 2011). The efficiency of the plasma reactor in water 

purification, and the rate of production of H2O2 in the reactor, are related to conditions of operation 

such as the flow rates of gas and liquid and input power (Wang et al., 2018). Increasing the voltage 

of the plasma discharge in the non-thermal pulsed plasma reactor while argon is the carrier gas 

increases the production rate of H2O2, but the energy yield decreases with the increased voltage. 

(Wandell et al., 2018). The generation of H2O2 occurs mostly inside and close to where liquid 

interacts with the plasma (Hsieh et al., 2017). Further, hydrogen peroxide decomposition happens 

very fast when increasing the temperature. Therefore, amplification of the density of the energy in 

the interface does not add to the H2O2 production rate (Wang et al., 2018). The generation of H2O2 

depends on the carrier gas. Wang et al. (2018) studied the effect of different carrier gasses (argon 

and helium) on plasma properties and H2O2 production in a non-thermal pulsed plasma reactor. 

Current work also compared the effect of different carrier gases (argon and helium) on the 

degradation of PFOA, F- production, and H2O2 production in a pulsed plasma reactor while the 

influent had 8.28 ppm (20 µM) of PFOA in DI water. 

 

1.1.2 PFOA removal by non-thermal plasma reactors 

Stratton et al. (2017) used a non-thermal plasma discharge reactor to remove PFOA from water (a 

reactor similar to that in the current work). Two different experiments were conducted to achieve 

a high removal rate and high removal efficiency. 1.4 L of 20 µM (8.28 ppm) PFOA (the same as 

the concentration of PFOA in the current work) in water was used and the duration of the treatment 

was 30 minutes (batch reactors). For the high removal rate (90%), the input power was 76.5 W, 

and for the high efficiency the input power was 4.1 W, and the PFOA removal was 25%. The 

energy yield was 18×10-11 mole/J for the high removal rate and 95×10-11 mole/J for the high 

efficiency rate. The defluorination rate was 5% in high efficiency and 22% for the high removal 

rate. Stratton et al. (2017) proposes that the main reactants in PFOA removal are e-
aq (responsible 

for 90% of PFOA removal) and Ar+ (responsible for 10% of PFOA removal) (aqueous electrons 
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and Argon Ions), and ·OH has no significant effect on PFOA removal. The effect of other 

perfluorinated compounds on PFOA removal was insignificant (Stratton et al., 2017).  

They suggested that the degradation of PFOA in a non-thermal plasma reactor was reduction-based 

and that e-
aq was the primary reactant. Negative polarity discharges can produce a lot of e-

aq. Their 

research group examined both electrode polarities (negative and positive) to determine the role of 

e-
aq. The rate constant in the negative polarity was much higher than in the positive. This 

demonstrated the importance of aqueous electrons (e-
aq) in PFOA degradation. The researchers 

used 10 mM of NaNO3 (an e-
aq scavenger) in a liquid discharge reactor (LDR) to double check the 

effect of e-
aq. The degradation of PFOA completely stopped after that. They thought that this was 

another proof of the significant effect of e-
aq on the degradation of PFOA. The research group 

proposed that ·H, ·OH, and other oxidants generated in this plasma reactor have no important 

effects on the degradation of PFOA because both positive and negative polarities generate oxidants 

and positive polarity can produce more oxidants. In gas discharged with bubbling (GDB) reactors, 

NaNO3 as an e-
aq scavenger stopped 90% of PFOA degradation but not 100%, so they proposed 

that another agent was responsible for PFOA degradation in the gas phase. There were numerous 

free electron and argon ions in GDB. They calculated that the ionization potential for argon (~15.7 

eV) was a lot bigger than the PFOA ionization potential (~11ev), which, in a charge transfer, gave 

a lot of energy to PFOA and helped to break it. Free electrons cause excitation or ionization and 

argon ions may initiate a reaction there. In addition, the thermal decomposition of PFOA is 

possible (it happens in 300 – 350oC) (Stratton e al., 2017). 

Yasouka et al. (2011) studied the degradation (decomposition) of perfluorooctanoic acid (PFOA) 

with a dc plasma reactor that works with tiny gas bubbles in the contaminated water. They 

investigated plasma characteristics such as discharge voltage with different gasses. The energy 

yield, efficiency, and rate of decomposition were measured by the concentrations of fluoride and 

sulfate in the effluent. A PFOA defluorination of 30% was achieved. Scavengers of ·OH and e-
aq 

could not significantly decrease the efficiency. The researchers suggested that species with positive 

charge were responsible for the degradation of PFOA. Equation 1 shows the overall degradation 

pathway for PFOA and its intermediates (Yasouka et al., 2011).   

CnF2n+1COO− + M+ + 2H2O → Cn−1F2n−1COO− + 2F− + 3H+ + H + CO2 + M             Equation (1)  
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1.2 Biodegradation of perfluorinated compounds in water 

1.2.1 PFOA, PFOS and other perfluorinated compounds 

Since the number of studies on the biodegradability of PFOA is small and most researchers study 

PFOA and other fluorinated compounds at the same time, the review in this section also include 

other fluorinated compounds. These studies are reviewed below in the chronological order. In 

summary, there are very limited reports showing the biological removal of PFOA, and no report 

on bio-mineralization (de-fluorination) of PFOA. This is because the C–F bond is very stable 

(Parsons et al., 2008; Vecitis et al., 2009). A decrease in PFOA concentrations in bioreactors may 

be due to the adsorption of PFOA onto the bacteria (Vecitis et al., 2009; Sinclair and Kannan, 

2006; Schultz et al., 2006; Hollingsworth et al., 2005; Key et al., 1998; Office of Pollution 

Prevention & Toxics, 1978; 1994). Some of the studies are based on co-metabolism, the 

transformation of a non-growth substrate in the obligate presence of a growth substrate or another 

transformable compound (Hazen, 2010).  

One of the first reported studies was about the biodegradability of three fluorinated surfactants 

under aerobic and anaerobic reactors (Remde and Debus, 1996). Two fluorinated surfactants were 

consumed in aerobic reactors and the last one was remediated in an anaerobic condition. 

Degradation of the first compound was high enough to classify it as a biodegradable surfactant, 

but there was no F- production. For perfluooctanesulfonic acid (PFOS), neither aerobic nor 

anaerobic showed biodegradation (Remde and Debus, 1996).  

Schröder (2003) did research on the biodegradation of perfluorinated compounds (PFCs) using 

wastewater contaminated with some perfluorinated compounds (PFOA, PFOS, and nonionic 

surfactants, including partially fluorinated alkyl ethoxylates, perfluorooctanesulfonyl-

amidopolyethoxylate, and perfluorooctanesulfonyl-amido-polyethoxylate methyl ether) in aerobic 

and anaerobic reactors. The removal of PFOS was fast (two days) in the anaerobic reactor and the 

removal of PFOA was slower. For non-ionic surfactants, only the sulfonyl compounds were 

degraded. There were neither metabolites nor F- production in the anaerobic reactors (Schröder, 

2003). 

Meesters and Schröder (2004) did another study on the bioremediation of PFOA and PFOS 

containing sludge from a wastewater treatment plant in Germany. There was no biodegradation in 
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the aerobic reactors, but in anaerobic reactors, the contaminant concentrations (both PFOS and 

PFOA) were under detection limit after 26 days. No metabolites or F- detection was reported. 

In the studies of Liou et al. (2010) on the degradation of PFOA, the researchers mostly 

concentrated on anaerobic conditions with five different microbial communities, examining 259 

days of retention time with acetate, lactate and ethanol, and hydrogen as the substrates. They 

assumed that PFOA is the electron acceptor and hydrogen is the electron donor. Co-metabolism 

of PFOA also was examined with trichloroethylene (TCE). They detected the degradation of 

PFOA in the co-metabolism study with an influent concentration of 100 ppb for PFOA in 65 days. 

However, they could not find any products of PFOA in the effluent (Liou et al., 2010). 

The research group of Kwon et al. (2014) tried to degrade PFOS using pseudomonas aeruginosa 

strain HJ4, which is 99% similar to the mesophilic rod type bacteria, in 30 to 37 degree Celsius 

environments. At pH of 7-9 and aerobic condition, 67% of PFOS, which had a concentration of 

1400 to 1800 µg/L in the influent, was degraded in only 48 hours. However, no fluoride ion was 

detected in the effluent.  

Horneman et al. (2017) investigated the biodegradation of PFOA, perfluoroheptanoic acid 

(PFHpA, C7HF13O2), perfluorohexanoic acid (PFHxA, C6HF11O2), perfluoropentanoic acid 

(PFPeA, C5HF9O2), and perfluorobutanoic acid (PFBA, C4HF7O2) in a water treatment plant 

(aerobic biodegradation) and found no biodegradation of PFOA, PFHpA, PFHxA, PFPeA, and 

PFBA in their bioreactor. 

 

1.2.2 Trifluoroacetic acid (TFA) 

Trifluoroacetic acid (TFA) have been studied by a few researchers since it has the shortest chain. 

Visscher et al. (1994) showed that TFA remediation can happen in both oxic (aerobic) and anoxic 

(anaerobic) microbial communities. In anoxic reactors, the products are CH4 and CO2, which are 

not harmful, but under aerobic condition, a bioreactor can produce CHF3, which is a gas that can 

cause problems for the environment and the ozone layer. Consequently, the research group decided 

to use anoxic microbial communities (anaerobic bio-reactor). Anoxic sediments were from a San 

Francisco Bay salt marsh and from a lake with fresh water. Their conclusion was that the factor of 

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=3&cad=rja&uact=8&ved=0ahUKEwjlquO8tYXYAhWKKCYKHUhiC_4QFggxMAI&url=https%3A%2F%2Fpubchem.ncbi.nlm.nih.gov%2Fcompound%2FPerfluoroheptanoic_acid&usg=AOvVaw0Hdts-YFUSzwU29H7th4qU
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degradation was the microbial communities and not the chemical reactions. The production of 

14CH4 shows that THF degradation also can happen in other types of sediments. In acetolactic 

methanogenesis, TFA biodegradation could lead to the production of CO2. Radio-labeled TFA (2-

14C-TFA) was used in the work to yield much lower concentrations (0.185 µM). The highest 

degradation rate was in the lowest concentrations. In addition, there was more conversion of TFA 

to CO2 in lower concentrations. CHF3 was detected only for concentrations above 0.463 µM. 

The research team of Kim et al. (2000) wanted to answer the important question of whether TFA 

is biodegradable. This research group claimed that they were able to degrade TFA with an 

anaerobic microbial community. As TFA and TCA (trichloroacetic acid) are chemically very 

similar, TCA was used to co-metabolize TFA. Fluoride (F-) and chloride (Cl-) concentrations were 

measured in the effluent, and these were found to be increasing over time. Then, they concluded 

that the effect was from the degradation of TFA and TCA and not adsorption to the body of 

bacteria. 

Alexandrino et al. (2017) studied the biodegradation of TFA and found that monofluoroacetate 

acid (MFA) was degraded by many aerobic microbial communities but difluoroacetate acid (DFA) 

and trifluoroacetate acid (TFA) in aerobic microbial communities were recalcitrant.  

 

1.3 Combination of pulsed plasma reactor and bioreactors 

On the one hand, pulsed plasma reactors are very effective in the degradation of contaminants in 

water treatment; on the other hand, using plasma reactors for the purpose of water treatment and 

the degradation of PFOA is very expensive due to the very large energy consumption required and 

the need for expensive equipment (Locke et al., 2006). Bioreactors are very cost effective, but 

sometimes they are too slow in water treatment (Parsons et al., 2008). Thus, one of the objectives 

of this research was to combine the pulsed plasma reactor and bioreactors to save both energy 

(money) and time. The method applied in current work, was to use the effluent of the plasma 

reactor as the influent of both the aerobic and anaerobic bioreactors.  
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1.4 Research objectives 

The first objective of this research is to evaluate how hydraulic retention time (through 

recirculation or flow rate change) affects the PFOA removal and intermediates and fluoride 

production in the plasma reactor.   

The second objective of this research is to evaluate how different carrier gases affect the PFOA 

removal and intermediates and fluoride production in the plasma reactor. As reviewed in Section 

1.1.1, helium and argon lead to different plasma properties. 

The third objective of this research is to study the PFOA degradation mechanisms in the plasma 

reactor.  

The fourth objective of this research is to evaluate if PFOA and its plasma degradation daughter 

products can be degraded under aerobic and anaerobic conditions when an activated sludge is used 

as the inoculum.  
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CHAPTER 2 

MATERIALS AND METHODS 

To achieve the four research objectives, four sets of experiments were set up following Figure 1 

and elaborated in Sections 2.1, 2.2, 2.3 and 2.4, respectively.  The first set (Section 2.1) were 

preliminary experiments to evaluate the effects of a wide range of hydraulic retention time (HRT 

= 0.12 s – 1.65 s) on PFOA degradation in the plasma reactor.  The second set (Section 2.2) focused 

on the effect of carrier gas on PFOA degradation in the plasma reactor, and were based on only 

two HRTs (0.15 s and 0.21 s). The third set (Section 2.3) focused on H2O2 measurements with 

different PFOA concentrations to find a clue for the pathway of degradation. The fourth set 

(Section 2.4) focused on the biodegradation of PFOA and its daughter products (intermediates) 

from the plasma reactor.  The sampling and analysis are summarized in Section 2.5. 

  

Figure 1. The overall experimental plan for the plasma reactor and bioreactors 

Note: PFOA, IC, DI, LC/MS/MS, HRT and UV are abbreviations for perfluorooctanoic acid, ion 

chromatography, liquid chromatography-tandem mass spectrometry, hydraulic retention time and 

ultraviolet-visible spectroscopy respectively.  
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2.1 Plasma experiments with a wide range of hydraulic retention time  

16 KV, 10 KHz, 40 ns, and 1.15 mJ/pulse were the operation conditions of the power supply of 

the non-thermal plasma reactor used in this study. Power consumption was 11.5 J/s (W). The 

carrier gas was argon, the gas pressure was 60 psi, and the inlet nuzzle was 0.01 inch. Different 

flow rates (0.5 mL/min (HRT= 0.25 s), 1 mL/min (HRT= 0.21 s), 2 mL/min (HRT= 0.15 s) and 4 

mL/min (HRT= 0.12 s)) and different recirculation (2, 4 and 10 times recirculation (TR)) with a 

flow rate of 2 mL/min (2TR (HRT= 0.45 s), 4TR (HRT= 0.75) and 10 TR (HRT= 1.65 s)) were 

used in the experiments. The experiment with recirculation was used to obtain a longer retention 

time since a flow rate < 1 mL/min could not produce a continuous liquid film. Figures 2 and 3 

show the plasma reactor used in this study. Each HRT experiment was conducted in triplicate 

(Wang et al., 2018). 120 µM (50 ppm) of PFOA in deionized (DI) water was used as the reactor 

influent. TFA and F- measurements were done for this part. 

 

 

Figure 2. The plasma reactor used in this study 
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Figure 3. Schematic of the plasma reactor used in this study 

 

2.2 Plasma experiments with different carrier gas  

The operating conditions of the non-thermal plasma reactor used in this study were the same as 

given Section 2.1. However, two carrier gases (argon and helium) were compared at two different 

flow rates (1 mL/min (HRT= 0.21 s) and 2 mL/min (HRT= 0.15 s)). Each experiment was 

conducted in triplicate. The total influent for this part of experiment was ~225 mL. 20 µM (8.28 

ppm) of PFOA in DI water was used as the reactor influent. PFOA, F-, TFA and intermediates 

measurements were done for this set of experiments.  

 

2.3 Plasma experiments with different PFOA concentrations (Argon as the carrier gas) 

This part of experiment was conducted with different PFOA concentrations (0 ppm (0 µM), 8.28 

ppm (20 µM), 50 ppm (120 µM) and 100 ppm (240 µM)) in DI water. The carrier gas was argon 

and the flow rate was 1 mL/min. Only H2O2 measurement was done in this part of experiment. We 

did these experiments to develop better understanding of mechanism of PFOA degradation. 
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2.4 Biodegradation of PFOA and intermediates from plasma degradation of PFOA  

For these experiments, the plasma reactor conditions were the same as those given in Section 2.1, 

but the influent was a modified nitrate mineral solution (NMS, See Table 1 for composition, based 

on Mahindra and Alvarez-Cohen (2006) and Sei et al. (2013)) containing 120 µM (50 ppm) PFOA, 

and the flow rate of the pulsed plasma reactor was 1 mL/min (HRT= 0.15 s). The plasma-treated 

water was introduced into the biological reactors 72 hours after the plasma treatment for removing 

H2O2, which could kill bacteria. 

 

Table 1. The components of one-liter NMS 

Chemicals in  

NMS 

Concentrations 

 (mM) 

NaNO3 11.76 

Na2SO4 1.28 

MgCl2•6H2O 0.15 

CaCl2•2H2O 0.07 

FeSO4•7H2O 0.08 

KH2PO4 3.9 

K2HPO4 6.1 

ZnCl2 0.002 

MnCl2•4H2O 0.002 

H3BO3 0.002 

CoCl2•6H2O 0.004 

Na2MoO4•2H2O 0.004 

CuCl2•2H2O 0.001 

NiCl2•6H2O 0.001 

Na2WO4•2H2O 0.001 

Na2SeO4 0.001 

KI 0.001 

 

https://pubs.acs.org/author/Alvarez-Cohen%2C+Lisa
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The inoculum was a mixture of 20 mL activated sludge from Graceville Wastewater Treatment 

Facility and 40 mL activated sludge from a denitrification reactor from Thomas P. Smith Water 

Reclamation Facility. To remove chemicals in the wastewater, the activated sludge mixture were 

centrifuged and then re-suspended in the NMS media for three times.   

Six bottles labeled A1, A2, A3, A4, A5, and A6 (500 mL glass bottles containing 200 mL liquid and 

300 mL gas) were set up as shown in Figures 4 and 5.  Bottles A3 and A4 were autoclaved under 

120 degrees Celsius for 60 minutes as controls of Bottles A1 an A2, respectively. Nitrogen and CO2 

gas were bubbled into bottles A2, A4, and A6 for a half an hour to make them anaerobic and to keep 

their pH levels at 7. Then, H2 gas was bubbled into these three bottles for three minutes. These 

bottles were capped with rubber stoppers and aluminum caps. The bottles were put on the shaker. 

To reduce volatilization and contamination, cotton was used to seal bottles A1, A3, and A5 that 

were aerobic bottles (air was the only gas in A1, A3 and A5).  

  

 

Figure 4. Experiment configuration for bottles containing effluent from the plasma reactor 

Note: Plasma reactor flow rate was 1 mL/min (HRT= 0.15) 
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Figure 5. Experiment configuration for bottles containing influent from the plasma reactor 

 

2.5 Sampling and measurement methods for PFOA, intermediates, F- and H2O2 

Samples for H2O2 measurement were collected immediately after the experiments. Delay in H2O2 

sampling and measurements could lead to decreases in H2O2 due to post-plasma reactions For the 

purpose of H2O2 measurements we used 1 mL per sample. For TFA and F- measurements, we 

needed 5 mL per sample. For the PFOA and intermediates measurements, we used 1 mL per 

sample. Sampling from bioreactors for the purpose of F- and PFOA measurement was conducted 

monthly. 

H2O2 was measured with a UV/VIS spectrometer (Lambda 35, PerkinElmer) immediately after 

sampling. 2 mL liquid sample was mixed with 1 mL of titanium oxysulfate sulfuric acid complex 

solution (TiOSO4). A yellowish transparent liquid was formed. The absorbance of that yellowish 

liquid was measured with a UV/VIS spectrometer at a wavelength of 410 nm. The wavelength was 

converted to H2O2 concentration by a calibration curve generated with stock solutions of H2O2 

(Wandell et al., 2018). 
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To measure F- and TFA, ion chromatography (IC) with an anion column was used (Thermo 

Scientific with Dionex IonPacTM AS12A column and a Dionex AERS 500 Carbonate 4 mm 

suppressor).  

PFOA was measured using nLC-MS/MS Orbitrap (Easy Nano LC II system, Thermo Scientific) 

with a 100 µm × 2 cm trap column (easy column, catalog no. SC001, Thermo Scientific), a 75 µm 

× 10 cm C18AQ analytical column (Thermo Scientific), and a Velos LTQ-Orbitrap Mass 

Spectrometer (Thermo Scientific) in the college of medicine translational science laboratory. The 

area under the curve (AUC) of the precursor ions PFOA vs. the internal standard (13C8 isotopes of 

PFOA, 50 µg/mL in methanol from Cambridge Isotope Laboratories, Inc.) was calculated in 

XCalibur (Thermo Scientific vendor software) and quantification was based on the calibration 

curve of the readouts (Xiao et al., 2012). A dilution factor of 100 was used for the plasma treated 

water and a dilution factor of 1000 was used for the influents. 

For identification of the intermediates, the collected data were initially analyzed with open-access 

software (XCMS). Identification of intermediates was carried out by searching against the Metlin 

database.  
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CHAPTER 3 

RESULTS 

3.1 Effect of HRT on F- production in plasma reactor  

For 50 ppm of PFOA in the DI water treated by the plasma reactor, the highest concentration of F- 

resulted from the flow rate of 0.5 mL/min (HRT= 0.24 s), that was 4.2 ppm. Figure 6 shows the F- 

concentration in the effluent of the plasma reactor with different flow rates (different HRTs). 

Figure 7 shows the F- concentration in the effluent of the plasma reactor at an influent flow rate of 

2 mL/min and a recirculation flow rate of 2 (HRT= 0.45 s), 4 (HRT= 0.75 s), and 10 times (HRT= 

1.65 s). The fluoride concentration increased as the HRT increased. 

 

 

Figure 6. F- Concentrations in effluents with different flow rates (50 ppm of PFOA in DI 

water as influent of plasma reactor)  
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Figure 7. Comparing F- concentration for effluent of 2, 4 and 10 times recirculation in 

plasma reactor (50 ppm of PFOA in DI water as influent)  

 

3.2 Effect of carrier gas (argon and helium) on PFOA degradation and F- and 

intermediates production in plasma reactor  

3.2.1 PFOA measurements 

Figure 8 shows the results for the PFOA concentration measurements. Table 2 contains the average 

PFOA removal for two different carrier gasses (argon and helium) and two different flow rates (1 

mL/min (HRT= 0.21 a) and 2 mL/min (HTR= 0.15 s)). Figures 9 and 10 show the MS-1 and MS-

2 retention time peaks for PFOA from LC/MS/MS. Interestingly, the carrier gas and flow rate did 

not have a significant effect on the PFOA removal.  
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Figure 8. PFOA concentrations in the plasma reactor effluents 

Note: The influent PFOA concentrations were 9325 and 8820 ppb (= ~6500 ppb as F-) 

 

 

Table 2. Average PFOA concentrations in the plasma reactor influent and effluents  

Samples Average 

concentration  

(ppb) 

Average 

concentration 

(µM) 

Average 

defluorination 

(%) 

Standard 

deviation 

(ppb) 

Helium; 1 mL/min 

(HRT= 0.21 s) 

 

1595 

 

3.85 

 

22 

 

479 

Argon; 1 mL/min 

(HRT= 0.21 s) 

 

1748 

 

4.22 

 

11 

 

968 

Helium; 2 mL/min 

(HRT= 0.15 s) 

 

1559 

 

3.77 

 

8.6 

 

897 

Argon;    2 mL/min 

(HRT= 0.15 s) 

 

1672 

 

4.04 

 

6.5 

 

275 

Influent (HRT= 0 s) 

(8.28 ppm PFOA) 

 

9073 

 

21.9 

 

0 

 

357 
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Figure 9. MS-1 peak for PFOA in plasma reactor influent 
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Figure 10. MS-2 peak for PFOA in plasma reactor influent 

 

 

 



www.manaraa.com

 

21 

 

3.2.2 Fluoride measurements 

Figure 11 shows the effect of hydraulic retention time (HRT) and carrier gas on F- concentrations 

in the effluent of the plasma reactor (with 8.28 ppm (8280 ppb) of PFOA in DI water as the 

influent). Table 3 summarizes the results in average concentrations and standard deviations. As 

expected, the production of F- in the non-thermal plasma reactor increased when the hydraulic 

retention time increased. Interestingly, helium gave higher defluorination than argon. 

 

3.2.3 Intermediates measurements 

In the plasma treated effluents, PFHpA and PFHxA were found to be intermediates since their 

MS-1 and MS-2 data matched well with those in the Metlin database.  Figures 12 to 15 show the 

retention time peaks for the two intermediates. Concentrations of the intermediates were not 

determined due to the absence of standards. However, the intensity of the PFHpA peaks are 

compared among the influent, effluent at the HRT = 0.21 s, and effluent at the HRT = 0.15 s in 

Figure 12 for argon and Figure 13 for helium.  Similarly, the intensities of the PFHxA peaks are 

compared among the influent, effluent at the HRT = 0.21 s, and effluent at the HRT = 0.15 s in 

Figure 14 for argon and Figure 15 for helium.  

Figures 12 to 15 show that increasing hydraulic retention time (HRT) led to an increase in the 

concentrations of intermediates in all cases. This trend was the same as the fluoride production 

trend (Table 3).  

Figures 12 to 15 also show that argon as the carrier gas produced much more PFHpA and PFHxA 

than helium. This trend was opposite to the fluoride production trend (Table 3), suggesting that 

the carrier gas affected the degradation of PFOA and its intermediates in different ways.  

 

3.2.4 TFA measurements 

No TFA was detected in any effluent samples. 

 



www.manaraa.com

 

22 

 

 

Figure 11. Fluoride concentrations in the plasma reactor effluents 

 

Table 3. Average fluoride concentrations in the plasma reactor influent and effluents 

Samples Average 

concentration 

(ppb) 

Average 

concentration 

(µM) 

Average 

defluorination  

(%) 

Standard 

deviation 

(ppb) 

Helium; 1 

mL/min (HRT= 

0.21 s) 

 

1430 

 

76 

 

22 

 

60 

Argon- 1 

mL/min (HRT= 

0.21 s) 

 

750 

 

39 

 

11 

 

40 

Helium- 2 

mL/min (HRT= 

0.15 s) 

 

560 

 

30 

 

8.6 

 

20 

Argon- 2 

mL/min (HRT= 

0.15 s) 

 

420 

 

23 

 

6.5 

 

17 

Influents 

(IC 

measurements) 

 

~0 

 

~0 

 

0 

 

0 
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Figure 12. Comparing the intensity of the peaks for PFHpA in influent and effluents (HRT 

= 0.21 s and 0.15 s, respectively) when argon was the carrier gas 

Note: The PFHpA retention time was ~27 min 
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Figure 13. Comparing the intensity of the peaks for PFHpA in influent and effluents (HRT 

= 0.21 s and 0.15 s, respectively) when helium was the carrier gas 

Note: PFHpA retention time was ~ 27 min 
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Figure 14. Comparing the intensity of the peaks for PFHxA in influent and effluents (HRT 

= 0.21 s and 0.15 s, respectively) when argon was the carrier gas 

Note: PFHxA retention time was ~ 23 min 
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Figure 15. Comparing the intensity of the peaks for PFHxA in influent and effluents (HRT 

= 0.21 s and 0.15 s, respectively) when helium was the carrier gas 

Note: PFHxA retention time was ~ 23 min 
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3.3 H2O2 production in the plasma reactor 

Figure 16 compares the concentrations of H2O2 in the influents and effluents of the plasma reactor 

treating DI water containing various PFOA concentrations (0 – 5000 ppm) and a high 

concentration OH radical scavenger ([C2H5OH]= 1 M). Measurement of H2O2 was performed to 

determine the effect of ·OH on the degradation of PFOA. Usually, the presence of hydrogen 

peroxide (H2O2) reflects the formation of ·OH since it is more stable than ·OH and easier to 

measure (Wang et al., 2018; Locke and Shih, 2011).  The PFOA concentration did not have an 

effect on the H2O2 production with lower PFOA concentrations. However, there was significant 

decrease in H2O2 concentration with higher PFOA concentrations, suggesting that PFOA did have 

a correlation with the ·OH in the reactor.  Therefore, ·OH seemed to have an effect on PFOA 

degradation. Even very high concentration (1 M ethanol) of OH radical scavenger could not 

quench all OH radicals: There was 1.7 mM of H2O2 in the effluent, which was much higher than 

the PFOA concentrations (0.02 mM and 0.12 mM) in the influent. 

 

 

Figure 16. H2O2 concentration in the influent and effluent of the plasma reactor treating DI 

water containing various PFOA concentrations 

Note: Flow rate = 1 mL/min (HRT = 0.21 s) 
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3.4 Biodegradation of PFOA and its plasma degradation intermediates 

The biodegradation experiments were done with a modified nitrate mineral solution (NMS). To 

evaluate the effects of chemicals on plasma removal of PFOA, Figure 17 compares the 

concentration of fluoride production when NMS and DI water were used in the experiments. The 

NMS seemed to have a positive effect on fluoride production.   

 

 

Figure 17. Comparing F- production in DI water and synthetic media (NMS) containing 50 

ppm of PFOA at flow rate of 1 mL/min (HRT = 0.21s) 

 

3.4.1 Fluoride (F-) production in the bioreactors 

After four months of sampling and measurements, we found that there was no F- production in the 

bioreactors (Figure 18). The slight increase in F- concentration in the aerobic reactors was due to 

evaporation, based on the autoclaved control. This means that no mineralization happened in the 

bioreactors. This finding is similar to other studies (Vecitis et al., 2009; Sinclair and Kannan, 2006; 

Schultz et al., 2006; Hollingsworth et al., 2005; Key et al., 1998; Office of Pollution Prevention & 

Toxics, 1978; 1994). 
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Figure 18. Fluoride concentration in bioreactors as a function of time  

 

3.4.2 PFOA degradation in the bioreactors 

The PFOA concentrations in the anaerobic bioreactors (containing PFOA not treated by the plasma 

reactor) was 49,646 ppb after 12 months of biological treatment. There was no degradation of 

PFOA in the anaerobic bioreactor since the influent PFOA was 50,000 ppb.  
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CHAPTER 4 

DISCUSSION 

4.1 Comparing this study with some other AOPs 

There are two ways to measure the energy yield for this type of experiment. The first way is directly 

based on the degradation of the pollutant (PFOA) and the second way is based on the production 

of the product of the reaction (F-) (Stratton et al., 2017; Yasouka et al., 2011). We calculated the 

energy yield with the second method (based on F- production). Helium as a carrier gas provides a 

higher rate of defluorination than argon (especially with flow rate of 1 mL/min). Consequently, 

there is higher energy yield with helium (11.3×10-11 mole/J for the flow rate of 1 mL/min and 

8.4×10-11 mole/J for the flow rate of 2 mL/min) than argon (5.8×10-11 mole/J for flow rate of 1 

mL/min and 6.43×10-11 mole/J for flow rate of 2 mL/min).   

 

 

Figure 19. Comparing energy yield of this study with other AOPs 
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Table 4. Comparing this study with other AOPs 

Treatment  [PFOA] 

(µM) 

Energy yield 

(×10-11 mole/J) 

Main reactants  Source 

Non-thermal 

plasma, in and 

over water 

 20 45 to 140 

(90.5 on average) 

e-
aq, Ar+  (Stratton et al., 

2017) 

Sonolysis  20 2.4 Pyrolysis, ·OH  (Vecitis et al., 

2009; 2008) 

UV-activated 

persulfate 

 50 43  UV, SO4·-  (Vecitis et al., 

2009) 

Electrochemical 

treatment 

 0.031 0.059 Direct electron 

transfer at electrode 

 (Schaefer et al., 

2015) 

DC plasma in 

O2 bubbles 

 100 3.3 + oxygen ions  (Yasuoka et al., 

2011) 

Gamma 

radiation 

 50 96 (pH 13) ·OH, e-
aq  (Zhang et al., 

2014) 

UV photo 

reactor 

 35 0.05 Photogenerated    

e-
aq 

 (Lyu et al., 

2015) 

Electron beam 

 

 1.3 21 e-
aq, (possible role of 

nitrate radical ions) 

 (Wang et al., 

2016) 

UV direct 

Photolysis 

 1350 0.085  UV  (Hori et al, 

2004) 

Sonolysis  20 1.49 Pyrolysis  (Vecitis et al, 

2008) 

Sonolysis  0.2 0.077 Pyrolysis  (Vecitis et al, 

2008) 

Non-thermal 

plasma 

 20 11.3 e-
aq/ M+  This study 

 

 

The energy yield of this study with helium as the carrier gas is compared with other advanced 

oxidation processes (AOPs) in Table 4. Figure 19 shows a schematic comparison between the 

energy yield achieved in this study with energy yield of other AOPs. The energy yield of our study 

is ranked fifth among the 12 studies.  However, it should be noted that the comparison is based 

upon different reactor operating conditions (e.g., the influent PFOA) and is thereby not on the 

same basis.     

Stratton et al. (2017) worked with a reactor very similar to ours but with a different kind of 

electrical discharge pulse power (see Table 5), but they got a higher energy yield in their reactor. 

This could be explained by two factors: 1) a lower PFOA degradation and defluorination rate in 



www.manaraa.com

 

32 

 

their reactor compared with our reactor, 2) a power supply with a polarity control in their reactor 

compared to no polarity control in our reactor.  

 

4.2 Mechanism of PFOA degradation in the pulsed plasma reactor 

4.2.1 Degradation pathway 

The research most similar to this study is that of Stratton et al. (2017) and Yasouka et al., (2011). 

They are compared with our study in Table 5. Stratton et al. (2017) did not describe a complete 

pathway for the degradation of PFOA in their pulsed plasma reactor, but they mentioned that free 

electrons (e-
aq) were responsible for 90% of their PFOA degradation, and they suggested that free 

electrons initiated the degradation of PFOA. They examined their hypothesis by changing the 

electrode polarity from negative to positive and found that the degradation stopped in liquids with 

a positive electrode polarity and that, in gas, only 10% of the degradation happened while the 

equipment was working in the positive polarity mode. They suggested that Ar+ ions were 

responsible for that 10% degradation. Their research group reported PFHpA, PFHxA, and PFPeA 

as intermediates from the plasma degradation of PFOA. Statton et al. (2017) did not do OH radical 

scavenger experiments. Yasouka et al. (2011) suggested a pathway for the degradation of PFOA 

in their DC plasma reactor and proposed that some positive ions (M+) were initiating the 

degradation of PFOA, completely in contrast to the findings of Stratton et al. (2017). Yasouka et 

al. (2011) examined their hypothesis (that M+ was the primary responsible agent in the degradation 

of PFOA) by changing the polarity from positive to negative, and they reported that the degradation 

of PFOA stopped with a negative polarity.  They did a scavenger experiment with 0.11 mM of 

scavenger, which might not be sufficient to quench all OH radicals. 

The PFOA degradation pathway proposed by Yasouka et al. (2011) is:  

C7F15COO− + M+ → C7F15COO・ + M                                                                      Equation (2) 

C7F15COO・ → C7F15・ + CO2                                                                                  Equation (3)    

C7F15・ + H2O → C7F15OH + H                                                                                 Equation (4)  

C7F15OH → C6F13COF + F− + H+                                                                               Equation (5)  

C6F13COF + H2O → C6F13COO− + F− + 2H+                                                             Equation (6) 
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Table 5. Comparing this study with Stratton et al. (2017) and Yasouka et al. (2011) 

   Stratton et al., 

(2017)  

Stratton et 

al., (2017) 

Yasouka et al., 

(2011) 

 This study 

   High Removal 

Rate 

High 

Removal 

Efficiency 

 
   

Type of plasma  Pulsed Plasma Pulsed 

Plasma 

DC Plasma  Pulsed Plasma 

PFOA 

Concentration in 

influent µM, ppm 

 20, 8.28 20, 8.28 100, 41.4  20, 8.28 

Carrier Gas  Argon Argon Argon > 

Helium > O2 

 Argon, Helium 

Energy Yield 1 

(×10-11 mole/J) 

 40 140 3.3  11.3 (Helium; 

HRT= 015 s) 

5.8 (Argon; HRT= 

0.15 s) 

Defluorination %  27 5 25  22 (Helium; HRT= 

0.15 s) 

11 (Argon; HRT= 

0.15 s) 

Power supply  With Polarity 

control 

With 

Polarity 

control 

With Polarity 

control 

 Without Polarity 

control 

Effect of e- on 

degradation of 

PFOA, % 

 90-100 90-100 10  Unknown 

Effect of ·OH on 

degradation of 

PFOA, % 

 ~0 ~0 ~0  Unknown 

Effect of M+ on 

degradation of 

PFOA, % 

 10 10 90  Unknown 

Effective Polarity  Negative Negative Positive  Unknown 

Free electron 

scavenger (& 

concentration of 

that) 

 NaNO3 (10,000 

µM) 

NaNO3 

(10,000 

µM) 

Phosphoric 

acid (H3PO4), 

10 mg/l, 110 

µM 

 NA 

·OH Scavenger (& 

concentration of 

that) 

 NA NA Formic acid 

(HCOOH), 

5mg/l, 110 µM 

 NA 

Degradation 

initiator 

 Free electrons Free 

Electrons 

 

M+  e-
aq or M+ or both 
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The overall PFOAs degradation pathway proposed by Yasouka et al. (2011) is: 

CnF2n+1COO− + M+ → CnF2n+1COO・ + M                                                               Equation (7) 

CnF2n+1COO・ → CnF2n+1・ + CO2                                                                           Equation (8) 

CnF2n+1・ + H2O → CnF2n+1OH + H                                                                          Equation (9)  

CnF2n+1OH → Cn−1F2n−1COF + F− + H+                                                                     Equation (10) 

Cn−1F2n−1COF + H2O → Cn−1F2n−1COO− + F− + 2H+                                                 Equation (11)  

 

The above equations can be summarized as follows: 

CnF2n+1COO− + M+ + 2H2O → Cn−1F2n−1COO− + 2F− + 3H+ + H + CO2 + M          Equation (1) 

(Yasouka et al., 2011) 

Yasouka et al. (2011) found that PFHpA, PFHxA, and PFPeA were intermediates in the effluent 

(as did Stratton et al., 2017). In this study, we reported PFHpA and PFHxA as intermediates. 

However, we got different results with OH radical scavenger experiments. Therefore, we suggest 

that the degradation pathway of this study was close but not similar to that in Yasouka et al.’s 

(2011) and Stratton et al.’s (2017) research.  

 

4.2.2 The role of highly reactive species 

The results of this study showed that the removal of PFOA in our plasma reactor was the same 

with argon and helium, but argon produced more intermediates and less final product (F-) 

compared with helium. Also, the experiments with different PFOA concentrations and high dose 

of OH radical scavenger shows that OH radicals might be partially responsible for the degradation 

of PFOA. These results could be explained by the hypothesis that aqueous electrons are mainly 

responsible for PFOA degradation into daughter products such as PFHpA and PFHxA while ·OH 

are mainly responsible for the degradation of the intermediates into fluoride.   

Wang et al. (2018), working with the same reactor as in this study, found that the total electrons 

produced by argon and helium were almost the same. If the electrons in the liquid (aqueous 

electrons) are correlated with the plasma electrons, this might explain the similar PFOA 
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degradation rate for argon and helium. They reported that the electron density in the plasma with 

helium as the carrier gas (2E+15 cm-3 when the discharge power was almost 1 Watt) was much 

less than the electron density of the plasma reactor with argon as the carrier gas (2E+16 cm-3 when 

the discharge power was almost 1 Watt). For other discharge powers, the 1 to 10 ratio worked as 

well, but the plasma volume for helium was 10 times bigger than the plasma volume for argon. 

Therefore, the total amount of electrons are similar. 

On the other hand, Wang et al. (2018) reported that the H2O2 concentration, an indicator of ·OH 

concentration, was almost 2 times higher in the effluent when helium was the carrier gas; this 

explains why the reactor with helium had more conversion of PFHpA and PFHxA to fluoride (i.e., 

less PFHpA and PFHxA and more fluoride) than the reactor with argon.   

Our hypothesis is consistent with the study in Zhang et al. (2014). Using ·OH scavenger, Zhang et 

al. (2014) found that the PFOA degradation remained constant, but the F- production decreased 

when the OH radicals were scavenged.   

To further test our hypothesis regarding the mechanism for the degradation of PFOA and its 

daughter products, we will need to have a power supply with polarity control. To measure the total 

intermediates, we will need a TOC-L (Laboratory total organic carbon analyzer that works based 

on 680 degree Celsius combustion catalytic oxidation). For more precise PFOA measurements, we 

will need a liquid chromatography-triple quadrupole mass spectrometry (Bentel et al., 2019). 

To know more about the PFOA degradation pathway, future researchers will need to do 

experiments using different concentrations of scavengers for OH radicals and e-
aq. Also, there is 

need of doing experiments and measurements to find the relation between the free electrons and e-

aq. Finally, there will be need of doing experiments with different carrier gasses that potentially 

can produce different amount of free electrons to consider the role of free electrons on the 

degradation of PFOA.  
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CHAPTER 5 

CONCLUSIONS 

In this study, we tested a plasma reactor for PFOA degradation. First, we evaluated the effects of 

the hydraulic retention time (HRT) on the fluoride production due to PFOA degradation and found 

that the fluoride production increased with the HRT.  At the highest HRT tested in this study (i.e., 

1.65 seconds), the defluorination rate of PFOA reached 25% for a DI water containing PFOA at 

50 ppm.    

Second, we evaluated the effect of the carrier gas (argon and helium) on the removal of PFOA and 

the production of daughter products and final product (fluoride). We found that the carrier gas had 

no effect on the PFOA removal, but the reactor with helium produced more fluoride and less 

daughter products (i.e., PFHpA and PFHxA) compared to the reactor with argon.  This could be 

explained by the hypothesis that aqueous electrons are mainly responsible for PFOA conversion 

to daughter production while •OH are mainly responsible for the conversion of the daughter 

products to fluoride.  The hypothesis is based on the assumption that the electrons in the liquid 

(aqueous electrons) are correlated with the plasma electrons, which are the same for helium and 

argon. The hypothesis is also based on the fact that the helium reactor produces two times more 

•OH than the argon reactor. Since we detected similar daughter products as in Stratton et al. (2017), 

who used a pulsed plasma reactor and Yasouka et al., (2011), who used a DC plasma reactor, the 

degradation pathway in our study might be similar to that in their studies.   

Third, the energy yield in our study is 11.3× 10-11 mole/J, which is ranked five out of 12 studies 

with advanced oxidation/reduction processes for PFOA degradation.  It should be noted that the 

comparison is not on the same basis since the reactor conditions such as the influent PFOA 

concentration, the removal rate and the power supply are very different. 

 

Finally, we also tested the biodegradation of PFOA and its plasma degradation daughter products 

and found no degradation of PFOA or defluorination within one year. Biodegradation of the 

contaminants is one of the cheapest methods for water and wastewater treatment. Therefore, for 

future works, a lot more experiments need to be done to measure the biodegradability of PFOA. 
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