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ABSTRACT  
 

PFAS are a group of relatively newly discovered man-made pollutants. PFAS contains a C-F bond 

which is one of the strongest bonds in organic chemistry. Therefore, PFAS are not easily degradable 

and, once release into nature, are very persistent. PFAS are also labile in natural environments and 

therefore, they can sometimes be found far from the source of pollution. Their persistent and labile 

nature, in combination with their bioaccumulation ability and human health effects make of this 

compounds an important contaminant to take care of. Currently there are not stablish, well-

functioning methods to treat contaminated soils and waters. A lot of research is performed at the 

moment to find good treatment options. In this work a test to chemically degraded spiked samples 

of PFOA, PFOS and PFBA was performed. By means of experimental design tools, we aim to 

evaluate which operational factors are relevant for this treatment. Best results when using hydrogen 

peroxide as a reactant was 70% degradation for PFOS and 42% degradation for PFOA. When 

persulfate was used as a reactant, a 57% degradation of PFOS, 99% degradation of PFOA and 99% 

degradation of PFBA was achieved. 
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BACKGROUND 
WHAT ARE PFAS 

PFAS is as an acronym for poly- and perfluoroalkyl substances, (Robert C Buck, 2011).  PFAS are 

aliphatic substances containing one or more C atoms where some (or all) of the hydrogen have 

been substituted by fluorine. An exception is made if the substitution would occur in the functional 

group. Another acronym commonly used is PFCs (per fluorinated compounds) which applies for 

PFAS where all hydrogen in the aliphatic chain have been replaced by fluoride, 𝐶𝑛𝐹2𝑛+1 −, see 

Figure 1. 

 

Figure 1. PFOA molecular structure. 

Carbon and fluoride forms one of the stronger single covalent bond in organic chemistry. As a 

consequence, a very high energy input is needed to break down this bond. Indeed, PFAS are 

difficult to degrade by natural processes and therefore it is considered a non-degradable/persistent 

contaminant (Naturvårdsverket, 2019). However, not all PFAS are equally persistent, some could 

partially break down and subsequently degrade into another persistent component 

(Naturvårdsverket, 2019). Perfluorooctanoic acid (PFOA) and perfluorooctanesulfonate acid 

(PFOS) are two of the most well-known PFAS molecules (Brian C. Crone, 2019). PFAS show 

different properties depending on the chain length, different isomers and different function groups 

such as Sulfonate, Alcohol, or Carboxylic (Ian Ross, 2018), (Naturvårdsverket, 2019).  

The head of the PFAS is hydrophilic, meaning that shows a high affinity for water while the C-F 

chain is hydrophobic preferring to be in air and repelling water or fat. This explains the surfactant 

character of this molecules, which has been the reason for their wide application as water and oil 

repellents and explains their ability to form foams.  

SOURCE OF PFAS POLLUTANTS  

Due to high resistance to degradation even at high temperatures in combination with their surfactant 

properties, PFAS have been used worldwide in a broad range of commercial applications since the 

1950s (Naturvårdsverket, 2019) (Interstate Technology and Regulatory Council, 2018).  These 

same properties, however, make PFAS, once released to the environment, a persistency 

contaminant. Efforts to ban PFAS from new production are nowadays in focus.  Although PFAS is 

widely distributed over the developed world, certain human activities have created contaminated 

hot spots, i.e. sites showing high PFAS concentrations. Therefore, urgent remediation actions need 

to be performed on already contaminated sites as this contaminant will only spread within the 

environment without degrading.  
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PFAS is a key component of firefighting foam which are designed to tackle fires of petroleum and 

other flammable liquids (Jean-François Munoz1, 2019). Although the single use of firefighting foam 

could be enough to contaminate a site, the risk of contamination increases in sites where the foam 

is, or has been, frequently used such as in firefighting training areas. Airports often have adjacent 

training areas where PFAS foam has been used (Naturvårdsverket, 2016). In an effort to obtain an 

overview of PFAS contamination in Sweden by firefighting foam, 28 civilian and military airport 

firefighting training areas were sampled. It was estimated that, between 1970 and 1990, the 

accumulated released of PFAS was of about 1600 kg at the civilian airports and of about 9700 kg 

PFAS at military airports. There are still 295 more training areas and over 700 potential firefighting 

incidents that are suspected to be a source of contamination although they have not yet been 

investigated. 

Industrial parks in which PFAS has been handled or have been produced are another common hot 

spot (OECD Environment, Health and Safety Publications, 2013). Examples of industry’s handling 

PFAS are Textiles & Leather, Paper Products, Metal Plating and Etching, Wire Manufacturing, 

Industrial Surfactants, Resins, Molds, Plastics and Photolithography, Semiconductor Industry. 

Other major sources of PFAS contamination are when low concentrations of PFAS concentrates 

upon some treatment and releases into the environment. Examples of this cases are landfills which 

are a well-known source for PFAS contamination. The current treatment methods for landfill 

leachate are not accommodated for treating PFAS, allowing it to leach out from the waste in the 

landfill into the environment (Zongsu Wei, 2019).The mean concentrations of PFOS in landfill 

leachate in the State of Victoria, Australia was found to be 0.29 µg/L whereas the mean 

concentration of PFOA was 0.76 µg/L (EPA Victoria, 2019). Landfills have often a high fire risk 

and often they need to extinguish the fires (Naturvårdsverket, 2016). The type of waste that has 

been landfilled also has a large implication for the concentration in the leachate. It was estimated 

that in Sweden ca. 63 kg/year goes to the WWTP and ca. 4.1 kg/year to surface water and 

forestland from landfills. 

Like landfills wastewater treatment plants also receive a waste stream of PFAS sourcing from several 

low concentration sources. Municipal treatment plants are not currently able to remove PFAS from 

water (Naturvårdsverket, 2016). Low concentrations of PFAS are also found in the sludge. Other 

source that increase the concentrations of PFAS in the wastewater are industries that handle PFAS 

and landfills which may also send their wastewater to the WWTP. It is estimated that WWTP emits 

70kg/year in Sweden. A study in Australia tried to quantify the resale of PFAS from wastewater 

treatment plants (Timothy L. Coggan, 2019). In the study twenty-one different PFAS where 

analysed from four different classes of PFAS molecules. They found that in aqueous samples where 

PFAS21 mean concentration in aqueous samples was 100 ng/L whereas the mean concentration for 

soil samples was 34 ng/L. However, both tested materials showed a large range of concentrations 

for aqueous samples, 9.3–520 𝑛𝑔 𝐿−1, and for soil samples, 2.0–130 𝑛𝑔 𝑔−1. Another study found 

that most PFAS were not effectively removed in the wastewater treatment plant in China near the 

Yangtze River (Yi Wang, 2018).  
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TRANSPORT OF PFAS IN THE ENVIRONMENT 

PFAS have a high mobility in the environment (Lowther, 2015). The principle of how the pollutant 

moves through the environment is illustrated in Figure 2 (Interstate Technology and Regulatory 

Council, 2018). 

 

Figure 2. Schematic picture of the most important transport paths describing the mobility of PFAS in the environment. 

From the source, PFAS could be released into the air, surface water runoff and/or infiltrate into 

ground water and soil. The final recipient for PFAS is the ocean, but it could however come to the 

final recipient by different transport pathways. 

PFAS in air to ocean  

PFAS has the ability to pollute the atmosphere, (A in figure 2), either directly from the source or 

products leaching over time (Interstate Technology and Regulatory Council, 2018; Ian Ross, 

2018). Stack emission from manufacturing is an example of what direct pollution at the source 

could be. Some PFAS are volatile and can go into the atmosphere. Once in the air PFAS 

preferentially associate with aerosols or rain (Interstate Technology and Regulatory Council, 2018). 

With time PFAS will be deposited in surface water soil or in the ocean (B in figure 2). Due to the 

presence of consumer products containing PFAS, indoor air usually will have higher concentrations 

of PFAS then outdoor air (Interstate Technology and Regulatory Council, 2018). 

PFAS through soil to ocean 

PFAS is normally spread into soils directly from the source (C in figure 2) but it could also come 

from atmospheric deposition (B in figure 2) (Interstate Technology and Regulatory Council, 2018). 

A study looking at the retention process of PFAS, found that by only looking at the solid-phase 

adsorption as retention mechanism, which is commonly assumed for modelling the transport of 

other contaminants, the model underestimated the retention of PFAS in soils (L.Brusseau, 2018).  

Instead the study suggested that a model incorporating partitioning of PFAS between solid surfaces 

Soil 
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in soil and air, at air-water interfaces, was more representative. During rain or irrigation PFAS might 

leach out into groundwater (D in figure 2) or into surface water (Interstate Technology and 

Regulatory Council, 2018). Major factors affecting leaching of PFAS are total organic carbon, 

particle surface charges and phase interfaces. Increasing tail length of the PFAS also normally increase 

its retardation and sorption. 

Table 1. Soil adsorption coefficient KOC. Data in this table was found at ITRC PFAS Environmental Fate 
and Transport fact sheet (Table 3-1), http://pfas-1.itrcweb.org. 

Chemical Log KOC 
(L/kg) 

FAO Soil Mobility 
Classification 

Perfluorooctane sulfate (PFOA) 1.89 to 2.63 Mobile 

Perfluorooctane sulfonate (PFOS) 2.4 to 3.7 Mobile 

FAO( Food and Agriculture Organization of the United Nations) 

PFAS through groundwater to ocean 

Groundwater is contaminated directly at source or by water infiltrating from contaminated soil or 

contaminated surface water (D in figure 2). Once in the groundwater PFAS will form large plumes 

due to its mobile and persistent nature. The driving forces for PFAS mobility in groundwater is 

advection although diffusion also has a large effect on the transport of PFAS.  Dispersion in 

groundwater is however limited. Long chain PFAS have a higher concentration in groundwater 

compared to short chain. However short chain PFAS are more dominant in surface water. (Brian 

C. Crone, 2019). In the same way soil could be a secondary source of groundwater contamination, 

as well as groundwater could be a secondary source of surface water contamination (Interstate 

Technology and Regulatory Council, 2018). 

PFAS through surface water to ocean 

Surface water can be contaminated from run off from the source (C in figure 2), groundwater 

discharge and/or atmospheric deposition. (Interstate Technology and Regulatory Council, 2018) 

Storm water runoff, even from non-point at source, may be a significant source of PFAS in surface 

water. Contaminated surface water can also affect groundwater (D in figure 2) and oceans (C in 

figure 2). 

PFAS in biota 

PFAS can absorbed into biota through atmospheric deposition, contaminate soil or by contaminate 

water from ground or surface water. Biota can bio accumulate PFAS which is toxic and eventually 

becomes a source of pollution when the living organism decomposes and PFAS is re-mobilised. 

PFAS in the ocean 

A study looking at seawater and plankton in the North-western Atlantic Margin suggested that 

ongoing continental discharges are the major source to marine environment. (Xianming Zhang, 

2019) The study found an inverse correlation between salinity and concentration of PFAS21. 

Submarine groundwater discharges maybe a source for legacy PFAS such as PFOA and PFOS. 

Bioaccumulation factors (BAF) for plankton where also calculated to PFCA of log BAF = 2.9−3.4 

and PFOS log BAF = 2.6−4.3 The bioaccumulation factor illustrates how high concentrations are 

compared to the environment. If PFAS accumulate faster than it gets ejected from the biota it will 

have a number greater than 1. Equation 1 shows how the BAF factor is calculated. 
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𝐵𝐴𝐹 =
𝑃𝐹𝐴𝑆 𝑃𝐿𝐴𝑁𝐾𝑇𝑂𝑁

𝑃𝐹𝐴𝑆 𝑊𝐴𝑇𝐸𝑅
     (Equation 1) 

HAZARDS TO HUMANS  

PFAS incorporate into biota through contaminated soil, contaminated ground/surface water, 

atmospheric deposition and contaminated sewage sludge (Interstate Technology and Regulatory 

Council, 2018). For instance, wheat has been found to be able to accumulate PFCAs and PFSAs 

from soil, and with high concentrations a significant reduction in size could be seen in the wheat 

shoot biomass. (Sun, 2018) 

Wild boar can be used as a bio indicator for environmental pollution of PFOA and PFOS since the 

contaminants bioaccumulated in the liver (Lahrssen-Wiederholt, 2018). A study using boars as a 

bioindicator in Germany suggested that PFOA and PFOS are found basically everywhere in the 

German environment. Note here that animals living closer to human populations would show 

higher levels of contaminants. 

A study in the Netherlands investigated if there were emissions of PFAS from a flour chemical 

production plant (Wouter A. Gebbink, 2017). Water samples were taken downstream and upstream 

from the chemical plant as well as from control sites and municipality drinking water. Eighteen 

samples were taken from rivers and 6 from drinking water. PFAS was found in all samples. The 

concentration of PFAS in the rivers ranged between 36 and 65 ng/L whereas the concentrations in 

drinking water ranged between 0.56 and 47 ng/L.  The studied concluded that Dutch rivers showed 

PFAS contamination. 

USEPA have started collecting data on PFAS contamination in public water systems (PWS), in an 

effort to map the problem in the USA (Interstate Technology and Regulatory Council, 2018). 

Drinking water was tested for six PFAS: perfluorooctanesulfonic acid (PFOS), perfluorooctanoic 

acid (PFOA), perfluorononanoic acid (PFNA), perfluorohexanesulfonic acid (PFHxS), 

perfluoroheptanoic acid (PFHpA), and perfluorobutanesulfonic acid (PFBS). Four thousand nine 

hundred twenty sample points in the PWS net where sampled over a connective 12 month period, 

See table 2. In 194 public water systems approximately 4% of the one or more of the six PFAS were 

detected. These systems serves about 16.5 million people. The Minimum Reporting Level (MRL) 

reported in this study was relatively high for PFAS contaminations which means that by achieving 

a lower level more PWS could have potentially been reported as contaminated.  

Table 2. PFAS contamination in US public water systems (Interstate Technology and Regulatory Council, 2018) 

Contaminant PFOS PFOA PFNA PFHxS PFHpA PFBS 

MRL (µg/L) 0.04 0.02 0.02 0.03 0.01 0.09 

Reference Concentration (µg/L) 0.07 0.07 NA NA NA NA 

Total number of results  36,972 36,972 36,972 36,971 36,972 36,972 

Number of results ≥MRL 292 379 19 207 236 19 

Number of results >Reference Concentration  124 32 - - - - 

% of total results >Reference Concentration  0.3% 0.09% - - - - 

Total number of PWSs with results  4,92 4,92 4,92 4,92 4,92 4,92 

Number of PWSs with results ≥MRL  95 117 14 55 86 8 

Number of PWSs with results >Reference 
Concentration  

46 13 - - - - 

% of PWSs with results >Reference Concentration 0.9% 0.3% - - - - 

USEPA (CMR 3) 
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There are evidences suggesting that PFAS can bio accumulate in the human body (EPA, 2019). 

The most studied PFAS chemicals are PFOA and PFOS. Studies on laboratory with animal models 

suggested that intake of PFOA and PFOS can lead to reproductive and developmental problems, 

liver and kidney diseases and immunological response depletion. Higher cancer incidence was 

shown by intake of both chemicals in the animal model laboratory studies. 

Increased cholesterol levels among exposed populations, with more limited findings related to, 

infant birth weights, effects on the immune system, cancer (for PFOA), and thyroid hormone 

disruption (for PFOS) are the result of human epidemiology studies (EPA, 2019). 

A study measuring eight PFAS constrains conducted on 1773 pregnant women in Sweden found a 

link between increased serum levels of PFOS and PFNA in early pregnancy and risk of preeclampsia. 

(Sverre Wikström, 2019). 

One pathway for humans to consume PFAS is through crops grown in polluted soil (Zhaoyang 

Liua). A Chinese study found bioaccumulation factors for edible parts of plants from 0.36 to 48. 

The type of plant also played a key role. The study also concludes that there was a correlation 

between the contamination of the soil and the crop. 
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CURRENT TREATMENT METHODS 

As explained earlier PFAS can contaminate both soil and water. Their treatment differs and some 

methods only work on one of the media. Therefore, treatment methods in this section will be 

divided into two parts one on soil treatment and another one water treatment.  

Soil  

Destructive methods  

Thermal destruction  

Soil incineration is a method that leads to decomposition of PFAS (U.S. Environmental Protection 

Agency , 2019). However, it is unclear what maximum temperature and residence time are 

necessary to fully decompose all PFAS molecules (Naturvårdsverket, 2019). Some studies suggest 

that temperatures above 1000 degrees Celsius with a residence time of one second shows 99.99% 

decomposition (U.S. Environmental Protection Agency , 2019). Shorter chained PFAS might 

require higher temperatures than others, such as 1400 degrees Celsius. Moreover, the incomplete 

combustion of some of the PFAS molecules might result into shorter chain PFAS (U.S. 

Environmental Protection Agency , 2019). 

Non-destructive methods  

Soil washing 

Soil is excavated out and aggressively leached, either off-site or on-site with mobile systems 

(Naturvårdsverket, 2019). The easily soluble PFAS will be transferred from the contaminated soil 

into the process water. The process water must subsequently be cleaned from PFAS before being 

released. Washing in general does not work well with all soils, such as soils rich in fines which 

would easily clog the sieves (Ian Ross, 2018). Taking care of process water can make this a costly 

method. 

Stabilization 

Stabilization does not aim to remove or destroy PFAS but instead it aims to lock the contaminant 

in the soil hindering it from leaching out into the environment (Ian Ross, 2018; Naturvårdsverket, 

2019). The method works by adding sorbents, either above ground or by injection. Serval different 

adsorbents are being investigated including activated carbon and organic modified clays are (Ian 

Ross, 2018). This technique is, although effective with many contaminants, always controversial 

since its effectiveness over long periods of time is always a concern.  

Excavation and landfill 

The soil is excavated and subsequently transported to a landfill. This is the most common method 

at the moment in absence of any other available effective methods. However, landfilling is always 

an unsustainable waste treatment method as it lays down in the EU waste hierarchy. Moreover, 

landfills are one of the major sources of contamination of PFAS as the leachate is not effectively 

treated in the wastewater plants at the moment. 

Water  

Non-destructive methods  

Non-destructive methods normally produce a solid waste which is subsequently sent to mainly 

incineration or landfill. 
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Ion Exchange, Resin 

Ion exchange works by ion-exchange reactions. It fast and selective removal, however it has high 

material cost and costly regeneration (Zongsu Wei, 2019). In a pilot test, ion exchange resin able 

to remove PFOS and PFOA to below 0.070 micrograms per liter (µg/L) combined (Steve 

Woodard, 2017). PFAS molecules comprises two distinct parts,  the fluorinated carbon chain witch 

is non-polar and the organic group which is negatively charged both for sulfonic acid and carboxylic 

acid (Steve Woodard, 2017). Resins used to separate PFAS from the aqueous matrix are positively 

charge.   The negatively charged organic group in the PFAS molecule will thus be electrostatically 

attracted to the positively charge sites on the resin.  

Adsorption, activated carbon  

Activated carbon is a typical adsorbent used to remove PFAS from contaminated water (Brian C. 

Crone, 2019). The large surface area of activated carbon is the reason why this adsorbent shows 

high adsorption capacities. Activated carbon can be produced from a number of different carbon 

source such as coconut shells, wood or bituminous coal for example (Nowicki, 2016). Activated 

carbon comprises positively charged sites that attract the mostly negatively charged PFAS functional 

groups. The difference between PAC and GAC is the size of carbon particles. GAC is roughly 0.9–

1.0 mm whereas PAC is roughly 0.1 mm (Qiang Yu, 2009).  

Membrane treatment 

Membranes can be categorized into two groups, low pressure and high pressure membranes (Brian 

C. Crone, 2019). The main difference between the two kind of membranes is the size of the matter 

that can be separated though the membrane. While low pressures membranes can separate at a 

colloidal/particulate size, high pressure membranes separate constituents at a molecular level.  Thus, 

low pressure membranes, such as cartridge, microfiltration, or ultrafiltration membranes, cannot by 

them self effectively remove PFAS unless it is used in combination with adsorbents that can be 

effectively removed by the membrane. High pressure membrane, Reverse osmosis and 

nanofiltration can directly reject dissolved constituents like PFAS (Brian C. Crone, 2019) . Reverse 

osmosis has smaller pores than nanofiltration membranes. As a consequence, all chain lengths PFAS 

molecules can be separated from aqueous solutions by reverse osmosis, either via size exclusion and 

charge. This process is however costly due to the high pressure needed. Nanofiltration membranes 

have less operation costs associated. However smaller chain PFAS will be able to diffuse through 

the membrane and therefore cannot be rejected via size exclusion. The separation by nanofiltration 

can be adjusted depending on the membrane material to achieve separation of shorted PFAS 

molecules via electrostatic repulsion, hydrophobicity, and/or dipole moments (Brian C. Crone, 

2019). 

Ozofractionation  

Ozone bubbles traps PFAS in the gas-fluid interfaces which creates a PFAS concentrated foam at 

the surface of the aqueous phase (Ian Ross, 2018). The ozone bubbles could also sequester other 

organic contaminates in the water. This foam can then be removed to fractionize out the PFAS 

from the water. The waste stream created that needs to be handle is typically 0.5-2% of inflow 

volume (Ian Ross, 2018). 
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Table 3. Summary of remediation methods available on the market. 

Method Pro  Con  

Soil 

Thermal destruction Destroys PFAS High energy demand 

 

Soil needs to be excavated and 

transported 

  

Soil washing Can be done on site   

 

Removes PFAS from site 

  

Requires excavation of soil 

 

Creates contaminated process water  

Stabilization Can be done on site  

 

Can be injected  

  

Future monitoring necessary 

 

Potential for future leaching of PFAS 

Excavation to landfill Removes PFAS from sight Soil needs to be excavated and 

transported 

 

Leachate at landfill needs to be treated  

Water 

Ion Exchange, Resin Can target function groups 

 

 

Relatively simple operation 

  

Once resin is used it becomes waste that 

needs treatment 

 

Not effective for neutral PFAS  

Adsorption, activated carbon Relatively simple operation 

 

Removes other contaminates as well 

  

Used active carbon becomes waste 

Membrane treatment Works well for both long and short 
PFAS 

 

Removes other contaminates as well 

  

Creates a concentrated waste 
 

 

Complex operation with higher cost 
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FUTURE TREATMENT METHODS 

Much of the research has focussed on optimizing current treatment methods, however, there is a 

vast amount of literature focussing on the developing of new treatment methods that are showing 

promising results although they are no necessarily applied on full-scale remediation actions.  In this 

subsection a number of destructive methods showing great potential will be briefly presented. 

Chemical oxidation  

photolysis  

Uses UV-light to decompose contaminants (Zongsu Wei, 2019). The energy associated to the UV-

light excites PFAS make it lose on shorter-chain PFAS. A degradation of 61% for PFOA was 

achieved over 2 hours by light at a wavelength of 185 nm. Another way of using UV to degrade 

PFAS is to use a catalyst that is attacked by the light and then forms free radical, which then degrade 

PFAS (Zongsu Wei, 2019).  

Radical-mediated oxidation  

The use of chemicals that generate radicals to oxidize organic pollutants is a common treatment to 

destruct toxic molecules from aqueous matrix (Zongsu Wei, 2019). The degradation of PFAS upon 

the use of this  same chemicals are nowadays under investigation. One of the most used chemical 

generating radicals in solution is persulfate although other radicals are also being studied, radicals 

such as hydroxyl, carbonate, nitrogen and periodate (Zongsu Wei, 2019). 

Persulfate has a redox potential of 2.01V and therefore it is a strong oxidant (Blossom Nwedo 

Nzeribe, 2019). It has a successful history of breaking down water contaminants either by direct 

electron transfer or in an activated form where both sulfate and hydroxyl radicals are formed.  A 

recent study has shown that heat-activated persulfate (Penguha Yin, 2016), where persulfate 

decomposes in a rapid manner to form sulfate radicals (see reaction 1), was able to decompose PFOA 

whereas no decomposition of PFOS was detected (Sedlak T. A., 2017; Saerom Park, 2016).  

𝑆2𝑂8
2− + 𝐻𝑒𝑎𝑡 → 2𝑆𝑂4

− ∗            (Reaction 1) 

 

In general, a higher degradation of PFOA was achieved at at higher doses of persulfate, high 

temperature or extreme pH conditions. Increasing persulfate dosage increased the effectiveness of 

the treatment to a point after which no further effect was observed (Saerom Park, 2016). The 

suggested reason for this behavior was the radical scavenger reactions at higher doses. Increase 

dosage increase defluorination ratio, mas dosage tested was 1:200 PFOA to persulfate (Penghua Yin, 

2016). In contrary, the initial concentration of PFOA – adding 40 times higher concentration of 

PFOA than the concentration of  persulfate - did not significantly affect PFOA oxidation rates 

(Saerom Park, 2016).The oxidation rate increased with increasing temperature as the generation of 

sulfate radicals in solution is accelerated (reaction 1).  The temperature ranged studied is in between 

20-60 degrees Celsius observing a significant increase in the oxidation ratios at temperatures above 

40 degrees Celsius (Saerom Park, 2016).  

However, at higher temperatures, 130 degrees Celsius, lower mineralization rates were observed 

due to radicals reacting with each other neutralizing their oxidation capacity towards the organic 
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contaminants (Yu-Chi Lee, 2009). Increased reaction time also result in increased defluorination 

ratio for PFOA when tested between 0 to 120 hours. (Penghua Yin, 2016).  

The degradation of PFOA by persulfate oxidation is greatly affected by pH (Penghua Yin, 2016). 

A significant increased degradation was observed when pH was under 3. This is most likely due to 

the different radicals that are predominant at different pH values. Under 3 pH SO4
-* is the 

predominant radical whereas SO4
-* and OH* are both predominant at circumneutral pH values 

(Penghua Yin, 2016). At pH above 12, OH* is the predominating radical, but O2- can also exist. 

Above pH 12 sulfate radical rapidly converted into OH*, see reaction 2 (Sedlak E. F., 2012)  

Concluding, the radical OH* is suggested not to be capable of breaking down PFOA and that it is 

the radical SO4
-* that does it.  

𝑆𝑂4
− ∗ +𝑂𝐻− → 𝑆𝑂4

2− + 𝑂𝐻 ∗          (Reaction 2) 

The presence of organic matter in the contaminated water decreased the degradation of PFOA by 

persulfate, as the oxidation of the organic matter consume part of the radicals generated by the 

chemical. The same effect was observed in the presence of mineral surfaces in a soil slurry. (Saerom 

Park, 2016).  

Another group of chemicals that is often used to oxidize organic contaminants through the 

formation of radicals are the so-called Fenton reactants. Fenton reactants consist on hydrogen 

peroxide as reactive from which radicals are formed using iron, either Fe(II) or Fe(III), as catalyst 

(Richard J. Watts, 2005).  

Hydrogen peroxide is catalyzed to produce following radicals:  

• Hydroxyl radical  𝑂𝐻 ∙ 

• Perhydroxyl radicals   𝐻𝑂2 ∙  

• Superoxide radical anion    𝑂2 ∙− 

(Richard J. Watts, 2005). Hydrogen peroxide is catalysed by Iron in the CHP (catalyzed hydrogen 

peroxide) system 

𝐻2𝑂2 + 𝐹𝑒2+ → 𝑂𝐻 ∙ +𝑂𝐻− + 𝐹𝑒3+   𝑘 = 76 𝑀−1𝑠−1        (Reaction 3) 

𝑂𝐻 ∙ +𝐻2𝑂2 → 𝐻𝑂2 ∙ +𝐻2𝑂  𝑘 = 2.7 ∗ 107  𝑀−1𝑠−1         (Reaction 4) 

𝐻𝑂2 ∙↔ 𝑂2 ∙−+ 𝐻+     𝑝𝐾=4.8       (Reaction 5) 

R∙ +𝐻2𝑂2 → 𝑅𝑂𝐻 + 𝑂𝐻 ∙       𝑘 = 106 − 108   𝑀−1𝑠−1          (Reaction 6) 

𝐻𝑂2 ∙ +𝐹𝑒2+ → 𝐻𝑂2
− + 𝐹𝑒3+      𝑘 = 1.2 ∗ 106    𝑀−1𝑠−1         (Reaction 7) 

 

The use of CHP to degrade PFOA was successfully applied in lab scale, achieving degradation levels 

of about 85 % within 150 min, 1 M H2O2 ,0.5 mM Fe(III) (Shannon M. Mitchell, 2013) (Celyna 

K.o. Da Silva-Rackov, 2015). With the help of scavengers, it was investigating which of the radicals 

produced by CHP were able to degrade PFOA (Shannon M. Mitchell, 2013). Superoxide and 
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hyper peroxide could individually degrade PFOA by them self. However, the best results were 

obtained when no scavengers were used suggesting that the presence of all hydroxyl radical had a 

synergetic effect. Based on mas balance calculation of fluoride and the lack of detectable degradation 

products suggested a full mineralization of PFOA. In order to maintain iron ions solubility, low pH 

is required, i.e. pH of 3-4. If amorphous iron oxide flocs would precipitate upon an increase in pH 

the generation of radicals would decrease (Richard J. Watts, 2005).  Moreover, reaction 3 proceeds 

more rapidly at low pH due to it being redox sensitive (Richard J. Watts, 2005). When using high 

concentrations of hydrogen peroxide, iron(III) is a most effective catalyst than the classic Fenton 

reaction catalyst, iron (II). To avoid this inconveniences derived from the use of soluble iron, other 

catalysts have been proposed. The use of iron chelates can be successful under circumneutral pH. 

However, oxygen species produced by the CHP can degrade the chelate complexes. Another 

alternative is using iron oxides. Proposes hydrogen peroxide to Fe ratio at 40:1 (Celyna K.o. Da 

Silva-Rackov, 2015). 

Over a period of 150 min, there is a rapid reduction in PFOA over time which tends to plane out 

at 30 min when using 1 M hydrogen peroxide, pH 3.5, 100 ug/l PFOA and 20 degrees temperature. 

(Shannon M. Mitchell, 2013). Generally, when using CHP the decomposition will accelerate with 

higher temperature (Simpkin, 2011).  

As the concentration of hydrogen peroxide increases, the treatment becomes more effective 

(Shannon M. Mitchell, 2013) (Celyna K.o. Da Silva-Rackov, 2015), however, at a certain 

concentration 0.4 M/L there is not any clear observed increased degradation (Celyna K.o. Da Silva-

Rackov, 2015). This is due to radicals self-reacting with each other (Celyna K.o. Da Silva-Rackov, 

2015). 

Electrochemical oxidation  

Electrochemical oxidation uses electrodes to degrade the contaminant (Blossom Nwedo Nzeribe, 

2019; Junfeng Niu, 2016). The degradation could take place at the electrode directly through an 

anodic oxidation or though indirect anodic oxidation where oxidation agents are formed at the 

electrode and subsequently degrade the contaminant in the solution.  Boron dope diamond 

electrode is the most promising electrode due to mechanical, chemical and thermal stability and has 

been getting the most attention.  

The main parameters that affect the electrochemical oxidation of perfluorinated compounds in 

water are potential, current density, distance between electrodes and initial PFAS concentration 

(Charles E. Schaefer, 2017; Junfeng Niu, 2016; Kimberly E. Carter, 2008; Qiongfang Zhuo, 2012; 

A. M. Trautmann, 2015).  

Reductive methods 

Just like oxidation methods reductive methods break down PFAS through direct electron transfer 

or generation of reactive free radicals (Blossom Nwedo Nzeribe, 2019).  

Zerovalent iron  

Zerovalent iron is a strong reducing agent where the reduction takes place through surface mediated 

electron transfer (Blossom Nwedo Nzeribe, 2019). Zerovalent iron can also be used as an adsorbent. 

Low temperature, acidic pH and increased zerovalent iron concentration have been found beneficial 
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when degrading PFOA. The method is still tested at lab scale stage (Interstate Technology and 

Regulatory Council, 2018). 

Advance reduction processes  

These methods combines a reducing agents and an activation methods (Blossom Nwedo Nzeribe, 

2019). Common activation methods are ultraviolet, ultrasound and reducing methods includes 

ferrous iron, sulphide sulphite iodide and dithionite. The reductants are activated to create radicals 

which subsequently degrade PFAS.  

Plasma technology  

Plasma creates a wide range of reactive species (Blossom Nwedo Nzeribe, 2019). Works through a 

combination of oxidation, reduction and pyrolysis (Blossom Nwedo Nzeribe, 2019). The C-C or 

C-S bonds of PFAS are cleaved with an electron transfer creating a radical that reacts with water, 

resulting in a shorter chained PFAS. This treatment method is still in lab scale development 

(Interstate Technology and Regulatory Council, 2018).  

Sonolysis  

Sonolysis is the use of ultrasound to form microbubbles in a solution (Ian Ross, 2018) (Blossom 

Nwedo Nzeribe, 2019).  In order to treat PFAS contamination in water in a laboratory scale 

frequencies between 20 kilohertz (kHz) to 1,100 kHz have been used. These microbubbles will 

during compression cycles collapse releasing a significant heat energy - it is suggested in the literature 

to achieve 5000 kelvin (Blossom Nwedo Nzeribe, 2019). The decomposition of PFAS takes place 

at the surface area of the microbubbles, in the form of thermal decomposition. On a lab scale 

sonolysis appears to be able to decompose PFAS both long and short chained. Higher frequency 

ultrasound appears to be more effective in destruction of PFAS. In order to scale up this technique, 

further research onto rector design to avoided dead zones, as well as optimization of 

physicochemical factors, such as pH, temperature, pressure and sound field distribution, must be 

performed (Blossom Nwedo Nzeribe, 2019). 

SCOPE OF THE STUDY 
In this study, the effectiveness of different factors on PFAS degradation, using hydrogen peroxide 

and persulfate are evaluated. Factors to be investigated were temperature, dose of reactant, time and 

concentration of PFAS 

 

EXPERIMENT AND METHODS 
PRE-TRAILS WITH HYDROGEN PEROXIDE 

Before the full factorial design, a pretrial was performed to establish proofs of concept. Five samples 

at two different temperatures and two different PFOA concentrations were tested together with a 

blank. The pretrial achieved degradation levels which could be expected from the literature.  

EXPERIMENTAL DESIGN 

Factorial design experiments aim to understand which effect different factors have on a specific 

outcome from an experiment. In particular the effect that four factors - temperature, reactant 

dosage, initial concentration of PFAS molecules and time - had on the degradation ratio of PFOA, 
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PFOS and PFBA was studied in this thesis.  To achieve this, different levels were chosen for each 

factor. Then every possible combination of the levels were tested. The results were assessed statically 

using the software MODDE.  

Using factorial design is the most effective way of explaining a complex system depending on several 

factors minimizing the number of experiments required.  

EXPERIMENTAL SETUP 

A stock solution containing 0.001 g/l of PFOA, 0.001 g/l of PFOS and 0.001 g/l of PFBA was 

used to prepare the spiked samples. Varied volumes of the stock solution, ranging from 2 to 10 ml 

were added to 150 ml deionized water in order to obtain the different desired concentrations for 

each sample. Hydrogen peroxide (30%) was added using Fe(III) (iron nitrate) as catalyst keeping an 

Fe/H2O2 molar ratio of 0.002, i.e 0.5 M H2O2 and 1 mM Fe(III) or 1.5 M H2O2 and 3 mM Fe(III). 

For all oxidation experiments, the time was started when the reactant, either persulfate or hydrogen 

peroxide, was added to the PFAS solution. Afterwards, for those experiments with persulfate, pH 

values were adjusted to 3.5 using 0.1 M H2SO4. For hydrogen peroxide samples, however, pH was 

not adjusted to avoid iron precipitation. The pH of the samples was around 3-3.5. Then the samples 

where place in a water bath at control temperature, either 20 ºC, 50 ºC or 85 ºC with a lid on to 

avoid concentration of the samples through evaporation. Each sample was place in a glass bottle 

sealed with a rubber cap. A needle was inserted though the cap to maintain atmospheric pressure in 

the reaction vessel. Samples were collected after 3 h or 24 h reaction time. In the samples with 

hydrogen peroxide, meta sulfate was added after the reaction time, at a ratio of 1:2.79, in order to 

stop any further oxidation. When persulfate was the reactant, a quick quench was used to stop the 

oxidation reaction.  

Six center points were also evaluated, i.e triplicates of center points for persulfate and triplicates of 

center points for hydrogen peroxide, see table 4. In total 60 samples were tested with a total of 54 

different combination of factors, table 5. See appendix A for full experiment setup. 

Table 4. Values for center points. 

Factor Levels 

Temperature 52.5 

H2O2 1 M 
Persulfate 200 mM 

PFOS, PFOA and PFBA  50 ug/l 

 

Table 5. Values chosen for each factor. 

Factor Levels 

Temperature 20, 50 and 85 
H2O2 0.5 M and 1.5M 

Persulfate 4 mM and 400mM 

PFOS, PFOA and PFBA  1 ug/l and 100 ug/L 
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The outcome for each experiment was the percentage of degradation for each individual PFAS 

molecule, PFOA, PFBA, PFOS. The percentage of degradation was calculated following equation 

2, being C0 the concentration of the sample before treatment and 𝐶 the concentration of a sample 

after the treatment. Upon lack of degradation and due to analytical errors, some of the samples 

showed slightly higher concentrations after treatment than before treatment which leads to a 

negative degradation. Since negative degradation was assumed not to take place, the degradation 

percentage of those samples were considered to be 0. 

𝐷𝑒𝑔𝑟𝑎𝑑𝑡𝑖𝑜𝑛 =
𝐶0−𝐶

𝐶0
    (Equation 2)  

ANALYSIS 

PFAS 11 was analyzed for all samples by a commercial laboratory, Eurofins. 
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RESULT AND DISCUSSION 
 

ACCURACY OF TEST- CENTER POINTS 

 

The accuracy of the experiments was evaluated through calculating the standard deviation of the 

triplicates at the center points, for Persulfate and Hydrogen Peroxide. The standard deviation is also 

displayed in table 6. PFBA had a low standard deviation for both hydrogen peroxide and persulfate, 

indicating high accuracy of the test. PFOA and PFOS both had a standard deviation in percent 

between 13-19% for hydrogen peroxide and persulfate, which is an acceptable level.  

Due to one outlier, PFOA degradation by persulfate showed a high standard deviation, 59%. 

However, when the outlier was removed the standard deviation for PFOA degradation was more 

reasonable, 16%. 

Table 6. Result of counterpoints for Hydrogen Peroxide and Persulfate. 

Molecule PFBA PFOA PFOS 

Hydrogen Peroxide 

Mean 4033.3 73000 32000 

S.D. 57.7 13892.4 5000 

S.D % 1% 19% 16% 

Persulfate 

Mean 4600 7000 41000 

S.D. 264.6 3555.3 5291.5 

S.D % 6% 16%  13% 

 

BLANK 

In table 7 the blank values are presented. Sample 55A, 56A and 57A are for low PFAS 

concentrations and 58A, 59A and 60A are high PFAS concentrations. An average initial 

concentration was calculated that was later used to calculate the degradation of PFAS, equation 2.  
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Table 7. Result of blank test, where no reactants were added. 

Molecule Sample 55A 56A 57A 58A 59A 60A Average low Average high 

PFBA ng/l 71 73 64 8200 8100 7700 69.3 8000 

PFPeA ng/l <10 11 <10 <10 <10 <10 11 <10 

PFHxA ng/l <10 <10 <10 110 110 93 <10 104.3 

PFHpA ng/l <10 <10 <10 64 54 50 <10 56 

PFOA  ng/l 1500 1300 1500 150000 160000 150000 1433.3 153333.3 

PFNA ng/l <10 <10 <10 <10 <10 <10 <10 <10 

PFDA ng/l <10 <10 <10 <10 <10 <10 <10 <10 

PFBS ng/l <10 <10 <10 38 36 41 <10 38.3 

PFHxS ng/l <10 <10 <10 73 70 61 <10 68 

PFOS ng/l 840 770 730 91000 84000 81000 780 85333.3 

6:2 FTS ng/l <10 <10 <10 <10 <10 <10 <10 <10 

Sum of PFAS SLV 11 ng/l 2400 2200 2300 250000 250000 240000 2300 246666.7 
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HYDROGEN PEROXIDE 

An overview of the degradation of PFAS for the different experiments, when hydrogen peroxide 

was used as a reactant, is shown in figure 3 below. Sample 39A was removed since it was an outlier. 

Sample 6A, with levels 20º C, 1.5 M H2O2, 24 hours and low PFAS, showed the highest 

degradation, i.e. 70% PFOS and 42% PFOA.  

 

Figure 3: Overview of samples using hydrogen peroxide as reagent. Circle shows degradation of PFOS, triangles PFOA and squares 
PFBA. 

To really understand which factors have a significant effect on the degradation of the three PFAS 

molecules, the software Modde was used. A model was create where each factor gets a coefficient. 

The bigger the coefficient the bigger the effect the factor had. See figure 4 and table 8 for the 

abbreviations. 

Table 8: Abbreviations in Figure 4. 

Abbreviation Factor 

Temp Temperature 
MH2 M Hydrogen Peroxide 

Tim Time 

CPF Concentration PFAS 

 

If the error bars don’t cross the zero for the y-axis the factors have a significant effect. 
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Figure 4: Regression coefficients for factors affecting degradation, using hydrogen peroxide as reactant. 

For PFBA and PFOA no factor had a significant effect on their degradation by hydrogen peroxide 

in the range in which the factors were studied. 

A significant factor, temperature, was found to be significant for PFOS degradation. The coefficient 

was negative indicating that the best conditions for this factor was found at the lowest temperature 

tested in our experiments, 20º C. This can be observed in figure 5 where 20 degrees achieved the 

best degradation. PFOA degradation consistently seemed to be also higher at lower temperatures 

(20º C) for high concentrations of PFAS, see Figure 6.  However, this factor did not show a 

significant effect in our statistical analysis, Figure 4. The reason for a lack of statistical significance 

may have been the low degradation percentage showed at higher temperatures, i.e. 50º C and 85º 

C.  No previous studies investigating the  effect of temperature were found,  but the studies  in the 

literature investigated  the degradation at 20 ºC (Richard J. Watts, 2005) (Shannon M. Mitchell, 

2013). 

 

Figure 5: PFOS degradation over temperature in Celsius, A is Low PFAS and B is High PFAS. Triangle: 0.5 M HP 3 hours, Square: 
1.5 M HP 3 hours, Diamond: 1.5 M HP 24 hours and cross: 0.5 M HP 24 hours. 
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Figure 6: PFOA degradation over temperature in Celsius, High PFAS. Circle 0.5 M HP 3 hours, Diamond 1.5 M HP 3 hours, 
Square: 0.5 M HP 24 hours and Triangle 1.5 M HP 24 hours. 

Comparing the results of this experiment with previous findings presented in the literature the 

outcome from the present work is somewhat unexpected. Firstly, the degradation of PFOS using 

Fenton reagents is barely reported in the literature, however sufficiently high degradation of PFOS 

was found in our tests.  It was also surprising to find that the degradation of PFAS molecules was 

lower as the temperature decreased. An explanation could be that the concentration of radicals in 

solution was higher at higher temperatures due to a faster reaction of the fenton reagents (Simpkin, 

2011). When the concentration of radicals increase, the radicals can react to each other instead of 

with the PFAS molecule decreasing the effectiveness of the oxidation of the contaminant (Celyna 

K.o. Da Silva-Rackov, 2015).  

 

PERSULFATE 

An overview of samples using Persulfate can be observed in figure 7. Sample that achieve the best 

degradation was sample 48A with persulfate, 57% PFOS, 99% PFOA and 99% PFBA. The levels 

for sample 48 were 85 ºC, 400 mM persulfate, 24 hours and High PFAS. Levels for all samples can 

be seen in appendix A. 
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Figure 7: Overview of degradation using Persulfate on samples. circle illustrating PFOS, square PFBA and triangle PFOA. 

To really understand which factors have a significant effect on the degradation of the three PFAS 

molecules analytic software Modde was used. Through regression analytics a model was create 

where each factor gets a coefficient. The bigger the coefficient the bigger effect the factor had. 

Figure 8 shows results for the statistical analysis, the abbreviations of the factors can is explained in 

the table 4.  

Table 9: Abbreviations for Figure 8. 

Factor Abbreviation 

Temperature(C°) Temp 

Concentration Persulfate (M) Rea 

Time (h) Tim 
Concentration PFAS CPF 

Effect of Concentration Persulfate (M) Rea*Rea 
Effect of Temperature(C°) on Concentration Persulfate (M) Temp*Rea 
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Figure 8: Regression coefficients  for factors affecting degradation, using hydrogen peroxide as reactant. 

 

Each of the molecules PFBA, PFOA and PFOS showed several significant factors affecting their 

degradation. Significant factors for PFBA were Temperature, Concentration of Persulfate (M), 

Concentration PFAS, Effect of Concentration Persulfate (M) and Effect of Temperature(C°) on 

Concentration Persulfate (M). For PFOA significant factors were Temperature, Concentration 

Persulfate (M), Effect of Concentration Persulfate (M) and Effect of Temperature(C°) on 

Concentration Persulfate (M). Finally, for PFOS the significant factors were Temperature, 

Concentration Persulfate (M), Concentration PFAS, and Effect of Temperature(C°) on 

Concentration Persulfate (M). 

Temperature 

Temperature showed to have a big effect on the degradation of PFOS, PFOA and PFBA. With the 

best result being achieved at higher temperature, 85º C. When high temperature was in 

combination with high concentrations of persulfate, near complete degradation could also be 

achieved at 50º C for PFOA. 

The combination of factors, temperature and persulfate dose showed a significant positive effect for 

the degradation of PFBA and PFOS, Figure 8.This is clearly illustrated in figure 9 when comparing 

figure A and B where the combination of high temperatre and high persulfate dose gives the higher 

degradation. 
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Figure 9: Degradation of PFBA over temperature. Figure left 4 mM persulfate and figure right 400 mM persulfate. Dimond: Low 
PFAS 3h, Circle: High PFAS 3h, Square: 24 h Low PFAS, Triangle: 24 h High PFAS. 

 

Figure 10: Degradation of PFOA over temperature. Figure left 4 mM persulfate and figure right 400 mM persulfate. Dimond: Low 
PFAS 3h, Circle: High PFAS 3h, Square: 24 h Low PFAS, Triangle: 24 h High PFAS. 
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Figure 11: Degradation of PFOS over temperature. Figure left 4 mM persulfate and figure right 400 mM persulfate. Dimond: Low 
PFAS 3h, Circle: High PFAS 3h, Square: 24 h Low PFAS, Triangle: 24 h High PFAS. 

Concentration of Persulfate 

With the experiments performed with higher concentration of persulfate showed consistently 

higher degradation levels for the three PFAS molecules, PFOS, PFOA and PFBA. Samples at 20º 

C where removed from the figure since the extent of degradation was always negligible 

independently of the dose of persulfate as well as of the time.  

 

 

Figure 12: PFBA degradation over mM Persulfate. With 20 degrees removed due to little degradation accruing 
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Figure 13: PFOA degradation over mM Persulfate. With 20 degrees removed due to little degradation accruing 

 

Figure 14: PFOS degradation over mM Persulfate. With 20 degrees removed due to little degradation accruing. 

 

Time 

In the frame of our study, time did not show a significant effect on the degradation of the PFAS 

compounds. However, a deeper analysis of the data allow us to see local correlations between time 

and degradation. In the plot of degradation of high concentrations of PFBA (Figure 9, right), PFOA 

(Figure 10, right) and PFOS (Figure 11, right) as a function of temperature, it is obvious that the 

degradation of all times at 20º C is nearly zero independently on time since at this conditions the 

degradation of PFAS has not even started.  On the opposite range, the degradation of PFBA and 

PFOA is nearly 100% at 85º C since at this temperature the degradation is faster than 3 hours. 

Because of the effect of temperature time did not show a significant statistical importance. However, 

when analyzing the data at 50º C, the degradation percentage polarizes as function of time, obtaining 

a significantly higher degradation percentage of PFAS molecules, especially PFBA and PFOA, at 

longer reaction times. 
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For samples with high concentrations of persulfate and at 50 degrees a clear trend can be seen for 

PFOA figure (16) and PFBA figure (15).  

  

Figure 15: PFBA, degradation overt time 

 

Figure 16: PFOA, degradation over time 

 

Effect of persulfate on persulfate 

The effectiveness decreases with the more that is added. There reaches a point where adding more 

persulfate does not increase degradation. 
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CONCLUSION 
The study is successful in finding significant factors effecting degradation of Per- and Polyfluoroalkyl 

Substances using Persulfate or Hydrogen peroxide.  

Significant factors for degradation with Persulfate were Temperature, Concentration Persulfate (M), 

Concentration PFAS, Effect of Concentration Persulfate (M) and Effect of Temperature(C°) on 

Concentration Persulfate (M). Persulfate able to degrade PFBA, PFOS and PFOA obtaining high 

degradation degree. This method is promising specially in combination with other techniques such 

as degradation by UV light.  

Significant factors for degradation with Hydrogen peroxide were Temperature. Hydrogen peroxide 

also achieved degradation of PFOS and PFOA but not able to degrade PFBA.  

Optimal conditions are needed to be investigated to obtain successful treatment methods. This 

method is promising specially in combination with other techniques such as degradation by UV 

light. 
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APPENDIX A 
Levels for all of the test. 

test# Temperature Reactant Time C PFAS 

1A 20 0.5 M H2O2 3 h 1 ug/L 

2 20 0.5 M H2O2 3 h 100 ug/L 

3 20 0.5 M H2O2 24 h 1 ug/L 

4 20 0.5 M H2O2 24 h 100 ug/L 

5 20 1.5 M H2O2 3 h 1 ug/L 

6 20 1.5 M H2O2 3 h 100 ug/L 

7 20 1.5 M H2O2 24 h 1 ug/L 

8 20 1.5 M H2O2 24 h 100 ug/L 

9 20 4mM S2O8 3 h 1 ug/L 

10 20 4mM S2O8 3 h 100 ug/L 

11 20 4mM S2O8 24 h 1 ug/L 

12 20 4mM S2O8 24 h 100 ug/L 

13 20 400mM S2O4 3 h 1 ug/L 

14 20 400mM S2O4 3 h 100 ug/L 

15 20 400mM S2O4 24 h 1 ug/L 

16 20 400mM S2O4 24 h 100 ug/L 

17 50 0.5 M H2O2 3 h 1 ug/L 

18 50 0.5 M H2O2 3 h 100 ug/L 

19 50 0.5 M H2O2 24 h 1 ug/L 

20 50 0.5 M H2O2 24 h 100 ug/L 

21 50 1.5 M H2O2 3 h 1 ug/L 

22 50 1.5 M H2O2 3 h 100 ug/L 

23 50 1.5 M H2O2 24 h 1 ug/L 

24 50 1.5 M H2O2 24 h 100 ug/L 

25 50 4mM S2O8 3 h 1 ug/L 

26 50 4mM S2O8 3 h 100 ug/L 

27 50 4mM S2O8 24 h 1 ug/L 

28 50 4mM S2O8 24 h 100 ug/L 

29 50 400mM S2O4 3 h 1 ug/L 

30 50 400mM S2O4 3 h 100 ug/L 

31 50 400mM S2O4 24 h 1 ug/L 

32 50 400mM S2O4 24 h 100 ug/L 

33 85 0.5 M H2O2 3 h 1 ug/L 

34 85 0.5 M H2O2 3 h 100 ug/L 

35 85 0.5 M H2O2 24 h 1 ug/L 

36 85 0.5 M H2O2 24 h 100 ug/L 

37 85 1.5 M H2O2 3 h 1 ug/L 



II 

 

38 85 1.5 M H2O2 3 h 100 ug/L 

39 85 1.5 M H2O2 24 h 1 ug/L 

40 85 1.5 M H2O2 24 h 100 ug/L 

41 85 4mM S2O8 3 h 1 ug/L 

42 85 4mM S2O8 3 h 100 ug/L 

43 85 4mM S2O8 24 h 1 ug/L 

44 85 4mM S2O8 24 h 100 ug/L 

45 85 400mM S2O4 3 h 1 ug/L 

46 85 400mM S2O4 3 h 100 ug/L 

47 85 400mM S2O4 24 h 1 ug/L 

48 85 400mM S2O4 24 h 100 ug/L 

49 52.5 1 M H2O2 13.5 h 50 ug/L 

50 52.5 1 M H2O2 13.5 h 50 ug/L 

51 52.5 1 M H2O2 13.5 h 50 ug/L 

52 52.5 202 mM S2O8 13.5 h 50 ug/L 

53 52.5 202 mM S2O8 13.5 h 50 ug/L 

54 52.5 202 mM S2O8 13.5 h 50 ug/L 

55 20 0 24 h 1 ug/L 

56 50 0 24 h 1 ug/L 

57 85 0 24 h 1 ug/L 

58 20 0 24 h 100 ug/L 

59 50 0 24 h 100 ug/L 

60 85 0 24 h 100 ug/L 

 


