
NGWA.org Groundwater Monitoring & Remediation  1

Software Spotlight/ Chunmiao Zheng, Software Editor

PHT3D: A Reactive Multicomponent Transport
Model for Saturated Porous Media
reviewed by C.A.J. Appelo1 and Massimo Rolle2

This column reviews the general features of PHT3D
Version 2, a reactive multicomponent transport model that
couples the geochemical modeling software PHREEQC-2
(Parkhurst and Appelo 1999) with three-dimensional
groundwater flow and transport simulators MODFLOW-
2000 and MT3DMS (Zheng and Wang 1999). The
original version of PHT3D was developed by Henning
Prommer and Version 2 by Henning Prommer and
Vincent Post (Prommer and Post 2010). More detailed
information about PHT3D is available at the website
http://www.pht3d.org.

The review was conducted separately by two review-
ers. This column is presented in two parts.

PART I by C.A.J. Appelo

Introduction
PHT3D is a computer code for general reactive trans-

port calculations, coupling MODFLOW/MT3DMS for
transport and PHREEQC for chemical reactions. It was
developed by Henning Prommer in the 1990s and has
been applied by him and his coworkers to various ground-
water problems of practical interest. The resulting pub-
lications (http://www.pht3d.org/pht3d public.html) show
an impressive applicability of the code and illustrate the
underlying understanding of quite complicated interac-
tions (e.g., Prommer and Stuyfzand 2005; Prommer et al.
2008, 2009). In the original version, transport is calculated
during a time step, an input file is written for PHREEQC
for calculating reactions such as ion exchange and pre-
cipitation or dissolution of minerals, and these steps are
repeated for subsequent time steps until finished. This
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loose coupling has the advantage that updates of the
master programs can be installed without much effort.
A disadvantage is that the calculation of the chemical
reactions needs to be initialized time and again for each
cell in the model, which adds another time-consuming
step to calculations that are already computer-intensive.
Another disadvantage is that surface complexation reac-
tions need to be calculated first using the water compo-
sition from the previous time step and then reacted with
the changed water concentrations. This procedure was not
implemented in the original version of PHT3D, and sur-
face complexation reactions could not be calculated.

Prommer and Post recently released the second
version of PHT3D that resolves the shortcomings and
works very well. The improvement is owing firstly to
the implementation of total-variation-diminishing (TVD)
scheme that MT3DMS uses for calculating advective and
dispersive transport (Zheng and Wang 1999). Secondly,
it is because PHREEQC is now being used for storing
the chemical data of the model, including the chemical
activities and the composition of surface complexes from
the previous time step. In addition, the procedure to
transport total oxygen and hydrogen has been adapted
from PHAST (PHAST is the 3D reactive transport model
developed by Parkhurst et al. 2004, based on HST3D
and PHREEQC). This enables the user to obtain the
redox state of the solution without having to transport
individual redox concentrations of the elements (e.g., C
being distributed over carbon-dioxide, C(4), and methane,
C(–4)). The tighter coupling quickens the calculations
twofold at least, but probably by an order of magnitude for
the more interesting cases. In this review, the background
of the new implementation is presented and illustrated
with examples and compared with results from PHREEQC
and PHAST.

How Are pe and pH Calculated in the New
Version

The calculation of pe and pH from total hydrogen and
oxygen, and charge balance has been implemented in the
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Understanding and Managing the Potential 
By-Products of PFAS Destruction

by John Horst, Jeffrey McDonough, Ian Ross and Erika Houtz

Introduction
Over the past five years in this column series we have 

tackled the topic of emerging contaminants many times, 
inclusive of the relevant per and polyfluoroalkyl substances 
(PFAS) (Suthersan et al. 2016a, 2016b; Horst et al. 2018). 
The focus in these past columns has largely been on tech-
nology for characterization or treatment and approaches to 
situational response. For this column, we are looking in a 
new direction. As advancements continue in the exploration 
and development of technologies described to be capable of 
destroying PFAS, the potential for recalcitrant by-products 
which may form as a result of incomplete destruction are 
an important consideration. Managing the issue of potential 
PFAS related by-products created as a result of using cer-
tain technologies has been discussed in some academic lit-
erature; however, with water treatment focused largely and 
understandably on long-chain PFAS such as perfluoroocta-
noic acid (PFOA)and perfluorooctane sulfonic acid (PFOS), 
this question has been largely marginalized as a consolidated 
topic. The purpose of this column is to gather evidence from 
the literature and initiate a look into the potential by-prod-
ucts associated with commercially available and developing 
treatment technologies which are implemented in order to 
cause destruction of PFAS or have the potential to create 
PFAS from their precursors.

Background
The current state of the practice for treating water con-

taminated with PFAS is to take extremely large volumes with 
low PFAS concentrations – typically in the part per trillion 
range (ppt; i.e., nanogram per liter [ng/L]); and convert it into 
much smaller volumes of high PFAS concentration,which 
can then be more economically treated using technologies 
attempting to destroy PFAS (Figure 1).The PFAS concen-
trate may be associated with a solid phase, as in the case 
of granular activated carbon (GAC) treatment, or it may 
be in a water-based concentrate, as in the case of reverse 
osmosis (RO) or nanofiltration (NF) rejectate, waste from 
regeneration of ion exchange resin, or foam fractionation 
concentrate. PFAS waste concentration factors will vary, but 

a large volume reduction (i.e., multiple orders of magnitude) 
is typically required to make the available destructive tech-
nologies economical for water.

For our purposes, destruction refers to complete defluo-
rination of the perfluoralkyl chain and the PFAS molecule, 
preferably with the associated accounting of the released 
fluorine atoms in the form of fluoride (or hydrogen fluoride) 
and carbon dioxide. For brevity herein, this will be referred 
to as “mineralization,” regardless of whether the carbon is 
fully oxidized to carbon dioxide or remains as an incom-
plete oxidation product(e.g., acetate; Giri et al 2011; Huang 
and Jaffe 2019). Mineralization of the PFAS must comprise 
complete defluorination of the perfluoroalkyl moiety and 
is distinctly different from transformation of polyfluoro-
alkyl substances (i.e.,precursors) to perfluoroalkyl acids 
(PFAAs). Partial defluorination of fluorotelomer precursors 
can occur as the non-fluorinated functional groups are more 
easily attacked chemically and via enzymic action (Liu and 
Meija-Avendano 2013). This involves sequential defluori-
nation of polyfluorinated PFAA precursors but has not been 
reported to achieve complete mineralization of any PFAS, 
with a variety of PFAAs being created (both long- and short-
chain PFAAs).Some reports of stoichiometric mass losses in 
accounting for PFAAs emanating from fluorotelomer pre-
cursors indicates that “ultra-short” PFAAs, such as C3 and 
C2 perfluroalkylcarboxylates (PFCAs) are also likely form-
ing (Kempisty et al 2019). While a variety of destructive 
technologies exist for PFAS, the mechanisms relevant to all 
of them involve either molecular decomposition via thermal 
destruction or sequential defluorination, the latter in which 
individual fluorine atoms are sequentially separated from 
the alkyl chain of PFAAs (Figure 2). Numerous postulated 
sequential defluorination mechanisms are presented in the 
peer reviewed literature (e.g., Vecitis et al 2009; Park et al 
2009; Bentel et al 2019) and the conceptualization in Figure 
2 is for simple demonstration purposes.

Incomplete thermal destruction or sequential defluorination 
can result in the formation of intermediate breakdown products 
(i.e., by-products) that currently have unknown implications, 
but, considering their environmental profiles, are highly likely 
to be extremely recalcitrant (as a result of containing multiple 
carbon–fluorine [C—F] bonds). In addition, the kinetics of 
the PFAS destruction reactions may be orders of magnitude 
slower than nontargeted reactions with other organic matter or 
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inorganic anions and cations (referred to hereafter as “naturally 
occurring geochemical constituents”) often present in mixed 
waste streams and natural waters. This can divert the reaction 
potential through scavenging and create other by-products 
unrelated to PFAS. The comparative difference in kinetics 
can be related to the bond dissociation energy of the C—F 
bond (i.e., the amount of energy necessary to break a chemical 
bond), which ranks highest, considering organic single bonds, 
at approximately 460 kJ per mole (Siegemund et al. 1988). The 
C—F bond dissociation energy has been reported to increase 
when multiple fluorine atoms are attached to the same carbon 
atom (Kissa 2001). This increase was reported to be reflected 
by the length of the C—F bond which has been calculated to 
diminish as the number of fluorine atoms attached to the same 
carbon increases (Kirsch 2004). This diminished bond length 
was reported to allow nearly optimal overlap between the fluo-
rine 2s and 2p orbitals and corresponding orbitals of carbon 
in the perfluoroalkyl chain. This enables a dipolar resonance 
structure across the multiple fluorine substituted carbons, pro-
viding “self-stabilization” of multiple fluorine substituents on 
the same carbon atom.

The atomic radius of a C—F bond has been reported 
to shield the perfluorinated carbon atom and carbon to car-

bon (C—C) bonds along the perfluoroalkyl chain without 
steric stress. The C—C bond shielding can be described as 
an “electrostatic armor plating” of fluorine atoms which 
provide increased stability to the perfluoroalkyl chain. The 
three, tightly bound lone electron pairs associated with each 
fluorine atom combined with a negative partial charge have 
been described to create an effective electrostatic and ste-
ric shield against nucleophilic attack, targeted at the C—C 
bonds (Kirsch 2004). This may be a key reason why the 
solvated electron has been identified as a potential key 
attack species on the perfluoroalkyl group as its small size 
enables access to C—C or C—F bonds. To conclude, there 
are many reasons why the perfluoroalkyl group comprises 
a chemically stable and inert functional group which poses 
significant challenges to technologies with the objective of 
causing it is mineralization.

As a result of the stability of the perfluoroalkyl group, 
energy-intensive destructive technologies as alternatives to 
the industry benchmark of incineration (such as plasma, 
electrochemical destruction, and sonolysis) will require 
comparatively longer residence times to achieve mineral-
ization of PFAS. The extended operational time of these 
technologies and the propensity for nontarget reactions with 
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Figure 1. Conceptual impact of volume on the relevance of currently available nondestructive and destructive treatment approaches 
for PFAS contaminated water.
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organics and naturally occurring geochemical constituents 
that are frequently present at high enough concentrations to 
be environmentally relevant, create the potential for treat-
ment inefficiencies and secondary water quality issues in 
practical applications. For example, many PFAS-relevant 
destructive technologies will generate the hydroxyl radi-
cal, a powerful oxidant. While the hydroxyl radical may not 
effectively react with PFAAs, the potential certainly exists 
for it to oxidize naturally occurring chloride, bromide, 
or trivalent chromium converting them into perchlorate 
(Schaefer et al. 2019), bromate (Von Gunten and Oliveras 
1998), and hexavalent chromium (Suthersan et al. 2017) all 
of which have restrictive regulatory criteria. These factors 
complicate the commercial applicability of PFAS-relevant 
destructive technologies to impacted water and support a 
“treatment train” concept, in which pre- or posttreatment 
process components may be necessary to achieve the ulti-
mate water quality objectives.

Identifying the Destructive Technology  
“Strike Zone”

For the purposes of this discussion, we will consider 
incineration, plasma, electrochemical treatment, and sonol-
ysis as relevant destructive technologies for PFAS. Incin-
eration is considered to be an energy intensive technology 
and is a well-established process generally carried out at 
large-scale fixed facilities. The alternative approaches are 
emerging as more mobile options using small-scale plants, 
which could be applied at sites where PFAS waste con-
centrates are generated. Based on numerous sources, an 
approximate range of energy demand per volume treated 
for plasma, electrochemical treatment, and sonolysis is 0.01 
to 0.5-kW h per liter (kW-h/L; 0.04 to 1.9  kW-h per gal-
lon [kW-h/gal]; e.g., Gomez-Ruiz et al. 2017; Soriano et al. 
2017; Kempisty et al. 2019; Nzeribe et al. 2019; Singh et al. 
2019a, 2019b). However, approximating a range of energy 
demand for these relevant technologies is difficult to accu-
rately summarize due to the variety of operating conditions 
within the respective studies when the energy demand was 
determined. Assuming a $0.10 per kW-h energy cost and an 
average energy demand of 0.3 kW-h/L, a simple visualiza-
tion of the associated energy cost per 10 h of treatment for 
a range of flow rates is presented in Figure 3. Intuitively, 
the higher the required treatment capacity, the higher the 

associated energy cost for PFAS destruction. This concep-
tualization includes reported energy demand estimates for 
plasma, electrochemical treatment, and sonolysis and is 
intended to highlight that these forms of destruction are not 
appropriate for higher flow systems. This helps define the 
operational window (i.e., “strike zone”) for these technolo-
gies. The actual cost of PFAS treatment using these tech-
nologies will mainly be reflected by the costs to construct 
reasonable large-scale field deployable systems, which can 
treat a more concentrated PFAS waste stream.

Residence times associated with PFAS destruction are 
believed to approximately range from 30 min to 8 h (e.g., 
Mader et al. 2008; Mitchell et al. 2014; Gomez-Ruiz et al. 
2017; Bentel et al. 2019; Nzeribe et al. 2019; Singh et al. 
2019a, 2019b). The broad range of residence times provided 
represents the different applications reported in the litera-
ture and varies according to the targeted destructive mecha-
nism, the influent PFAS concentration, the geochemistry of 
the treated matrix, and the targeted degree of defluorina-
tion. Taken together, the higher energy costs and the costs 
of larger infrastructure footprint required by long treatment 
residence times (in some instances excessive capital cost), 
quickly focuses the PFAS-destruction operational window 
(i.e., “strike zone”) to high concentration small volume 
applications. This conceptualizes sequential technologies 
to reduce the volume of highly concentrated PFAS waste 
streams for subsequent destruction.

As PFAS, organic matter, and naturally occurring geo-
chemical constituents are simultaneously concentrated, 
PFAS by-product generation and secondary water quality 
concerns become more pronounced. Furthermore, discussion 
of PFAS-relevant destruction technologies and associated 
by-products in this column will focus on high concentration 
waste streams that are in the destructive technology “strike 
zone”: firefighting foams containing fluorosurfactants (such 
as aqueous film forming foam, film forming fluoroprotein 
foams and fluoroprotein foam [FP]), membrane rejection 
(Pica et al. 2019), concentrated regenerative solutions (from 
exhausted adsorbent regeneration), fractionates from foam 
fractionation treatment, and small volumes of investigative 
derived waste (IDW).

The Challenge of Identifying and Monitoring for 
PFAS By-Products

Laboratory analysis for PFAS continues to evolve as 
new methods for more matrices are validated, new PFAS are 
identified, analytical standards are synthesized and made 
commercially available, and quality assurance and quality 
control is standardized. The origins of relevant analytical 
techniques are summarized elsewhere (Kissa 2001; Schultz 
et al. 2003; Higgins et al. 2005), but, for brevity, the number 
and variety of PFAS that can be reliably individually quan-
tified is limited to the ever-growing list of commercially 
available analytical standards. There are multiple consider-
ations when using conventional PFAS analysis to understand 
the potential for by-product generation  associated PFAS 
destruction, noting that there are no proven analytical tech-
nologies which have been demonstrated to detect all poten-
tial fluoro-organic by-products. Performing a mass balance 
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using known and quantifiable PFAS to demonstrated miner-
alization forming quantifiable concentrations of fluoride is 
the most credible approach to demonstrate that by-products 
have not accumulated. For wastes containing PFAS there 
are significant challenges to generating a mass balance but 
chemical analysis could consider:

• Both linear and branched PFAS (Park et al. 2017).
• Advanced analytical tools, such as extractable organo-

fluorine measured by combustion ion chromatography 
(Miyake et al. 2007; Wagner et al. 2013), the total oxidiz-
able assay (TOP; Houtz and Sedlak 2012), and/or parti-
cle induced gamma ray emission (PIGE; Ritter et al. 
2017) which can verify the applicability of the destruc-
tive mechanisms to precursors.

• Quantification of the sequential formation of shortchain 
PFAAs, potentially inclusive of ultrashort chains (Yeung 
et al. 2017) and fluoro-organic by-products potentially 
amenable to gas chromatography mass spectrometry 
(e.g., tetrafluoromethane [CF

4
], hexafluoroethane [C

2
F

6
], 

perfluoroisobutylene [C
4
F

8
]) to differentiate between 

partial defluorination of long-chain PFAAs and complete 
mineralization and identify gaseous by-products.

Concentrated PFAS waste streams are often complex 
matrices with many highly concentrated co-constituents 
that can challenge analyses. Additional sample preparation 
steps may be required to generate high quality data. For 
example, throughout the literature, associated quantification 
of fluoride along with reductions in PFAS concentrations 
is commonly used as evidence of PFAS mineralization. 
Increased ionic strength may interfere with fluoride quan-
tification via both ion chromatography and ion-selective 
probes (U.S. Environmental Protection Agency [USEPA] 
1996, 1997; Bayón et al. 1999). Therefore, laboratory ana-
lytical methods associated with vetting the applicability of 
PFAS-relevant destructive technologies require enhanced 
quality control steps to accurately measure the potential for 
PFAS by-product generation and secondary water quality 
concerns.

Considerations for Available PFAS-Relevant 
Destruction Technologies

We will now discuss a variety of PFAS-relevant destruc-
tive technologies. The technologies selected for inclusion are 
those where data has been presented indicating that destruc-
tion may be possible at the time of writing of this column 
and have been grouped based on physical, chemical, or bio-
logical mechanisms for the purposes of this discussion. The 
following discussion provides a summary of the treatment 
approaches for contaminated water, with focus on the poten-
tial for by-product creation based on the underlying potential 
attack mechanisms on PFAS and evidence from the literature.

Physical Destructive Mechanisms
The available physical treatment mechanism relevant 

to PFAS is thermal destruction via either thermal oxidation 
or pyrolysis (Vecitis et al. 2009). Commercially, thermal 
destruction for PFAS-impacted water matrices is offered 
through incineration, which is defined as 99% destruction 

at 2s of the gas-phase residence time (Taylor et al. 1990). 
Theoretically, reported temperatures in studies that claim to 
address PFOA and PFOS available in the literature (approx-
imately 300 to 350 °C [Krusic and Roe 2004; Krusic et al. 
2005] and 600 to 900 °C [Yamada and Taylor 2003], respec-
tively) are achievable under commercial incineration con-
ditions. Based on our established definition of destruction 
(i.e., mineralization), these temperatures are likely insuf-
ficient to fully defluorinated PFAS. There are conflicting 
reports presented throughout the literature, with many of 
the differences rooted in either the incinerated matrix (i.e., 
solid phase versus aqueous phase) or an incomplete analyti-
cal list of potential PFAS by-products and other sequentially 
less fluorinated compounds.

Multiple studies on thermal destruction of a specific list 
of PFAS were conducted using solid phases, such as pure 
PFOS or PFOA as a crystalline powder (Yamada and Taylor 
2003; Krusic and Roe 2004; Krusic et al. 2005), polyester/
cellulose fabric (Yamada et al. 2005), fluorotelomer-based 
polymers (Taylor et al. 2014), solid polytetrafluoroethyl-
ene polymer pellets (Aleksandrov et al. 2019), or during 
the reactivation of GAC (Watanabe et al. 2016; Watanabe 
et al. 2018). These studies used a thermal gravimetric analy-
sis (TGA) to determine the temperature at which the solid 
phase PFAS (or the PFAS adsorbed to a solid phase) was 
gasified into a vapor to facilitate the hypothesized destruc-
tive mechanism. In the studies cited above, gasification of 
the subject PFAAs began at approximately 200 °C for PFOA 
and ranged from 400 to 600 °C for PFOS. As these tem-
peratures are in excess of the boiling point of water under 
atmospheric pressure conditions and water is the common 
PFAS-impacted solvent designated for PFAS destruction via 
commercial incineration, questions remain as to the direct 
relevance of thermal destruction of PFAS to concentrated or 
dilute aqueous waste streams in practice.

To visualize this point, a conceptual temperature-volume 
phase diagram for water is presented as Figure 4 (Çengel and 
Boles 2002). The various constant pressure simulations sug-
gest that without substantial pressure, temperatures consistent 
with literature observations of thermal destruction of PFAS 
will result in a phase change and volume expansion, typically 
observed as steam discharge from an incinerator stack. Maxi-
mum approximate detections of both PFOS and PFOA (8.2 
and 40 picograms per nanocubic meter) in stack emissions 
from a waste incinerator in The Netherlands were recently 
documented using long-term flue gas sampling, which is con-
sistent with this conceptualization (Arkenbout 2018). While 
these example detections are extremely low, based on the 
volumetric emission rate of the hazardous waste incinerator, 
they amount to milligrams of PFOS and PFOA on a yearly 
basis. Furthermore, to achieve the reported thermal destruc-
tion temperatures for PFOS in an aqueous matrix, the critical 
point must be considered, and a recent evaluation of an alka-
line hydrothermal reaction, conducted at 350 °C and approxi-
mately 2400 pounds per square inch of pressure, demonstrated 
the importance of pressure application to achieve mineraliza-
tion of PFOS (Wu et al. 2019). Lastly, even in studies claiming 
effective thermal destruction of PFOS in the literature, residu-
als of PFOS were observed in laboratory combustion trials 
(Yamada and Taylor 2003) and within combusted municipal 



NGWA.org J. Horst et al./ Groundwater Monitoring & Remediation  5

solid waste ash (Solo-Gabriele et al. 2019). These observa-
tions suggest the potential for incomplete thermal destruction 
of PFOS under typical waste incinerator operations.

Fluorinated by-products as a result of thermal treat-
ment of PFAS have been demonstrated historically (Matula 
1968; Ellis et al. 2001). Complete mineralization results in 
the formation of hydrofluoric acid which requires careful 
management. Incomplete mineralization as a result of inad-
equate temperatures or insufficient residence times can cre-
ate various short-chain PFAAs and fluoro-organics as stable 
by-products (such as tetrafluoromethane [CF

4
], hexafluoro-

ethane [C
2
F

6
], and perfluoroisobutylene [C

4
F

8
]) depending 

on the parent PFAS compound. Short-chain PFAAs require 
higher temperatures to achieve thermal destruction than 
long-chain PFAAs (Watanabe et al. 2016), so their forma-
tion as by-products during thermal treatment of long-chain 
PFAAs can further complicate the objective of achieving 
complete mineralization during incineration.

As consideration of the life cycle of PFAS continues 
to evolve, more recent studies assessing thermal treatment 
includes a broad list of PFAAs and associated fluoro-organic 
compounds as potential by-products of thermal destruction 
(Watanabe et al. 2016; Watanabe et al. 2018; Aleksandrov et al. 
2019). As a result, the application of commercial incineration 
to mineralize PFAS in concentrated or dilute aqueous waste 
streams has become an area of focus for the research commu-
nity, and was the subject of a recent solicitation for research 
and development (R&D) proposals from the Strategic Environ-
mental Research and Development Program (SERDP 2019).

Chemical Destructive Mechanisms
There are multiple chemically mediated defluorination 

technologies that have been reported to achieve mineraliza-
tion of differing PFAS under appropriate operating condi-
tions. Specific treatment mechanisms that are discussed 

below include advanced reductive processes (ARPs; Bentel 
et al. 2019; Trojanowicz et al. 2018; Bao et al. 2018; Park et al.  
2017; Singh et al. 2019a; Singh et al. 2019b; Stratton et al. 
2017; Kim et al. 2018; Kim et  al. 2019; Xu et  al. 2017a, 
2017b), electrochemical treatment (Schaefer et  al. 2017; 
Soriano et al. 2017; Schaefer et al. 2018; Pica et al. 2019; 
Schaefer et al. 2019), and sonolysis (Vecitis et al. 2008a; 
Campbell et al. 2009; Rodriguez-Freire et al. 2016; Wood 
et al. 2017). Advanced oxidizing processes (AOPs) are dis-
cussed as some literature describes the sequential defluori-
nation of long-chain PFCAs (specifically PFOA), but AOPs 
are largely inefficient for mineralization of PFAS (Bruton 
and Sedlak 2018) and have not been successfully demon-
strated to attack or mineralize the perfluoroalkyl sulfonates 
(PFSAs).

While multiple strong reducing radicals exist (e.g., 
hydrogen, hydroperoxyl, and super oxide radicals), most of 
the literature attributes ARP of PFAS to the solvated elec-
tron. The highly electronegative fluorine atom creates a 
strong dipole when bonded to carbon creating an affinity for 
the solvated electron to attack the relative positive charge 
(δ+) of the carbon atom presenting a viable mechanism for 
reductive attack which can potentially overcome the bond 
dissociation energy of the C—F bond and the associated 
shielding to other forms of chemical attack. The small 
size of a solvated electron may be the reason for its pro-
pensity to access the C—F bond as a nucleophile without 
being repelled by the helix of fluorine atoms shielding the 
C—F and C—C bonds in the perfluoroalkyl chain. Avail-
able forms of ARP (e.g., electron beam [eBeam], photoly-
sis, ultra-violet [UV]-radiation, and plasma) use different 
mechanisms to disproportionate the water molecule (i.e., 
decomposes into both oxidizing and reducing species) into 
radicals (e.g., hydroxyl, hydrogen, hydroperoxyl, super-
oxide, and solvated electrons), which subsequently and 

•

•

Destruction (mineralization) of PFAS via high temperatures (Taylor
et al. 1990)

•

Applicability:Applicability:

PFOA defluorination at 300°C to 350°C (Kruisic and Roe 2004;
Kruisic et al. 2005); PFOS defluorination at 600°C (Yamada and
Taylor 2003).

Currently a termination of treatment trains for municipal and small-
scale systems.

Limitations:Limitations:

•

•

•

Incomplete PFAS mineralization leads to by-products with long
atmospheric half lives (e.g., perfluoroisobutylene, fluorocarbons, and
fluoroalkanes) (Watanabe et al. 2016; Yamada 2005) or PFAS
discharge (Arkenbout 2018).

Complete PFAS mineralization results in hydrogen fluoride (toxic and
corrosive) (Wang et al. 2013).

•

Applicability to liquid waste streams may be limited to aqueous critical
point (Çengel and Boles 2002).

Insufficient analytical and sampling methods to confirm mineralization
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Adapted from (Çengel and Boles 2002)

Volume expansion with 
temp accompanying 
phase change from 
liquid to vapor when P 
is <Pcr

(Pcr) for H2O is 
~374° C @ 
3,200 psi

Complete mineralization of total 
PFAS reported to be >900°C

(Watanabe 2016; 2018)

Figure 4. Considerations relevant to the incineration of concentrated or dilute PFAS-impacted aqueous waste streams.
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sequentially defluorinate PFAS (Figure  5). Plasma treat-
ment uses a high voltage electrode to discharge successive 
electrical current pulses to a grounded electrode within a 
PFAS-impacted aqueous solution (Singh et al. 2019b). The 
electrical current reacts with the water molecules, continu-
ously generating oxidizing and reducing radicals. Photolysis 
and UV-radiation use a variety of UV wave lengths (185 to 
470 nm), chemical reagents, and catalyst materials (Merino 
et al. 2016) to facilitate formation of the radicals. Lastly, 
eBeam uses gamma ray emissions absorbed by water mol-
ecules to create the solvated electron (Wang et al. 2016).

ARPs can be energy-intensive, require several hour res-
idences times for mineralization of PFAS, follow a sequen-
tial defluorination pathway, and are susceptible to reduced 
efficiency due to nontargeted reactions with naturally 
occurring geochemical constituents. Therefore, associated 
by-products generated during ARP include short-chain 
PFAAs and secondary water quality concerns. Pioneering 
work done by Bentel et al. (2019) explain the ARP mech-
anism as a function of bond dissociation energies along 
perfluoroalkyl chains suggesting that long-chain PFAAs 
defluorinate faster than short-chain PFAAs due to lower 
bond dissociation energies central to the alkyl chain. Addi-
tionally, PFOA defluorination efficiency was distinctly 
faster than total PFCA defluorination efficiency in a sepa-
rate study demonstrating the slower rate kinetics of ARP 
for short-chain PFAAs (Song et al. 2013). This explains the 
long residence times to achieve mineralization, especially 
in complex solutions, because as the fluorinated alkyl 
chain shortens, the associated bond dissociation energy 
necessary to achieve defluorination increases while the 
potential for rapid scavenging reactions remains constant. 
The perfluoroalkyl ether compounds (e.g., “Gen X”) that 
have become more prevalent in recent years have higher 
bond dissociation energies adjacent to the ether linkages, 
making these molecules less likely to exchange fluorine for 
hydrogen in ARP-mediated defluorination and form recal-
citrant by-products (Bentel et al. 2020). By-products that 
have been detected in the ARP treatment of perfluoroalkyl 
ethers are predominantly polyfluorinated ether compounds 
(Bentel et al. 2020).

A promising chemical treatment technology that is 
actively transitioning from laboratory-scale to field-scale 
pilot units is electrochemical treatment; however, there are 
some concerns with the production of oxyanions such as 
perchlorate and bromate via oxidation of naturally occurring 
anions i.e. bromide, chloride. There are two hypothesized 
reaction mechanisms associated with electrochemical treat-
ment. The first (primary) is a direct electron transfer at the 
surface of the anode (Zhuo et al. 2011). This makes the 
anode a design parameter, with many sources suggesting 
that boron-doped diamond anodes are more advantageous 
than mixed metal oxide anodes due to their commercial 
availability, high reactivity, low adsorptivity, and ability to 
defluorinate a wide range of PFAS (Trautmann et al. 2015; 
Schaefer et al. 2017; Soriano et al. 2017; Schaefer et al. 2018; 
Schaefer et al. 2019). This direct electron transfer from the 
PFAS molecule to the anode is theorized to be a sequential 
defluorination process that may generate short-chain PFAAs 
(Gomez-Ruiz et al. 2017). The persistence of short-chain 
PFAAs treatment by-products may be linked to scale forma-
tion on the anode, implying a higher potential for short-chain 
PFAAs generation in complex solutions (Pica et al. 2019; 
Schaefer et al. 2019). This may be problematic because, spe-
cifically for PFCAs, multiple studies show that an increased 
current density is required to mineralize PFAS as the per-
fluoroalkyl chain shortens. The second reaction mechanism 
is a secondary process driven by hydroxyl radical genera-
tion via electron transfer to the anode, which can transform 
polyfluorinated PFAA precursors, such as fluorotelomers, to 
short-chain PFAAs and oxidize naturally occurring chloride 
to chlorate and perchlorate (Schaefer et al. 2019).

The application of ultrasound waves (i.e., sonolysis or 
sonochemical degradation) to PFAS-impacted aqueous solu-
tions at high frequencies (100 s of kHz) has been demon-
strated in numerous studies and results in both physical and 
chemical destruction mechanisms of PFAS. This process 
requires only a moderate amount of energy to cause destruc-
tion of PFAS, without the formation of by-products. Multi-
ple studies have proven that as sound waves pass through the 
liquid, the repetitive rarefaction and compression cycle of 
water molecules leads to bubble formation. The amphiphilic 

Radiation

Sound waves

Electricity

OH•

H•

e•• Thermodynamically possible...

•

Disproportionation
into oxidizing and 
reducing radicals

Kinetically meaningful (scavengers)?

Figure 5. Disproportionation of the water molecule to create reactive radicals that subsequently convert precursors to PFAA and 
sequentially defluorinated PFAA.
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PFAS have an affinity for the gas–liquid interface of these 
submerged bubbles, which eventually collapse resulting in 
cavitation. Cavitating bubbles release considerable energy 
in the form of heat, which is theorized to pyrolyze PFAS. 
Thermal pyrolysis is a physical treatment mechanism; how-
ever, the cavitation of the bubbles also creates similar reac-
tive species as ARP mechanisms that disproportionate the 
water molecule (Wood et al. 2017). Recent demonstrations 
of sonolysis suggest a plasma-like reaction pathway may 
play a considerable role in PFAS mineralization (Wood et 
al. unpublished data). Additionally, when it comes to PFAS 
in liquid waste streams, sonolysis compares well to ther-
mal treatment via incineration. With respect to by-product 
formation, an in-depth consideration of the pyrolytic path-
way suggests the decomposition of long-chain PFAS results 
in multiple highly reactive organofluorine radicals, which 
are predicted to rapidly mineralize to carbon dioxide and 
carbon monoxide (Vecitis et al. 2008a, 2008b). However, 
the ARP radicals may generate short-chain PFAAs which, 
consistent with other destructive treatment mechanisms, are 
less efficiently destroyed during sonolysis (Campbell et al. 
2009). The application of sonolysis to a complex landfill 
leachate solution did not generate considerable second-
ary water quality concerns, but the complicated matrix did 
inhibit the PFAS mineralization rate through hypothesized 
competitive adsorption on the bubble surfaces and (likely) 
radical scavenging (Cheng et al. 2008).

The final chemical treatment mechanism to discuss is 
AOP, which has been extensively studied throughout the lit-
erature and several review papers provide a robust survey 
of the available information (Merino et al. 2016; Ross et 
al. 2018; Trojanowicz et al. 2018). Briefly, AOP for certain 
PFAS, such as fluorotelomers and PFCAs, typically follow a 
sequential defluorination mechanism that becomes increas-
ingly rate limiting as the perfluoroalkyl chain shortens. The 
use of AOPs to attack PFSAs has not been demonstrated 
and this may be due to the lack of a stable leaving group, 
from the terminal sulfonate functional group in PFSAs; no 
studies have repeatedly demonstrated that AOP is effective 
for attack and defluorination of PFOS. Under all AOP condi-
tions studied, short-chain PFAAs are generated either from 
sequential defluorination of long-chain PFAAs or from pre-
cursor transformation into PFAAs. Many of the laboratory-
scale treatment conditions, including the activation method 
and required concentration of oxidant, lend themselves to 
complicated secondary water quality concerns. Given the 
electronegativity of the fluorine atom and the associated 
bond dissociation energy and stabilization of the perfluoro-
alkyl chain as a result of the multiple fluorine atoms bonded 
consecutively, the required AOP reaction conditions are 
susceptible to formation of multiple by-products ranging 
from short-chain PFAAs from precursor transformation and 
incomplete mineralization of long-chain PFAAs to a host of 
secondary water quality concerns based on the ambient geo-
chemical conditions (e.g., hexavalent chromium, bromate, 
perchlorate, chlorate, and acid or alkaline pH influences on 
heavy metals). As many waste streams and water containing 
PFAS will also contain PFAA precursors, there are concerns 
that the use of oxidants such as ozone, hydrogen peroxide, 
permanganate and persulfate will convert PFAA precursors 

into PFAAs, with the latter being more easily detectable. 
With the perfluoroalkyl chain of fluorotelomers being short-
ened as part of the oxidation process, there is potential to 
create more mobile PFAS. The generation of short-chain 
PFAAs has been noted with some commercially available 
treatment processes which may be a significant concern con-
sidering their adoption for future treatment of PFAS (Evocra 
2016; Evocra 2017; Horst et al. 2018; Ross et al. 2019).

Biological Transformation Mechanisms
It is currently well understood throughout academia and 

the industry that there are no readily accepted and practi-
cal biological mineralization pathways for all PFAS. A 
landmark publication toward the end of 2019 from Princ-
eton University suggests promising PFOA and PFOS trans-
formation to several short-chain PFAAs facilitated by an 
autotrophic organism (Acidimicrobium sp. strain A6) as a 
first-time demonstration of bacterially mediated defluorina-
tion of PFAAs (Huang and Jaffe 2019). Partial defluorina-
tion has been observed previously during biotransformation 
of PFAA precursors (such as fluorotelomers) which create 
PFAAs (e.g., 8:2-fluorotelomer alcohol partial defluorina-
tion to PFOA [Wang et al. 2009]), and there is a host of 
literature documenting other PFAA precursor biotransfor-
mation into terminal PFAAs (Wang et al. 2005; Rhoads 
et al. 2008; Weiner et al. 2013; Harding-Marjanovic et al. 
2015). The implications of the Princeton University study 
may have significant relevance in the future, but at present 
biological mineralization of PFAS is not a viable destruc-
tive mechanism. Presently, by-product concerns associated 
with biological mechanisms are limited to precursor bio-
transformation to both long- and short-chain PFAAs. With 
the current shift in commercial products from “C8” to “C6” 
chemistry, there has been a recent focus in the literature on 
biotransformation persistence of “C6” precursors and their 
intermediate metabolites (Beskoski et al. 2018; Kabadi et 
al. 2018; Yi et al. 2018; Neltner and Maffini 2019). The con-
cern with commercial application of biological treatment 
methods targeted at PFAS is similar to those expressed for 
the use of chemical oxidants. Stimulating biological attack 
on PFAS will largely result in conversion of PFAA precur-
sors to PFAAs which can result in an increased mobility. 
For example, the cationic and zwitterionic PFAS identified 
in some foam formulations (Backe et al. 2013) can be con-
verted to anionic PFAAs, such as PFHxS, PFOS, and PFOA 
as a result of stimulating aerobic microorganisms to attack 
PFAAs, such as PFOS and PFOA. Examples of increases in 
PFAS mobility as a result of engineering aerobic biopiles to 
treat hydrocarbon impacted soils have also been reported 
(Mejia-Avendano et al. 2016; Mejia-Avendano et al. 2017).

Summary Observations
Based on the available technologies relevant to PFAS 

destruction, complex aqueous solutions containing high 
concentrations of PFAS have the potential to generate either 
known short-chain PFAAs or other secondary effects on 
water quality.

There are thousands of precursors and perfluoroalkyl 
ethers expected to be associated with concentrated and dilute 
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aqueous waste streams that will react differently with the 
mechanisms described herein. Currently available commer-
cial analytical techniques and those being developed for non-
drinking water matrices do not have the capability to identify 
all the potential individual PFAS related treatment by-prod-
ucts. However, some of the advanced analytical techniques 
(e.g., AOP, TOP, and PIGE) are capable of approximating 
the total equivalent organofluorine of these precursors as 
researchers continue to develop libraries of standards to 
identify individual precursor compounds (Mejia-Avendano 
et al. 2017; Xiao et al. 2017; Xu et al. 2017a, 2017b).

In addition, the naturally occurring geochemical con-
stituents that also represent reactivity scavengers can form 
nonfluorinated by-products. In most instances, these con-
stituents will be present at orders of magnitude higher con-
centrations than PFAS and some represent more favorable 
thermodynamic and kinetic reaction pathways (particularly 
for AOPs). Secondary water quality issues aside, these scav-
enging reactions can reduce the efficiency of the already 
energy-intensive PFAS-relevant destructive technologies 
and proceeding in parallel with sequential defluorination 
reactions can exacerbate the formation and persistence of 
short-chain PFAAs. In general, the use of chemical oxidants 
and biological treatment techniques can result in the genera-
tion of PFAAs from their precursors, so care should be taken 
when considering these approaches.

Importance of Awareness
Awareness of PFAS throughout our industry is high, 

as our collective understanding of potential sources, ana-
lytical quantification, fate and transport, adverse human 
health effects, ecotoxicity, and remediation technologies 
all continue to evolve rapidly and in parallel. The current 
focus is understandably on protecting human health by 
managing drinking water sources primarily for PFOA and 
PFOS impacts. Within the U.S., since the Lifetime Health 
Advisory Level was established by USEPA (2016), interim 
actions around groundwater extraction and ex situ treatment 
with commercially available adsorbents has been the most 
common response action.

However, some individual states have independently 
expanded their criteria to include more PFAS, includ-
ing short-chain PFAAs that challenge available adsorptive 
media. Notably, the criteria for short-chain PFAS can be less 
stringent than they are for PFOS and PFOA. Over the past 
few years, a developing concern over the fate of PFAS has 
led to actions by the federal government, such as PFAS-
related funding in the 2020 National Defense Authorization 
Act budget and strategic R&D funding around innovative 
PFAS-relevant destructive technologies. As global regula-
tory agencies consider criteria and restrictions for a broader 
number of PFAS (Vierke 2017; Wang et al. 2017; USEPA 
2018), more complex matrices will require remediation 
using technologies that are currently at the laboratory-scale 
undergoing R&D (Wei et al. 2019). This also foreshadows 
the extent to which treatment trains of multiple technologies 
may be needed to effectively achieve.

The generation of PFAS related by-products and sec-
ondary water quality effects in the pursuit of PFAS min-

eralization may be unavoidable. However, an appreciation 
and awareness of these potential by-products can help avoid 
treatment pitfalls. Vigilance around the potential for by-
products can enable the incorporation of effective counter-
ing/management strategies into water treatment and in situ 
remediation designs. This is an area of emerging importance 
for remediation practitioners that even extends to ongoing 
in situ remediation and ex situ water treatment that is unre-
lated to PFAS (McGuire et al. 2014; Xiao et al. 2018; Li et 
al. 2019) and new technologies and the by-products they 
can generate, for example those that begin to incorporate 
various forms of nanotechnology (Saleh et al. 2019; Zhang 
et al. 2019). It is an opportunity for us to work together to 
continue advancing the state of the science.
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