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Per- and polyfluoroalkyl substances (PFASs) are a family of highly toxic emerging contaminants that have caught
the attention of both the public and private sectors due to their adverse health impacts on society. The widely
adopted separation technologies can remove PFASs from being in contact with humans; however, they remain in
the environment and continue to pose health risks. On the other hand, the destructive technologies can effectively
destroy PFAS compounds and fully address society’s urgent need to remediate this harmful family of chemical

compounds.

per- and polyfluoroalkyl substances destruction technologies separation technologies

| 1. Introduction

Per- and polyfluoroalkyl substances (PFASs) have been designated as emerging contaminants of concern since
the early 2000s WI2BI4 PFAS compounds have been detected in surface and groundwater at more than 2000
locations in the US, with the highest concentrations at former Department of Defense (DOD) fire-training facilities 2
[BIBIGIT, pFASS comprise a diverse group of synthetic chemicals used for over 90 years &, It is a complex group of
chemicals, which consists of compounds with carbon-fluorine solid bonds (C-F) and is the shortest and strongest
known covalent bond in nature and is responsible for the thermal and chemical stability of PFASs [EIIZALLA2I3] |y
conjunction with their ability to act as surfactants, these properties make PFASs ideal for a wide range of industrial

and commercial applications .

Due to the low surface tension and wetting properties of PFAS, they are used in paint additives, non-stick
cookware, and firefighting foams R4S ynfortunately, these same properties also rendered PFASs bio-
accumulative, toxic to both the environment and human health, and ubiquitous in the environment L8117
Perfluorooctane sulfonic acid (PFOS) and perfluorooctanoic acid (PFOA) have been the most extensively
manufactured and hence most frequently detected PFASs in the environment L8I[191[20]211[22](231[24] Fjgure 1 shows
the chemical structure, the three-dimensional view, the tail group (C-F bonds), and the head groups of the
carboxylates and sulfonics of these two molecules, PFOA and PFOS. Significant sources of PFAS released to the
environment include fire training/fire response sites, industrial sites, landfills, and wastewater treatment

plants/biosolids 22!,
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Figure 1. PFOA and PFOS chemical structures.

The most widely used non-polymer PFASs are perfluorooctanoic acid (PFOA), perfluorooctanoic sulfonic acid
(PFOS), and perfluorohexane sulfonic acid (PFHxS) [28l27 For the past five decades, mixtures of PFAS were
added as film-formers and foam stabilizers in aqueous film-forming foams (AFFFs) and film-forming fluoroproteins
(FFFPs). They have been used as fuel repellents to extinguish flammable aircraft fuel fires in the aeronautics
industry [281291301: however, PFAA precursors found in AFFF are also converted over time into PFASs and have
lasted for decades in the environment 12131 PFASs have been detected in the local streams, soil, plants, and
animal tissues throughout these sites. The presence of PFAS food packaging has been cited as an important
pathway for human exposure other than direct consumption of PFAS-contaminated water. Studies in humans have
discovered that PFASs can lead to cancer, problems in kidney function, metabolic disruption, and many other

health issues.

The release of PFASs into the environment has become a growing concern of national and regional regulatory
agencies due to the resistance of PFASs to natural degradation and their persistence in animals, humans, and the
environment [Z4B283] " For this reason, use restrictions and other regulations for PFASs have been implemented
around the world. The United States Environmental Protection Agency (USEPA) has developed advisory limits on
PFASs in drinking water since 2009. The most recent guideline implemented in June 2022 has advisory limits of
0.004 parts per trillion (ppt) of PFOA, 0.02 ppt of PFOS, 10 ppt of GenX chemicals, and 2000 ppt of PFBS. In May
2022, the USEPA added five more PFAS compounds for site cleanups (perfluoronanoic acid (PFNA), PFHXS,
perfluorononanoate, perfluorooctanoate, and perfluorohexanesulfonate) based on risk-based values for regional

screening levels (RSLs).

https://encyclopedia.pub/entry/39825 2/20



Per- and Polyfluoroalkyl Substances (PFASs) Destruction Technologies | Encyclopedia.pub

Conventional water and wastewater treatment facilities are not capable of removing PFASs 12, The PFAS effluent
concentrations can be significantly higher when compared to influent levels due to PFAS-like precursor compounds

breaking down within such treatment systems [BQ[34I[35]361[37][38[39[40)[41]  Therefore, numerous studies have

developed technologies to capture these pollutants in drinking water sources. These technologies include ion
exchange resin (IXR), granular activated carbon (GAC), nanofiltration (NF), and reverse osmosis (RO). Even
though removal technologies have been proven effective in PFAS separation or adsorption, they do not eliminate

or destroy PFASs. These are only interim actions involving the physical mass transfer (sequestration) of PFASSs.

Separation technologies such as IXR and GAC can momentarily remove the PFAS from a specific medium;
however, they remain in the environment and continues to cause health risks. GAC and IXR are currently the most
common or widely accepted treatment options for PFAS removal from groundwater and drinking water. The IXR
systems are more expensive than GAC, but IXR applications are gaining popularity over GAC due to the higher
adsorption capacities of IXR, as well as shorter contact times and smaller equipment footprints. More importantly,
IXR can be regenerated on-site to a nearly virgin capacity and hence can be used repeatedly, whereas the on-site
regeneration of GAC is not feasible. The brine solution or fractions (still bottom-SB) resulting from IXR regeneration
contains high concentrations of PFASs (typically in ranges of ppm), salt, and residual organic compounds.
Worldwide, the high concentrations of PFASs generated from IXR technology are currently stored in secure sites
until suitable destruction technology is identified. Hence the purpose of this publication is to facilitate the discussion
on the selection of the best available destruction technology for the high concentrations of PFASs generated from

IXR technology for the complete destruction of PFAS compounds.

Even though destructive technologies are still in the development stage, they have shown great promise to destroy
PFAS compounds and provide a solution to effectively address society’s urgent need to remediate this harmful
family of chemical compounds. Some of the technologies presented here are still under development at the lab

scale, while others have already been tested in the field.

The following technologies are discussed herein:

» Electrochemical oxidation;

e Plasma;

» Photocatalysis;

e Sonolysis;

» Supercritical water oxidation;

» Thermal degradation/incineration.

Please note that despite extensive published experimental and numerical research on the degradation or
mineralization of PFASSs, there are still major gaps in the experimental data, which makes it challenging to perform
a complete evaluation of the efficiency of those technologies. There are several unanswered questions to obtain a

clear picture to allow the technology to be optimized.
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There is an urgent societal need to investigate cost-effective and safe PFAS mineralization technologies with
minimal adverse environmental impacts. Hence this topic is extremely relevant as it will help the user to understand
the mechanics of PFAS destruction technologies at the development stage and will allow optimization of those to
have a cleaner environment free of PFAS contaminants.

| 2. Electrochemical Oxidation

The electrochemical oxidation (EO) method oxidizes and reduces organic pollutants by applying an electrical
current through a conductive solution between an anode and a cathode. The contaminants are either adsorbed and
degraded at the electrode or in the liquid medium 2242l The EO method has been shown to break PFASs into
environmentally benign products through direct and indirect reactions. The direct oxidation results from electron
transfer from the PFAS compound to the anode. At the same time, indirect mechanisms involve the creation of
powerful oxidants known as radicals electrochemically 4344]45] A series of reactions separate intermediate
products from the parent compound and are subsequently defluorinated 48147148 The treatment of long-chain
PFAS has demonstrated removals as high as >99%. On the other hand, short-chain PFASs are generally more
challenging for the EO method to degrade B9, and it can even increase the PFAS concentration after treatment
due to the conversion of precursors 444950 The EQ mechanism used for PFAS destruction can be observed in

Figure 2.
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Figure 2. Mechanism of Electrochemical Oxidation.

The time of treatment of PFAS via EO depends on a wide range of variables such as electrode characteristics and

surface area, initial PFAS concentration (presence of co-contaminants), efficiency target, and voltage. Recent
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studies have identified the use of reactive EO membranes can significantly expedite the reaction time B,
Currently, most of the experiments are performed in laboratory-generated waste streams 42, The real-world PFAS
waste will likely need an extended treatment time or reduced performance and a decrease in the electrode lifetimes
(521 The reader is referred to Veciana %, who compares recently published PFAS treatment with EO using real

contaminated samples.

According to an evaluation in the literature B9, the kinetics rates of PFAS EO degradation were optimized by
increasing the applied electrical current densities in the range of 20-350 A/m2. Evaluation of current density
efficiency showed that 50 mA/cm? produced better efficiency on PFAS degradation when compared to 10 and 20
mA/cm?, presenting removal of PFBA > 95% and perfluoroalkyl acid (PFAAs) 99% within 8 h of treatment of
synthetic PFAS samples 49, The treatment time and energy consumption can be significantly reduced when
working with high concentrated PFAS streams. One method for increasing the concentration would be to use a
coupled system containing the EO electrodes and a separation technique such as ion exchange IXR, nanofiltration
(NF), or membrane filtration. These treatment trains have been proven to be extremely effective and, indeed, can
potentially decrease energy consumption by more than 50% BAB253154] Specialized electrodes with tracer metals

acting as catalysts have shown superior performance.

| 3. Plasma

A plasma is an electrically charged gas created when adding energy which induces ionization of the gas molecules
(27 1n plasma-based water treatment, highly reactive oxidative and reductive species are formed in response to the
electrical discharge formed between two electrodes in the vicinity of liquid water BEEI57] The electrical discharge
and its liquid interaction are shown in Figure 3, which conveys the mechanism behind the plasma technology.
Additionally, temperature increases in the proximity of the discharge, the generation of shockwaves, and UV light
emission occurs inside the reactor. Non-thermal plasma (NTP) is preferable for treating water contaminated with
PFASs because NTP consumes a low level of energy at atmospheric pressure in air or with supporting gasses (He,

Ne, Ar, O, and N,) B8 showing higher excitation selectivity and energy efficiency than that for thermal plasma 15
159,
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Plasma Discharge

Figure 3. Non-thermal plasma approach for PFAS mineralization.

The NTP can be generated via diverse methods, including spark discharge, corona discharge, glow discharge,
dielectric barrier discharge, and gliding arc discharge. The electrons are energized, and their temperature will be
much greater than the gases in the environment. Consequently, the electrons will constantly collide with the gas’s
atoms, generating electrons, radicals, ions, and photons 359 The PFAS molecules are adsorbed onto the
interface of the water bubbles, where the positively charged or negatively charged section of the PFAS collides with
the ions with the highest energy in the plasma state [12l63611 Sjnce the plasma discharge is a complete process,
no additional chemicals are required to perform the treatment 2], Argon bubbling has been reported to be the best-
performing plasma reactor for treating surfactant-like compounds such as PFAAs BZE263] The efficiency of
plasma technology varies widely. It depends on several factors, for example, the reactor, electrode material,
conductivity, applied voltage, PFAS type, pulse repetition rate, energy input, pH of the solution, liquid and gas

temperature, liquid conductivity, and gas input 48],

| 4. Photocatalysis

Photocatalysis is a technology where a substance is activated due to the adsorption of a photon and in the
presence of a photocatalyst which will accelerate the destruction reaction rate 64, The photocatalyst substances

are generally semiconductors. Recently, photocatalysts have been increasingly used because of their potential
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applications in solar energy conversion and environmental purification. Photocatalysis has enormous potential to
treat organic contaminants in water and air 2. The photocatalysis technology is an advanced oxidation process
(AOP); consequently, it is applicable for the oxidation of a wide range of organic contaminants 2. Heterogeneous
photocatalysis substances have shown to be the most applicable due to their efficiency in degrading recalcitrant
organic compounds, with similar characteristics as PFAS [ |n past years, several studies have used
heterogeneous photocatalysis oxidation to degrade recalcitrant organic compounds. The mechanism is achieved
by the acceleration of a photoreaction in the presence of a catalyst 8. Several catalysts such as In,03, Fe,0s,
TiO,, ZnO, CdS, and Ga,03 can work as photocatalysts. At the present moment, titanium dioxide (TiO,) has been
the compound that is widely investigated due to its ability to degrade organic pollutants and achieve satisfactory

mineralization at a relatively low cost when compared to other destructive technologies 67,

The photodegradation can be performed with a wide range of wavelengths, which overcomes the problem that it is
difficult to destroy the C-F bond by direct photolysis B3I68I69 However, after the photocatalyst absorbs light
energy, it can generate negatively charged electrons and positively charged hole pairs, which will move onto the
surface of the photocatalyst and react with the adsorbed PFAS /9. Figure 4 shows the PFAS destruction using
photocatalysis, which is a staged or sequential reaction. As can be observed in Figure 4, the first cycle eliminates
one carbon and two fluorine atoms in the PFAS molecule, and subsequent cycles will further reduce the PFAS
chain length until it fully degrades the PFAS molecule. Identified ways to enhance the photocatalysis efficiency and
cost by adding carbon materials enhanced the range of the frequency of light absorbed by photocatalysts, with the
possibility of applying sunlight as a sustainable energy source [ Furthermore, modifications to these
semiconductor-based chemical compositions of photocatalysts, their morphology, and their size can significantly
improve PFAA removal and mineralization (2. In addition, the photocatalytic and hydrophilic properties of TiO,

make it close to an ideal catalyst due to its high reactivity, reduced toxicity, chemical stability, and lower costs [,
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Figure 4. Photocatalytic method for PFAS degradation.

| 5. Sonolysis

Sonochemistry uses an acoustic field to create chemical reactions in a solution. The mechanism consists of the
generation and implosion of vapor bubbles. Organic pollutant degradation is achieved by a combination of radical
reaction and combustion by pyrolysis 27475 The bubble collapse is the driving mechanism responsible for
pyrolysis and combustion of organic compounds in the vicinity of the imploding bubble. The imploding bubbles
produce very high temperatures (average 5000 K) 877, During pyrolysis, due to extreme heat, water vapor will
also be converted to H™ and OH~ radicals. These radicals react and degrade organic contaminants Z8. This
technology has been widely used to degrade organic compounds, including PFCs, where the decomposition
occurs at the bubble/water interface due to pyrolysis 41379 Figure 5 shows a schematic view of the PFAS
destruction with sonolysis. The PFAS molecules adsorbed into the bubble surface will be pyrolyzed to several

products during bubble implosion, as shown in Figure 5.
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Figure 5. Sonolysis process of PFAS mineralization.

Research on sonochemical parameters indicates that ultrasonic frequency is highly important for the effective
degradation of PFASs [ZRIBUEBLIE2  Although chemical activity can be further enhanced using a combination of
frequencies (83][84] the production of cavitational bubble volume fractions is higher for dual-frequency than single-
frequency reactors (B4][85][86] Along with frequency, power is also an important parameter of sonochemical
degradation. Increasing the power increases the number of collapsed cavities formed, the maximum collapse

temperature, and the sonochemical activity 28I

| 6. Supercritical Water Oxidation (SCWO)

Supercritical water oxidation (SCWO) is an oxidation treatment process where OM is transformed into water,
carbon dioxide, and a few other products depending on the wasted stream being treated. The process can treat an
extensive range of wet wastes without dewatering. The SCWO technology has already proven to be effective in the

destruction of toxic and persistent organic contaminants such PFASs (0],

A supercritical water solution is a substance kept at a specific temperature and pressure above its critical point.
Water above 374 °C and 218 atm becomes supercritical, a state where organic solubility significantly increases,
and oxidation is enhanced 24192, Figure 6 shows the region where the water is in the supercritical state. It can be
observed that, at the supercritical state, the liquid and vapor phases share similar properties. The fluid is neither a
liquid nor a gas at this state and has properties of both states. Under these conditions, the fluid molecules start to
behave differently. Supercritical water is highly expandable and compressible, and the mass transfer is unrestricted
without distinct liquid and gas phases, promoting chemical reactions. Supercritical oxidation can break down

compounds, such as PFASs, that do not oxidize at standard temperatures and pressures 211,
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Figure 6. Water phase diagram highlighting the supercritical water region.

| 7. Thermal Degradation/Incineration

Heat is applied in thermal treatment to treat and decompose/destroy materials. This is a complicated process, and
the mechanism depends on many factors, including the operating conditions such as temperature, the environment
of the heating chamber, gases present, residence time, mixture composition of waste streams, and chemical
characteristics of materials to be treated. As for PFAS incineration, under ideal conditions (i.e., mineralization), the
destruction of PFASSs results in final products such as carbon monoxide, carbon dioxide, water, hydrogen fluoride,
and sulfur molecules or sulphuric acid in the case of sulfur-containing PFASs. Due to their unique structure, PFAS
are considered chemically and thermally stable, which translates into a requirement to apply higher temperatures
and long residence time to achieve a satisfactory level of destruction. Figure 7 shows the PFAS destruction path
through incineration. Incineration is considered to be a thermal oxidation treatment method, and it is carried out in
an oxygen-rich atmosphere at high temperatures. Most hazardous waste incinerators operate from 980 °C to 1200
°C 28], Since the thermal destruction of most organic compounds occurs between 590 °C and 650 °C, the

expectation is that nearly total destruction of the organics in the waste will be achieved, including PFAS 28],
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Figure 7. PFAS incineration.

In 2020, the U.S. EPA [24 published a technical brief on the incineration of PFAS with the main conclusion that the
effectiveness of incineration in destroying PFAS and their fate in terms of potential mixed fluorinated organic
byproduct formation is not clearly understood. A significant concern is that incomplete destruction of PFAS can
result in the formation of PIC (products of incomplete combustion), e.g., smaller PFAS molecules, which could be a
potential hazard. Only a few studies are available related to PFAS incineration in full-scale operating facilities 4125
(961971 According to Solo-Gabriele et al., increasing incinerator temperatures decreased the total treated PFAS
concentrations. However, not all PFAS species decreased with increasing temperatures 22, There is an alarming
report of higher concentrations of PFOA found in the air at the incinerator sites compared to upwind sites [28],
Public concern is that the incineration may spread PFAS and not break them down. This publication claims that the
preliminary data show that soil and surface water near a commercial facility in Cohoes, New York, that has burned

firefighting foam containing PFAS are contaminated with PFAS [28],

PFAS incineration can occur directly for PFAS-based materials, such as firefighting foams or indirectly via the
incineration of waste containing PFAS, such as textiles, etc. 22, Recently the Defense Department issued a ban on
incinerating PFAS-laden items, with particular emphasis on the aqueous film-forming foam often used in training
and combat situations 229 |n addition, under the 2022 National Defense Authorization Act 191 the military is now
prohibited from incinerating PFAS-containing materials in accordance with the Clean Air Act [292. Most incineration
studies monitored a limited number of compounds, leaving the question of “unmonitored” PFAS unanswered 193],
Even though multiple studies were done on the thermal degradation of PFAS [L04I[105][106][107][108] 'on|y |imited data
[209][110] j5 gvailable on directly detecting degradation products during field-scale incineration. The main obstacle is
still the lack of both suitable emission sampling methods (including industrial field sampling) to capture PFAS
compounds and analytical methods to identify/detect PFAS and their thermal decomposition byproducts. The

guestion remains unanswered as to how significant is the portion of volatile species that escape the analysis.
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