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Abstract:Water above 374°C and 22.1 MPa becomes supercritical, a special state where organic solubility increases and oxidation processes
are accelerated. Supercritical water oxidation (SCWO) has been previously shown to destroy hazardous substances such as halogenated
compounds. Three separate providers of SCWO technology were contracted to test the efficacy of SCWO systems to reduce per- and
poly-fluoroalkyl substances (PFAS) concentrations from solutions of dilute aqueous film-forming foam (AFFF). The findings of all three
demonstration studies showed a greater than 99% reduction of the total PFAS identified in a targeted compound analysis, including
perfluorooctanesulfonic acid (PFOS) and perfluorooctanoic acid (PFOA). PFOS was reduced from 26.2 mg=L to 240 μg=L, 30.4 mg=L
to 0.310 μg=L, and 190 mg=L to 8.57 μg=L, from the Aquarden, Battelle, and 374Water demonstrations, respectively. Similarly, PFOA
was reduced from 930 to 0.14 μg=L, 883 to 0.102 μg=L, and 3,100 μg=L to nondetect in the three evaluations. Additionally, the chemical
oxygen demand of the dilute AFFF was shown to reduce from 4,750 to 5.17 mg=L after treatment, indicating significant organic compound
destruction. In one demonstration, a mass balance of the influent and effluent found that the targeted compounds accounted for only 27% of
the generated fluoride, suggesting that more PFAS were destroyed than measured and emphasizing the limitations of targeted analysis alone.
As a destructive technology, SCWO may be an alternative to incineration and could be a permanent solution for PFAS-laden wastewaters
rather than disposal by injection into a deep well or landfilling. Additional investigation of reaction byproducts remains to be conducted
for a complete assessment of SCWO’s potential as a safe and effective PFAS treatment technology. DOI: 10.1061/(ASCE)EE.1943-
7870.0001957. © 2021 Published by American Society of Civil Engineers.

Author keywords: Supercritical water oxidation (SCWO); Aqueous film-forming foam (AFFF); Per- and poly-fluoroalkyl substances
(PFAS); perfluorooctanesulfonic acid (PFOS); Fluoride.

Introduction

Water above 374°C and 22.1 MPa becomes supercritical, a special
phase of water with both liquid-like and gas-like properties. Above
the critical point of water, most organic compounds are soluble,
oxygen is fully miscible, and salts are insoluble (Hodes et al. 2004;
Voisin et al. 2017). In the presence of an oxidizing agent, such as
oxygen, supercritical water’s unique properties accelerate the
oxidation of a broad range of organic pollutants. Since the 1980s,

supercritical water oxidation (SCWO) has been used successfully
to treat a variety of hazardous wastes, such as chemical warfare
agents and halogenated compounds (Abeln et al. 2001; Cohen
et al. 1998; Kim et al. 2010). Technical challenges have limited
implementation of SCWO at scale, including the buildup of corro-
sive species during the oxidation reaction and salts’ precipitation on
the reactor body, leading to high maintenance and operation costs
(Marrone 2013; Mitton et al. 2001). These factors have historically
constrained SCWO’s utility to hazardous or otherwise high-cost
wastes.

In the United States, aqueous film-forming foam (AFFF) has
been used for over 50 years for certain firefighting applications
and associated training exercises. The vast majority of AFFF in
use or stockpiled contains fluorosurfactants, which are made up
of per- and poly-fluoroalkyl substances (PFAS) (Barzen-Hanson
et al. 2017; Place and Field 2012). It is estimated that there are
millions of liters of AFFF in private, public, and military custody
(Darwin 2011). Many PFAS are stable and resistant to natural de-
struction in the environment, leading to their pervasive presence in
groundwater, surface waters, and drinking water in some localities
(Boone et al. 2019; Houtz et al. 2013, 2016; Hu et al. 2016; Munoz
et al. 2017). The US Environmental Protection Agency (EPA) and
Department of Defense (DoD) identified PFAS destruction as a pri-
ority research area, and several states have promulgated or drafted
individual PFAS limits for drinking water and soils (Coyle et al.
2021; ITRC 2021). Due to the bioaccumulative nature and adverse
health effects of some PFAS, many states have restricted or prohib-
ited the use of firefighting foam containing PFAS. Millions of liters
of highly concentrated material now must be disposed of or de-
stroyed in a manner that protects human health and the environment

1Engineer, US Environmental Protection Agency, Office of Research
and Development, 26 Martin Luther King Dr. W, Cincinnati, OH 45268
(corresponding author). ORCID: https://orcid.org/0000-0001-8582-5826.
Email: krause.max@epa.gov

2Scientist, US Environmental Protection Agency, Office of Research
and Development, 109 TW Alexander Dr. Durham, NC 27709. ORCID:
https://orcid.org/0000-0003-1372-4369

3Engineer, US Environmental Protection Agency, Office of Research
and Development, 26 Martin Luther King Dr. W, Cincinnati, OH 45268.

4Engineer, US Environmental Protection Agency, Office of Research
and Development, 26 Martin Luther King Dr. W, Cincinnati, OH 45268.

5Scientist, US Environmental Protection Agency, Office of Research
and Development, 109 TW Alexander Dr., Durham, NC 27709.

6Scientist, US Environmental Protection Agency, Office of Research
and Development, 109 TW Alexander Dr., Durham, NC 27709.

7Engineer, US Environmental Protection Agency, Office of Research
and Development, 109 TW Alexander Dr., Durham, NC 27709.

Note. This manuscript was submitted on July 6, 2021; approved on
September 18, 2021; published online on November 23, 2021. Discussion
period open until April 23, 2022; separate discussions must be submitted
for individual papers. This paper is part of the Journal of Environmental
Engineering, © ASCE, ISSN 0733-9372.

© ASCE 05021006-1 J. Environ. Eng.

 J. Environ. Eng., 2022, 148(2): 05021006 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

M
ax

 K
ra

us
e 

on
 1

1/
23

/2
1.

 C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.

https://doi.org/10.1061/(ASCE)EE.1943-7870.0001957
https://doi.org/10.1061/(ASCE)EE.1943-7870.0001957
https://orcid.org/0000-0001-8582-5826
mailto:krause.max@epa.gov
https://orcid.org/0000-0003-1372-4369
http://crossmark.crossref.org/dialog/?doi=10.1061%2F%28ASCE%29EE.1943-7870.0001957&domain=pdf&date_stamp=2021-11-23


(EPA 2020). The cost and method of AFFF disposal in the
United States are of interest to nearly every state and the federal
government. The state of Michigan recently paid $1.4M to dispose
of 194,585 L (51,404 gal.) of PFAS-containing AFFF in a hazard-
ous waste landfill, a $7.19=L ($28=gal:) disposal cost (MI EGLE
2020). The typical method of destruction of hazardous wastes in the
United States has been incineration. Several states and the US Navy
have paused the incineration of AFFF until its efficacy has been
proven, and so alternative and safe methods must be found
(Carignan and Clukey 2020). The potentially high cost for disposal
and the desire to do so in a safe manner presents an opportunity for
innovative technologies like SCWO (Hori et al. 2008; Pinkard et al.
2021; Wu et al. 2019).

SCWO’s previous applications to destroy chemical warfare
agents, polychlorinated biphenyls, and halogenated compounds
makes it a potential, but unproven, alternative for PFAS
destruction—especially for waste streams like AFFF that contain
significantly greater concentrations of PFAS than landfill leachate
or wastewater (Barzen-Hanson et al. 2017; Houtz et al. 2018,
2016; Loganathan et al. 2007; Masoner et al. 2020; Moody
and Field 2000; Ruyle et al. 2020; Yu et al. 2009). To evaluate
SCWO as an innovative technology to destroy PFAS, demonstra-
tion studies were conducted independently by three providers of
SCWO systems. This case study highlights the results of the three
experiments comparing influent and effluent liquid-phase concen-
trations of targeted (i.e., identified and quantified) PFAS and other
parameters, identifies current limitations of the study’s findings,
and discusses issues for technological development.

Materials and Methods

Three different organizations were contracted to independently
test their respective SCWO systems for the potential to destroy
PFAS in AFFF: Battelle (Columbus, USA), Aquarden Technolo-
gies (Skaeving, Denmark), and 374Water (Durham, USA). As
shown in Table 1, the three experiments used similar PFOS-based
AFFF material: 3M Lightwater produced prior to 2002. Lightwater
produced before 2002 contains both short-chain and long-chain
PFAS, including the C8 compounds perfluorooctanesulfonic acid
(PFOS) and perfluorooctanoic acid (PFOA), along with up to 15%
by volume of other nonfluorinated organic molecules (Barzen-
Hanson et al. 2017; Houtz et al. 2016; Moody and Field 2000).
At this time, PFOS and PFOA are the primary PFAS of concern

in the United States and represent a particular point of interest
by the US EPA. Product images are presented in Figs. S1–S3 of
the SI.

The three demonstrations were conducted similarly, and all
were continuous flow systems, but some differences are noted here.
Battelle’s PFAS Annihilator was used to conduct duplicate experi-
ments with influent and effluent samples collected and analyzed in
triplicate. A 100 × dilute solution of AFFF and an oxidant (con-
fidential) were fed through the SCWO reactor in a single pass with
a residence time of <10 s. An alkaline solution (confidential) was
added to the effluent, posttreatment to neutralize acid formation.
Battelle’s samples underwent targeted analysis for 28 PFAS by its
Environmental Laboratory Accreditation Program (ELAP) accred-
ited laboratory (Norwell, USA). For the demonstration, Aquarden
used a feed flow of 1 L=h and a reactor residence time of 60 s.
AFFF was diluted with distilled water and an alkaline buffer
(potassium hydroxide 0.5%w=w) to a final dilution of 100x.
Throughout this test, the maximum reactor temperature was main-
tained at 590°C, and reactor operation pressure was set at 24 MPa.
ALS Environmental Lab analyzed a single effluent sample for 12
PFAS (Copenhagen, Denmark). For the 374Water demonstration,
their SCWO unit located at Duke University was used. A desired
influent PFAS concentration was set to 200–300 ppm (See
Table S2), and so a 30x dilution was determined. The maximum
reactor temperature was 595°C with a feed rate of 0.35 kg=min
and reactor residence time of 6–8 s. Influent and effluent from
the 374Water system were analyzed for 28 PFAS by TestAmerica
(West Sacramento, USA). Table S5 shows which of the PFAS were
analyzed for by each vendor, indicating which compounds were
similarly or uniquely investigated. The various test parameters
are highlighted in Table 2. Some of the test parameters have been
shielded by the vendors under confidential business information
(CBI), but taken together, an evaluation of the SCWO technology
is still possible.

The analysis of PFAS in the liquid influent and effluent was
conducted by high-performance liquid chromatography followed
by tandem mass spectrometry (HPLC/MS/MS) (Shoemaker and
Tettenhorst 2020). Chemical oxygen demand (COD), a measure
of oxidizable pollutants in water, was measured by colorimetry
for the Aquarden and 374Water AFFF samples (Hach Company,
Colorado, USA). Fluoride was measured by an ion-selective elec-
trode (ISE; YSI, Ohio, USA) and ion chromatography (IC; Thermo
Scientific, Massachusetts, USA) by EPA 9056A for the Battelle

Table 1. Details of the AFFF tested in the demonstrations

SCWO providers Product name Product type Lot number
Manufacture or

pack date
Chemical oxygen
demand (mg=L)a

374Water 3M Lightwater FC-203CF 30040 October 1998 467,000
Aquarden 3M Lightwater Alcohol-type

concentrate (ATC-plus)
ZF-0002-050B 040007 February 1996 475,000

Battelle 3M Lightwater FC-203CF 30076 May 2001 Not tested
aChemical oxygen demand (COD) measured from a 1,000× dilute sample by Hach colorimetry test.

Table 2. SCWO reaction parameters from the three demonstrations

SCWO providers Temperature (°C) Pressure (MPa)
Reaction residence

time (s) Oxidizer
Alkaline treatment

type
Alkaline treatment

location

374Water 595 CBI 6–8 Air CBI Influent
Aquarden 590 24 60 Air KOH Influent
Battelle 590 CBI 10 CBI CBI Effluent

Note: CBI = confidential business information.
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influent and effluent samples only. ISE data are presented in the
main text, and comparable IC data are presented in the SI. As dis-
cussed later, the purpose of performing both was to evaluate the
accuracy of the ISE. Destruction efficiency (DE) is defined here
as unity minus the ratio of the sum of targeted PFAS in the liquid
effluent and influent material, as shown here:

%Destruction Efficiency ¼ 100 ×

�
1 −

P
PFASEffluentP
PFASInfluent

�

Target PFAS compounds detected below their respective
method detection limits were assumed to be zero. This assumption
was taken because assigning a value to a nondetect measurement
would bias the DE (i.e., destroying material that was not detected).
Although DEs calculated on an individual basis are discussed in
the following sections, the primary performance criteria were the
cumulative DE of the targeted compounds. DE here assumes
gas-phase PFAS emissions are negligible, which were not investi-
gated in this study.

Results and Discussion

PFOS-based AFFF contains high concentrations of fluorine and
sulfur, which under supercritical conditions have the potential to
form hydrofluoric and sulfuric acids, respectively. These are both
corrosive to the equipment and potential health hazards to opera-
tors. Without prior knowledge of the material behavior or emission
potential, dilution of the AFFF was deemed necessary. Addition-
ally, the AFFF was characterized for COD as a measure of energy
within the material to estimate an appropriate influent concentra-
tion. COD was found to be 467,000� 9,000 mg=L for the AFFF
sample sent to 374Water and 475,000 mg=L for the Aquarden
sample. The Battelle sample was not tested for COD but was
characterized by estimated PFAS influent concentration. All groups
supplemented an oxidant (either liquid or gas) into the system
to provide sufficient oxygen to the system. And all groups
supplemented—either to the influent or effluent—an alkaline
material (e.g., sodium bicarbonate) to reduce the potential for
hydrofluoric or sulfuric acid formation within the effluent stream.
374Water also used an alcohol-based fuel supplement (isopropyl
alcohol) to boost the calorific value of the dilute AFFF waste
stream. Targeted PFAS analysis of the influent showed relatively
good agreement among the groups and taken along with the COD
values and suggested that the three different Lightwater samples
were manufactured similarly despite different production years and
locations (Table 1).

In the Aquarden experiment, the reactor temperature was main-
tained at 590°C, and the reactor operation pressure was 24 MPa.
A single test was conducted with influent and effluent samples an-
alyzed for 12 compounds, as shown in Fig. 1(a) and reported in
Table S3. The effluent pH and COD were measured periodically
from the continuous flow system. As shown in Fig. 2, over the
entire treatment process, COD decreased by 99.9% from 4,750
to 5.17 mg=L and the pH decreased from 12.75 to 3.26 despite
the alkaline buffer, indicating oxidation and acid formation.
The overall DE was found to be greater than 99%. PFOS and
PFOA were reduced from 26,200 μg=L to 240 μg=L and 930 to
0.14 μg=L, respectively. As reported in Table S2, PFOS accounted
for 67% of the influent and 98% of the effluent PFAS.

In the Battelle experiment, duplicate tests were conducted to test
the repeatability and performance of Battelle’s PFAS Annihilator
system. Results shown in Fig. 1(b) are averages of triplicate sample
analyses and duplicate experiments (i.e., 3 × 2 ¼ 6measurements).
The error bars are the standard deviation of replicates. The averages

and standard deviations for targeted PFAS analysis of the influent
and effluent are reported in Table S4. PFOS was reduced from
30,599 to 0.33 μg=L in Test 1 and from 30,251 to 0.29 μg=L in
Test 2, showing a reduction of over 99.99% (Table S3). The average
total targeted PFAS concentration was reduced from 40,454 to
8.64 μg=L with PFOS, perfluoroheptanoic acid (PFHpA), and per-
fluorododecanoic acid (PFDoA) being the primary contributors to
the effluent concentration. The presence of PFDoA was attributed
to the neutralizing agent and added after SCWO treatment to
prevent the formation of hydrofluoric acid. As shown in Fig. 1(b),
Sulfonates appear to have been more effectively destroyed than car-
boxylates. However, these observed concentrations appear to be
due to more precise method sensitivity from the Battelle analytical
laboratory (i.e., lower reporting limits). Interestingly, perfluorode-
canoic acid (PFDA) concentration increased in the effluent of the
second test, and perfluorotridecanoic acid (PFTrDA) and 6:2
Fluorotelomer sulfonic acid (6:2FTS) were below the method
detection limit (MDL) in the influents and above the MDL in
the effluent. The 6:2 FTS measured in the effluent is likely due
to small background levels in the SCWO system and/or the alkaline
neutralization solution. It is critical to note that the analysis by
HPLC/MS/MS for PFAS is in the ng=L to μg=L calibration range
and so the limit of quantitation (LOQ) for influent samples is many
orders of magnitude greater than for the effluent samples (See
Tables S2–S4). Thus, detecting compounds in the effluent does
not necessarily indicate chemical formations or transformations,
though this also cannot be ruled out.

In the 374Water demonstration, a single influent sample and
triplicate effluent samples were collected after the system reached
a steady state. The results presented in Fig. 1(c) reflect the average
and standard deviation of those triplicates. PFOS was reduced over
99.99%, from 190,000 μg=L to 8.57 μg=L. Total targeted PFAS
decreased from 243,000 μg=L to 9.63 μg=L over the course of
the experiment. PFOS constituted 78% of the influent PFAS and
88% of the effluent concentration. The reactor residence time
was 6–8 s, and 25 L of dilute AFFF was processed. Only 9 com-
pounds of the 28 analyzed were detected in the influent (Table S4),
similar to other reported studies (Barzen-Hanson et al. 2017; Houtz
et al. 2016; Ruyle et al. 2020). This difference in comparison to the
other demonstrations is likely due to a combination of different
sample materials (Table 1) and variations in analytical laboratory
techniques and method detection limits (Tables S2–S4).

In all cases, the effluent ΣPFAS concentrations were greater
than the EPA drinking water health advisory limit (PFOA and
PFOS <70 parts per trillion) or state-level limits (ITRC 2021). Final
disposal of the effluent may require multiple treatments in a circular
or reconcentrated stream. Fig. 3(a) presents a conceptual full-scale
process that would recycle the SCWO effluent as the makeup water
for AFFF dilution in successive runs until the material has been
fully treated. In this scenario, a combination of AFFF material
and perhaps AFFF-impacted groundwater could be simultaneously
treated. Alternatively, as shown in Fig. 3(b), SCWO liquid effluent
could be sent through a high pressure or reverse osmosis (RO)
membrane with the concentrate being sent back for further treat-
ment. RO has previously been shown to remove 99% of PFAS from
drinking water (Crone et al. 2019; Flores et al. 2013). Permeate
would be free of PFAS (and other pollutants) and so could be
discharged.

Table 3 presents a hypothetical scenario of Fig. 3(a) as an ex-
ample of how the process could work to ultimately reduce PFAS
concentrations. In the example, 1,000 L of AFFF are treated at
100× dilution (ΣPFASinfluent ¼ 40,000 μg=L) at an assumed rate
of 10,000 L per day. The dilution is assumed to be with clean water
initially, and then a combination of clean water and recycled

© ASCE 05021006-3 J. Environ. Eng.
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SCWO effluent is used as the makeup in successive days. Clean
water is used in the final two days to flush the system and reduce
PFAS levels to a value below the health advisory limit. This sce-
nario does not account for the additional volumes of an alkaline
treatment or oxidant. In addition, the scenario assumes 5% water
volume loss of the influent (to gas-phase emissions and solids for-
mation) as well as 99% DE, even in Days 12 and 13 where influent

PFAS concentrations are much lower. Decreasing the dilution fac-
tor to 30 from 100 brings the conclusion of treatment at Day 7 (not
shown, table presented in the Supplemental Materials Excel file).
While reducing the dilution factor would reduce the total volume of
material to be treated and shorten treatment time, it may come at the
costs of decreased reactor lifespan, increased maintenance, and/or
increased potential for emissions or byproducts. This simple
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Battelle | Sample: 100x AFFF dilution
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Fig. 1. (Color) PFAS quantified in the influent or effluent of the SCWO experiments performed by (a) Aquarden | sample: 100× AFFF dilution;
(b) Battelle | sample: 100× AFFF dilution; and (c) 374Water | sample: 30× AFFF dilution. PFAS are organized alphabetically by detected carboxylic
acids and then sulfonic acids. Refer to the supplemental materials for a full list of analyzed PFAS.
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Fig. 2. (Color) The observed decrease in pH and COD in the Aquarden samples indicate acid formation but also significant oxidation and organics
destruction. Separately, the increased presence of fluoride in the Battelle experiment effluent indicates fluorine mineralization beyond the identified
PFAS.
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Fig. 3. (Color) The treatment of AFFF could require successive treatments by SCWO to fully reduce concentrations of PFAS: (a) clean water is used
initially and then treated SCWO effluent is used to dilute the next batch to reduce makeup water requirements; and (b) an RO system is used to
concentrate the PFAS and recycled for further treatment, with the clean effluent free for final disposal. *BDL = below the detection limit.

Table 3. Hypothetical scenario of SCWO treatment of 100× dilute AFFF

Schedule
(day)

AFFF to
treat (L)

Influent

Effluent=makeupbAFFF Makeup water Clean water Total mixture

Volume
(L)a

PFAS
concentration

(μg=L)
Volume
(L)

PFAS
concentration

(μg=L)
Volume
(L)

PFAS
concentration

(μg=L)
Volume
(L)

PFAS
concentration

(μg=L)
Volume
(L)

PFAS
concentration

(μg=L)

1 1,000 100 4 × 106 0 0 9,900 0 10,000 40,000 9,500 400
2 900 95 4 × 106 9,500 400 405 0 10,000 38,380 9,500 384
3 805 95 4 × 106 9,500 384 405 0 10,000 38,365 9,500 384
4 710 95 4 × 106 9,500 384 405 0 10,000 38,364 9,500 384
5 615 95 4 × 106 9,500 384 405 0 10,000 38,364 9,500 384
6 520 95 4 × 106 9,500 384 405 0 10,000 38,364 9,500 384
7 425 95 4 × 106 9,500 384 405 0 10,000 38,364 9,500 384
8 330 95 4 × 106 9,500 384 405 0 10,000 38,364 9,500 384
9 235 95 4 × 106 9,500 384 405 0 10,000 38,364 9,500 384
10 140 95 4 × 106 9,500 384 405 0 10,000 38,364 9,500 384
11 45 45 4 × 106 9,500 384 405 0 10,000 38,364 9,500 384
12 0 0 4 × 106 9,500 384 500 0 10,000 364 9,500 3.64
13 0 0 4 × 106 9,500 3.64 500 0 10,000 3.46 9,500 0.035
aAssumed as 10,000 L=day based on discussions with vendors regarding a field-scale system and 100× dilution factor.
bEffluent volumes are based on 5% mass loss to gas-phase emissions and solids precipitation. Effluent concentrations assume 99% DE of PFAS. Effluent
volumes and concentrations from Dayn are used for the makeup volumes and concentrations on Daynþ1.
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exercise highlights the potential for SCWO as a treatment alterna-
tive, but neither short- nor long-term evaluations have been pub-
lished to date.

As described in the PFAS data, Battelle performed two replicate
tests of their SCWO system and so, for each test, seven grab sam-
ples of influent and effluent were collected and analyzed for fluo-
ride as an indirect measure of mineralization of organofluorine.
ISEs offer rapid analysis but may be subject to interferences by
other ions in solution and other matrix effects. To verify the ISE
readings, fluoride was also measured by IC. Both ISE and IC sam-
ple data, including quality control and calibration data, are given in
the Supplemental Materials Excel file. ISE was calibrated at 1, 10,
and 100 mg=L according to user manual instructions. Measure-
ments of the fluoride influent and effluent were compared to IC
and ISE, where a low bias in the ISE data was observed. To reduce
matrix effects, the effluent samples were diluted by 20 times for
both ISE and IC. The influent samples, which would be expected
to have less fluoride, were not diluted. IC measurements were −1%
to 22% greater than respective ISE measurements of the influent
grab samples and 1%–29% greater than effluent grab samples.
ISE measurements require an ionic strength adjustor (ISA) to dilute
the effect of other ions within the solution, which may partially
explain the discrepancies observed between the two analytical ap-
proaches shown in Figs. S4 and S5. The relative standard deviation
of the ISE measurements alone was between 3% and 5% for both
tests and so the ISE data are shown here in Fig. 2. All data are
presented in the Excel Supplemental Materials file.

As shown in Fig. 2, fluoride increased from 2.78� 0.14 mg=L
in the influent to 97.5� 4.04 mg=L in the effluent, suggesting the
successful mineralization of organofluorine. A stoichiometric ac-
counting of fluorine in the influent based on the composition and
concentrations of the PFAS identified in the targeted analysis was
estimated to be 25.9 mg=L. Thus, the total measured fluorine in the
dilute AFFF influent was 28.7 mg F=L (2.78þ 25.9 mgF=L). In
reality, this would underestimate fluorine because the targeted
analysis quantified only 28 compounds, whereas there may be doz-
ens of additional compounds at varying concentrations, including
other organofluorine compounds that are not PFAS (Barzen-
Hanson et al. 2017; Houtz et al. 2016; Place and Field 2012;
Ruyle et al. 2020). The value of this assessment comes from the
mass balance comparison to the respective effluent concentrations.
In the effluent, ΣPFASeffluent ¼ 0.011 mg=L, meaning the fluorine
content was 0.006 mgF=L based on the specific PFAS concentra-
tions and molecular weights. The calculations for this stoichiomet-
ric mass balance are provided in the Supplemental Materials Excel
file. Based on an equimolar (1:1) conversion of fluorine to fluoride,
only 25.9 mgF=L would be expected in the effluent due to the de-
tected PFAS in the influent. However, this accounts for only 27% of
the 97.5 mg=L measured in the effluent. This indicates a large frac-
tion of the total fluorine in the dilute AFFF was not quantified as
either fluoride or contained within one of the 28 targeted PFAS.
This speaks to the importance of gathering additional data from
assays of total organofluorine analyses, total oxidizable precursors,
and/or semiquantitative nontargeted analyses to more comprehen-
sively assess fluorine content within wastes to be treated/disposed
(Dubocq et al. 2019; McDonough et al. 2019; Robel et al. 2017;
Weiner et al. 2013). This shows SCWO effectively mineralized
fluorine compounds that were not identified, meaning SCWO
may effectively treat a range of organofluorine compounds.

Understanding the total cycle and transformative nature of these
compounds in a supercritical environment helps develop this tech-
nology and address potential operational issues. The generation
of fluoride salts is a positive indicator of oxidation, but scaling
along the reactor walls and tubing can clog the effluent lines. This

could become a significant issue to maintain process efficiency as
full-scale systems will be required to operate for periods of days,
weeks, or perhaps continuously (Marrone 2013). As these were
time-limited studies, long-term reactor performance could not be
assessed. It is known that the step-wise PFAS destruction mecha-
nism of SCWO can produce small volatile organofluorine byprod-
ucts, such as trifluoromethane, a greenhouse gas, and smaller
perfluorocarboxylic acids that can have detrimental health effects
(Hori et al. 2008). Likewise, oxidation of PFAS drives the forma-
tion of both hydrofluoric and sulfuric acid gases, which are corro-
sive to SCWO systems (Mitton et al. 2001). Hydrofluoric acid is
also highly toxic, which can cause health and safety concerns for
workers, as well as the need for emissions control technologies to
limit release.

Conclusions

This research intended to assess the efficacy of SCWO as a
technology that could reduce PFAS concentrations from water con-
taining unused AFFF. Three SCWO systems were independently
contracted to demonstrate their technology for this purpose. This
research was not intended to compare different SCWO systems
to each other, as each operated under different conditions, used sim-
ilar but different PFOS-based AFFF, and employed different ana-
lytical labs. Each of the three SCWO systems achieved greater than
99% DEs of ΣPFAS from dilute AFFF, including 99% destruction
of PFOS and PFOA in the liquid phase. The effluent concentrations
were still higher than the EPA’s drinking water health advisory limit
(i.e., 0.070 μg=L) and state-level limits, and so, repeated treatments
may be needed before final disposal. The study quantified specific
PFAS and select wastewater characteristics such as fluoride, pH,
conductivity, and COD, limiting the conclusions drawn here. The
targeted analyses of the liquid-phase, before and after treatment,
offer a useful assessment of the technology, which showed positive
results. More rigorous examinations of the influent and effluent
composition, including gas-phase products, are needed.

The presence of PFAS in the effluent not accounted for by the
targeted compound analysis affirms that nontargeted analyses, in-
cluding total oxidizable precursors or total organic fluorine, would
be informative understanding potential byproducts and SCWODEs
(McDonough et al. 2019; Weiner et al. 2013). The potential for air
emissions of PFAS and other byproducts from SCWO systems
requires further study (Horst et al. 2020; Winchell et al. 2020).
Understanding operation and maintenance costs, wastewater and
air pollution control requirements, and other lifecycle factors would
help provide evidence for SCWO’s utility as a PFAS treatment
technology that is a viable alternative to incineration or landfilling.
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