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Abstract

Results from a field trial commissioned for the Australian Department of Defence at

the Army Aviation Centre Oakey evaluated the effectiveness of the Surface‐Active

Foam Fractionation (SAFF) process at removing per‐ and polyfluoroalkyl substances

(PFAS) in groundwater. The study showed that the SAFF process is effective in

removing ≥99.5% of the aggregate of perfluorooctane sulfonate (PFOS), per-

fluorohexane sulfonate (PFHxS), and perfluorooctanoic acid (PFOA) in PFAS‐

contaminated groundwater, and consistently achieved the criteria for these PFAS

species prescribed in the Australian PFAS National Environmental Management Plan

(HEPA, 2020) water quality specification, and exceeded such by a factor of 3.3 over

the 12 month study period. The field trial also demonstrated the sustainability at-

tributes of SAFF since it requires no chemical reagents nor adsorbent media, other

than air introduced to the foam fractionation vessels. However, when an anionic

exchange (AIX) resin “polisher” was installed downstream of SAFF, all trace de-

tectable PFAS species were removed. In addition, by reducing the PFAS loading, the

SAFF process extends the AIX resin lifespan. The field trial demonstrated that the

removal (i.e., separation and concentration) extent of PFAS species due to SAFF is

closely correlated with the adsorption coefficient of the molecules at the gas–liquid

interface. When the reported adsorption coefficient is greater than approximately

1.0 × 10−6 m, practically all of the PFAS species, including PFOS, PFHxS, and PFOA,

were removed by SAFF. Longer‐chain PFAS species that benefit from higher ad-

sorption coefficients are easier to remove than shorter‐chain species that exhibit

lower adsorption coefficient values. It is noted that the presence of dissolved

electrolytes arising from the site groundwater being classified as hard is believed to

enhance the adsorption coefficients, and so SAFF is likely to become still more

effective in brackish, saline, and reverse osmosis reject waters.

1 | INTRODUCTION

The contamination of groundwaters by per‐ and polyfluoroalkyl

substances (PFAS) has been suggested as a significant global en-

vironmental health crisis (Pelch et al., 2019). The epidemiological

review of Rappazzo et al. (2017) has reported that PFAS may be

associated with various adverse health outcomes in humans including

thyroid diseases, testicular and kidney cancers and, in children, de-

layed onset of puberty. PFAS molecules exhibit environmental per-

sistence due to the strength of their characteristic C–F bonds. There

are many general sources of PFAS contamination in groundwater and

surface waters arising from the historical use of Class B aqueous film‐

forming foams (AFFFs) used for firefighting and training purposes,

particularly at global defense sites and larger airport facilities.
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An industry survey of remediation consultants and contractors

(Environmental Business Journal, 2019) estimated the size of the

U.S. PFAS‐remediation market at US$160 billion.

The Australian PFAS National Environmental Management Plan

(NEMP), authored by the Australian and New Zealand Heads of En-

vironmental Protection Authorities (HEPA, 2020), established water

quality criteria for PFAS in drinking water as perfluorooctane sulfo-

nate (PFOS) 0.07 μg/L (equivalent to 70 parts per trillion, 70 ng/L),

perfluorohexane sulfonate (PFHxS) 0.07 μg/L (including a combined

criterion for PFOS and PFHxS of 0.07 μg/L), and perfluorooctanoic

acid (PFOA) 0.56 μg/L. PFAS contaminated ground and surface wa-

ters, that are attributed to the historical use of PFAS at Army Aviation

Centre Oakey (AACO), are managed using the NEMP.

The water treatment plant installed to treat PFAS at the AACO site

comprises a lead Surface‐Active Foam Fractionation (SAFF) process

followed by an anionic exchange resin (AIX) polishing process with

groundwater extracted from a third‐party installed extraction well net-

work presenting an average aggregate concentration of PFOS and

PFHxS of 3.81μg/L which is a factor of approximately 55 times greater

than the NEMP criteria. The average concentration of PFOA in the

feedwater is 0.48μg/L. It is noted that the United States Environmental

Protection Agency (USEPA) established a Lifetime Health Advisory Limit

(HAL) for PFOS and PFOA combined as 0.07μg/L (USEPA, 2016).

PFOS, PFHxS, and PFOA are classified as “priority” species in the

current work based on the Australian Government adopted NEMP and

the USEPA's HALs.

This paper begins with a discussion of the adsorptive bubble se-

paration process of foam fractionation that can theoretically be used

to remove various PFAS contaminants from groundwaters. Subse-

quently, the paper summarizes the results of field trials of SAFF, in

addition to a combination of SAFF upstream of AIX, for the removal of

priority PFAS species, including a discussion of anomalous results.

2 | MECHANISM FOR THE FOAM
FRACTIONATION OF PFAS

2.1 | The foam fractionation process

Foam fractionation is an adsorptive bubble separation technique that

can remove amphiphilic species dissolved in an aqueous solution.

Amphiphiles (or “surfactants”) tend to adsorb onto the surface of

rising bubbles (i.e., air–water interfaces) to reduce the Gibbs free

energy of the system. The technique of foam fractionation is long‐

established. Possibly the first authors to use the term “foam frac-

tionation” were Lemlich and Lavi (1961). Lemlich (1972) subsequently

edited a text on various adsorptive bubble separation techniques,

amongst which included foam fractionation. There is a relatively re-

cent monograph of Stevenson and Li (2014) that focusses on the

theory and practical implementation of foam fractionation. Burghoff

(2012) surveyed many applications successfully trialed (bench‐scale)

for foam fractionation of proteins, enzymes, and amphiphilic con-

taminants of surface waters.

Specifically relevant to the present work, it has been demon-

strated by Lee et al. (2017) that a single‐stage foam fractionation

process is effective at removing up to approximately 90% of the

PFAS species PFOS and PFOA at relatively low pH in the presence of

metallic cations acting as an activator so as to promote the adsorp-

tion of PFAS to the gas–liquid interfaces. More recently, the same

research team (Li et al., 2021) showed nearly complete removal of

PFOA from a dilute solution using the cationic surfactant ce-

trimonium bromide or its homologs as a “collector” (or “cosurfac-

tant”). Whereas the use of metallic cations as an activator required

relatively low pH to be effective, there was no discernible influence

of pH on the efficacy of the technique when cationic surfactants are

used as collectors, and the method was found to be effective in even

moderately alkaline solutions.

In the simplest invocation of foam fractionation, gas (typically air)

is bubbled through an aqueous solution of amphiphiles so that they

adsorb to the surface of rising bubbles, which form a froth/foam layer

above the liquid pool, and this can be removed/collapsed to form a

“foamate” liquid that is enriched in the amphiphile. The residual liquid

at the bottom of the column is depleted in the amphiphile. Essentially,

air bubbles act as an adsorbent in much the same way as granular‐

activated carbon (GAC) does for other applications, but with the

advantage that air bubbles are cheap, mobile, and “sustainable,” and

do not require disposal after use.

The practical implementation of foam fractionation at a com-

mercial scale cannot be described in such a simple manner. It involves

consideration of, for instance, design geometry, method of bubble

production, gas flow rate, foamate management, and opportunities

for process intensification (Stevenson & Li, 2014). Specifically, the gas

flow rate and bubble size dictate the hydrodynamic condition of the

foam which is described by the theory of Stevenson (2007). There

exist opportunities to improve the performance of foam fractionation

by the implementation of foam fractionation units in series, and this is

indeed what will be reported herein via description of the SAFF

process.

2.2 | Adsorption of PFAS molecules to gas–liquid
interfaces

Whether a solute species is susceptible to removal via foam frac-

tionation is largely dependent on the equilibrium relationship be-

tween the surface concentration of the adsorbed species (often

referred to as the “surface excess”), Γ, and the concentration of the

species in the bulk liquid, C. The relationship is known as the “ad-

sorption isotherm,” and takes the general form:

f CΓ = ( ). (1)

This is, generally, a nonlinear relationship. The most generally

adopted isotherm with respect to foam fractionation is the “Langmuir

isotherm” which shows that the surface excess demonstrates an

asymptotically high value at high concentration, and this is known as
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the “saturation surface excess,” Г∞, which approximately corresponds

to the critical micelle concentration (CMC) in the bulk liquid:

( )K C

K C
Γ = Γ

1 +
,∞

L

L

(2)

where KL is constant with units of m3/mol. Equation (2) is effectively

a two‐parameter fit to the adsorption isotherm. However, at rela-

tively low bulk concentrations (i.e., low relative to the CMC) there is

an approximately linear relationship between surface excess and bulk

concentration, thus:

KCΓ = , (3)

where K is an adsorption coefficient constant with units of meters. As

an example, consider the commercial ionic surfactant Triton X‐100

which is commonly used to demonstrate the efficacy of foam frac-

tionation because it adsorbs to gas–liquid interfaces so well, including

by Darton et al. (2004) who gave a Langmuir adsorption isotherm at

pH 7°C and 20°C as:

C

C
Γ =

3.677 × 10

0.002112 +
.

−6

(4)

This can be linearized at an infinitesimal concentration to give a K

of 1740 × 10−6 m (or 1740microns/1740 μm), corresponding to an

adsorption isotherm:

CΓ = 1740 × 10 .−6 (5)

It stands to reason that foam fractionation will generally be ef-

fective at removing various PFAS species from an aqueous solution,

because their very presence as a contaminant is due to its being used

to stabilize a foam (for fire‐fighting applications), and it is appropriate

to demonstrate this by considering the value of the adsorption

coefficient. Brusseau (2019) has asserted that typical PFAS‐

contaminated groundwaters exhibit concentrations so low that a

linear adsorption isotherm is sufficient. The concentration of PFAS

reported herein, typical of the feed to the foam fractionation process

(i.e., 4.29 μg/L priority PFAS species), is consistent with this ob-

servation. By way of comparison, the CMC of the PFAS species PFOS

has been reported as 3.78mg/L at pH 7°C and 20°C by Yang

et al. (2014).

Linear adsorption coefficients, selected from those given by

Brusseau (2019) for a variety of PFAS species, are shown in Table 1.

These data are for single‐species PFAS in deionized water at ap-

proximately pH 7, and since temperatures are not explicitly given it is

assumed that these are taken at around 20–25°C. Data given relate

to four subclasses of PFAS: perfluorocarboxylates (PFCAs), branched

PFCAs, perfluorosulfonates, and polyfluoroalkyls. The data of

Brusseau (2019) demonstrate a wide range of adsorption coefficients

for PFAS species over nearly seven orders of magnitude. Within each

subclass of PFAS, there is a significant increase in such adsorption

coefficients as the carbon chain length increases: Long‐chain PFAS

species are much more susceptible to foam fractionation than are

short‐chain PFAS species. Clearly, long‐chain PFAS species are ex-

cellent candidates for foam fractionation, but C4 and shorter chain

PFAS molecules will barely adsorb at all without the implementation

of process intensification techniques.

It is known that contaminants arising from Class B AFFFs com-

prise a mixture of PFAS species rather than as a single solute. Barzen‐

Hanson et al. (2017) have identified 40 PFAS species in contaminated

groundwater due to the use of AFFF. For macromolecules at a rela-

tively high bulk concentration, there can be competitive adsorption,

which means that some species preferentially adsorb at the expense

of others (Stevenson & Li, 2014). In the present case, the con-

centration of PFAS species is very small compared to the relevant

CMCs, and so the adsorption of blends of PFAS species can be

considered to be approximately linearly additive.

2.3 | Presence of electrolytes

Since AACO groundwaters have dissolved electrolytes present, it is

pertinent to consider how the presence of electrolytes will change

foam fractionation performance by considering how the adsorption

coefficient is modified. Brusseau (2019) has stated that almost all

studies on the adsorption of PFAS to bubbles have been conducted in

the absence of electrolytes and at around pH 7. However, there have

been studies that have investigated the influence of electrolytes on

the sorption of PFAS species to soil particles; there is a difference

between soils and bubbles with respect to the quantitative nature of

the adsorption isotherm, but not the qualitative nature of the electric

double‐layer (EDL). Both Higgins and Luthy (2006) and Kwadijk et al.

(2010) found that PFAS adsorption was enhanced to solid sediments

in the presence of electrolytes. In the simplest of explanations, the

reason for the observation that the presence of electrolytes enhances

the adsorption coefficient (and therefore the efficacy of foam frac-

tionation) may lie with how the electrolyte impacts upon EDL of

adsorbed ions at the air–water interface as the isoelectric point is

approached.

However, the most compelling evidence for the likely improve-

ment of foam fractionation performance in the presence of dissolved

electrolytes is presented by Brusseau and Van Glubt (2019) who have

given values of the adsorption coefficient of PFOA in various elec-

trolyte solutions by measurement of the equilibrium surface tension

of the solutions versus air at 25 ± 1°C. Their data are rereported in

Table 2 for a variety of electrolyte solutions, including a “synthetic

groundwater” (SGW), which is a solution of several different elec-

trolytes chosen as a proxy for a typical groundwater.

Brusseau and Van Glubt (2019) have demonstrated that the

presence of electrolytes does indeed enhance the adsorption coef-

ficient of PFOA to the gas–liquid interface, and this enhancement is

by a factor of 26 for arguably the most pertinent case of a SGW

solution. It will be demonstrated herein that the removal percentage

of PFAS species due to the SAFF process generally monotonically
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increases with adsorption coefficient (although the reported ad-

sorption coefficient is for PFAS species in deionized water), and this

observation indicates that the presence of electrolytes in the feed

stream of a foam fractionation unit will increase its efficacy. It is

noted that the groundwater at AACO is classified as “hard” (see

Section 4 herein). It is likely that the improvement of foam fractio-

nation performance in the presence of electrolytes is due to mod-

ification of the electrical double layer at the bubble surface.

TABLE 1 Adsorption coefficient (to
two significant digits) for PFAS species to
the deionized water–air interface at pH 7,
after Brusseau (2019)

PFAS class Acronym Chemical name

Adsorption
coefficient,
K (μm)

Perfluorocarboxylates PFAA Na‐perfluoroacetoate 0.0015

PFPrA Na‐perfluoropropanoate 0.0071

PFBA Na‐perfluorobutanoate 0.017

PFPeA Na‐perfluoropentanoate 0.058

PFHxA Na‐perfluorohexanoate 0.22

PFHpA Na‐perfluoroheptanoate 0.58

PFOA Na‐perfluorooctanoate 2.3

PFNA Na‐perfluorononanoate 9.3

PFDA Na‐perfluorodecanoate 37

PFUnA Na‐perfluoroundecanoate 190

Branched PCFAs Iso‐PFOA Na‐perfluoro‐methyl‐heptanoate 2.4

Iso‐PFDA Na‐perfluoro‐methyl‐nonanoate 69

Perfluorosulfonates PFBS K‐perfluorobutanesulfonate 0.18

PFHxS K‐perfluorohexanesulfonate 0.97

PFHpS Na‐perfluoroheptanesulfonate 5.1

PFOS K‐perfluorooctanesulfonate 23

PFNS K‐perfluorononanesulfonate 370

Polyfluoroalkyls 9H‐PFNA Nae9H hexadecafluorononanoate 2.0

7H‐PFHpA NH4e7H‐dodecafluoroheptanoate 0.48

SPBS Na‐p‐perfluorononenyloxy benzene
sulfonate

6,700

FC‐53 K‐3‐oxa‐perfluorononane‐sulfonate 17

TDFHD Na‐tridecafluorohexadecanoate 8,000

F9‐CTAB Nonafluoropentadecyl‐CTAB 49

F12‐CTAB Dodecafluoropentadecyl‐CTAB 74

F17‐CTAB Heptadecafluorotetradecyl‐CTAB 160

UDFOS Na‐undecafluorooctanesulfonate 1.0

NFHES Na‐nonafluorohexylethersulfonate 0.66

UDFHES Na‐undecafluoroheptylethersulfonate 2.9

TDFP Na‐tridecafluoropentanoate 3.2

TDHP Na‐tridecafluorohexanoate 4.3

HDFPEC Na‐heptadecafluoropolyether
carboxylate

12

TDFPBP Li‐tridecafluoropentylbenzene
phosphonate

34

Note: Italicized are PFAS species prescribed by the Australian Drinking Water Criteria (HEPA, 2020)

which are classified as “priority” PFAS compounds herein.

Abbreviation: PFAS, polyfluoroalkyl substances.
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3 | DESIGN OF SAFF

3.1 | SAFF process

The SAFF plant as deployed at the AACO field trial site is comprised

of a train of three foam fractionation stages that are conceptually

installed in series and operate in a semibatch mode, as is depicted

in the simplified process flow diagram of Figure 1. The first stage

(primary fractionator) “strips” PFAS from contaminated feed and

produces a PFAS‐depleted rejectate (i.e., the treated water) which is

then pumped from the bottom of each aeration vessel and sent to a

polishing stage and then to the “clean” water stream. The primary

foamate containing the PFAS waste stream forms the feed to the

second stage (secondary fractionation). The enriched secondary

foamate from the secondary unit forms the feed to the third stage

(tertiary fractionation), whereas the rejectate from both the sec-

ondary/tertiary fractionation stages are recycled/blended back into

the feed of the primary fractionation stage. The foamate of the ter-

tiary unit, which is now highly enriched in PFAS but with extra-

ordinarily reduced volume is stored on‐site awaiting periodic disposal.

Default disposal of the highly enriched PFAS waste is by high‐

temperature incineration with preference for future on‐site de-

struction cells which are close to commercialization by third parties.

However, to date, all foamate waste has been supplied to various

international research facilities seeking to validate on‐site destruction

cell technology using real‐world waste material via oversight from the

Australian Department of Defence. In the foam fractionation train

the volume of liquid handled by the primary stripping unit is high

relative to the volume of downstream enrichment secondary/tertiary

fractionation units since the volume of the foamate versus the vo-

lume of the feed is progressively reduced. Technology alignment with

third‐party destruction cell developers provides the greatest oppor-

tunity of achieving an on‐site remediation closure consistent with the

U.S. Interstate Technology and Regulatory Council's PFAS remedia-

tion theme of “Separation + Concentration + Destruction,” thus of-

fering an alternative to off‐site high‐temperature incineration or

landfilling, the latter being unpopular with local residential commu-

nities (ITRC, 2020).

The pretreatment stage is a precautionary process to remove

solid particles from the feed to the foam fractionation train. This is

constituted of groundwater well screens and a 16m3 sedimentation

tank to remove suspended solids followed by a coalescing plate se-

parator of volume 2.0 m3 to remove free‐phase hydrocarbons known

to be present adjacent to the groundwater extraction well array.

An automated acid dosing system is installed pre‐SAFF to ensure

process water presented to the polishing stage has a pH between 6.0

and 6.8 to avoid fouling. The polishing stage comprises a single‐pass

GAC guard column of 1000 kg (Oxpure 1240B‐9) to remove dis-

solved organic compounds, followed by 1.6 m3 Lanxess Lewatit

M500 PFAS selective AIX resin configured in a lead‐lag column

arrangement followed by additional 0.8 m3 Lanxess TP106 AIX

resin columns also configured in a lead‐lag arrangement to remove

short‐chain PFAS species.

The SAFF process operates in a semibatch mode (i.e., batch with

respect to the liquid phase and continuous with respect to the gaseous

[air] phase). The primary fractionation stage is, in fact, comprised of

five vessels fabricated from high‐density polyethylene (HDPE), each

with a volume of 2.5m3. The operation of each successive vessel is

offset by approximately 5min such that they fill with contaminated

water after pretreatment via a transfer tank in turn. Each of the pri-

mary foam fractionators is aerated for 21min using Venturi‐type

aerators. Aeration rates are controlled such that the foam does not

flood the column, which is a phenomenon previously described by

Wang et al. (2014).

The secondary foam fractionation stage is comprised of a single

1.1m3 HDPE vessel also fitted with Venturi aerators. The tertiary

foam fractionation stage, depicted schematically in Figure 1 is not, in

fact, a dedicated unit. Because the volume reduction of foamate

versus feed to an individual fractionator is substantial, the tertiary

foam fractionation can be conducted in the secondary foam fractio-

nation column, typically once every 8–10 weeks. The operation of

the tertiary stage presented some challenges with respect to foam

handling because the high concentration of PFAS species causes

exceptionally tenacious foams, and such a tertiary stage is thought to

be optional for future designs. Thus, tertiary fractionation is likely to

be a specialty service offered by the vendor brought to the site as a

mobile trailer unit or alternatively taken off‐site for processing. The

tertiary foamate, which is highly enriched in PFAS, is collected and

temporarily stored on‐site for disposal once the volume of this waste

approaches 1m3.

The SAFF process is completely contained within “40‐foot” and

“20‐foot” hi‐cube custom shipping containers. Figure 2 is a photo-

graph of the entire process (i.e., the SAFF process plus ancillary

pretreatment and polishing stages). The front container depicts five

parallel plumbed 2.5 m3 aeration tanks that function as the primary

fractionation stages, whereas the 1.1 m3 vessel towards the right

TABLE 2 After Brusseau and Van Glubt (2019), adsorption
coefficients (to two significant digits), and their enhancement ratio
versus that measured in deionized water, for PFOA in various
electrolyte solutions

Solution
Adsorption
coefficient, K (μm)

Enhancement of K versus
that of deionised water

Deionised
water

2.3 –

0.01M NaCl 17 7.4

0.1M NaCl 87 38

0.01M KCl 15 6.5

0.01M CaCl2 170 74

0.01M SGW 60 26

Note: The pH for the SGW solution is reported to be 7.7; the temperature
at which all surface tension measurements (so as to infer K) were
conducted was 25 ± 1°C.

Abbreviations: PFOS, perfluorooctane sulfonate; SGW, synthetic
groundwater.
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functions as the secondary/tertiary fractionation stages. The smaller

container directly behind the front SAFF enclosure contains the

proprietary vacuum system and foamate knockout transfer tank. The

rearmost “40‐foot” container houses the GAC and AIX resin polishing

process which operate in a continuous flow‐through mode (including

a water recirculation circuit to prevent AIX resin from degrading due

to potential mismatched semibatch SAFF and continuous flow resin

requirements arising from feedwater supply interruption). Some

treated water is disposed of under contract via a nearby airside

bushland irrigation system. In addition, two 50m3 treated water

tanks are used to receive contaminated surface water arising from

site construction works and an additional third and fourth 50m3

water tanks are maintained full for on‐base civil contractors to pur-

chase water for dust suppression and other civil construction uses.

3.2 | Influence of weather

It is of particular note that the shipping container which encloses

the SAFF process is fitted with an off‐white Bluescope Steel®

Colourbond® raised roof to provide a high solar reflectance/

thermal emittance, shade, and air circulation above the container

which combines to prevent heat transfer which can affect the

stripping process. This is because the nature of the gas–liquid foam

is dependent upon environmental conditions. Since the dynamic

viscosity of the liquid and molecular diffusion coefficient is a

function of temperature, the liquid fraction and liquid flux in foam

fractionators are also dependent on temperature (Stevenson,

2007). In addition, Li et al. (2012) have demonstrated that foam

stability is dependent upon environmental relative humidity, al-

though there are no free surfaces with the SAFF process, so hu-

midity is less of factor than is temperature. A slight seasonal

variation on the effectiveness of the process is apparent, although

the process is still operating within specification throughout the

year. The slight reduction in winter performance did not cause

process failure nor contractual/water quality guidelines to be

compromised. Time series data of concentrations post‐SAFF on

priority species (defined in Table 3) are provided graphically in

Figure 4, and to emphasize the slight seasonal variation in per-

formance; the winter months of June–August are indicated.

The average summer (i.e., December–February) temperature at

Oakey was recorded as 23.6°C (average minimum: 19.1°C, average

maximum: 32.9°C). The average winter (i.e., June–August) tempera-

ture at Oakey was 13.0°C (average minimum: 3.8°C, average max-

imum: 20.7°C; Australian Government Bureau of Meteorology

[BOM], 2021).

4 | SITE DETAILS

The AACO base is situated 2 km northeast of the regional township

of Oakey, in Queensland, Australia. This is approximately 130 km

west of Brisbane. Oakey is set within the Great Artesian Basin

(GAB) which is one of the largest deep groundwater bodies in the

world and underlies approximately one‐fifth of Australia, extending

beneath arid and semi‐arid regions of Queensland, New South

Wales, South Australia, and the Northern territory. The GAB has an

estimated total water storage capacity of 64,900 gigalitres (AGGA,

2020). AECOM (2015) reported that three regional aquifers exist

beneath Oakey; the Oakey Creek Alluvial Aquifer; the Main Range

F IGURE 2 Aerial photograph (March, 2020) portraying the water
treatment plant operating at the AACO site showing the SAFF
process in the front container. AACO, Army Aviation Centre
Oakey; SAFF, Surface‐Active Foam Fractionation [Color figure can be
viewed at wileyonlinelibrary.com]

F IGURE 1 Simplified process flow diagram
depicting volumetric concentration of the SAFF
process, also showing the pretreatment and
polishing stages. Air flows are not depicted. PFAS,
polyfluoroalkyl substances; SAFF, surface‐active
foam fractionation
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Volcanics Aquifer; and the Wallon Coal Measures Aquifer. The

AACO base occupies approximately 850 ha of land set on alluvial

floodplains, upgradient of the township of Oakey which has a

population of approximately 4300. The AACO base was estab-

lished in 1943 and has been used for defense purposes ever since.

It is currently deployed for helicopter training for the Australian

Army and serves as a regional base for the Republic of Singapore's

Airforce helicopter squadron.

PFAS contamination at AACO is primarily attributed to the

Australian Department of Defence's historical handling and use of

AFFF concentrates and regular fire‐fighting training. AECOM (2015)

reported that approximately 1273m3 of AFFF concentrate branded

as 3M Lightwater® with minor contributions from Ansulite® had

been discharged between 1977 and 2005 at the AACO site.

Environmental site assessments (AECOM, 2016) identify nine

on‐site sources of PFAS contamination comprising three depleting

sources:

1. Former fire training ground (under remediation by an alternate

technology supplier's ex situ AIX resin process),

2. Former fire station, and

3. Former fuel compound and hot refueling point.

The six active/operational PFAS source locations are comprised

of: (1) a hot refuel area; (2 and 3) spent AFFF recovery underground

storage tanks; (4 and 5) AFFF storage/decanting areas; and (6) a

current fire training ground which provides the extracted ground-

water being treated by the SAFF plus AIX resin water treatment plant

described herein.

The potential for off‐site migration is via groundwater and sur-

face water. Groundwater follows the topography within the alluvium

in a south‐westerly direction towards the Oakey township and Oakey

Creek. Surface water is diverted from the airfield and surrounding

base lands via three main drains (noting a fourth off‐site boundary

drain) that discharge into the receiving receptors of Oakey Creek

which flows into the Condamine River.

URS (2010) reported groundwater conditions within the

alluvium beneath the AACO site to be fresh to slightly brackish

(500–1500mg/L total dissolved solids). Tests conducted for the

present study have found site groundwater to be “hard” (135mg/L as

CaCO3) using the hardness classification system of the U.S. Geolo-

gical Survey (2020), which considers water of 121–180mg/L to be

“hard.” No semi‐volatile hydrocarbons nor volatile organic com-

pounds were found above laboratory reporting limits within the first

groundwater extraction zone (Figure 3). Groundwater has relatively

low salinity in upstream areas, whereas the groundwater flowing

towards the site contains higher levels of magnesium, calcium, and

bicarbonate dominated by sodium and chloride arising from discharge

from the Main Range Volcanics that crop the catchment area (Kelly &

Merrick, 2007).

The feedwater to the water treatment plant is from an extraction

well array comprising five individual extraction wells with the closest

located approximately 183m north of the plant (Figure 3). Water is

extracted using Viridian AP3‐BL pneumatic pumps, selected for its

ability to pump heavily silted water. During August 2019 to October

2020, groundwater yield was sporadically limited, and on‐base civil

contractors were permitted to discharge additional PFAS con-

taminated surface water for treatment. As a direct result of the

overall reduced groundwater yield, the SAFF process has been op-

erating on‐demand (one or two of five primary fractionators running

at any time) and the AIX resin polishing treatment reduced in scale.

Current volumetric throughput including ad‐hoc surface water from

civil works is approximately 90–110m3/day compared to the con-

tractual capacity of 250m3/day (2.9 L/s).

TABLE 3 The classification adopted herein for reporting purposes of laboratory detectable “priority” and “ancillary” species of PFAS

PFAS category Acronym Chemical name CAS number

Priority species PFOS Perfluorooctane sulfonate (Brusseau reports K‐perfluorooctanesulfonate) 1763‐23‐1

PFHxS Perfluorohexane sulfonate (Brusseau reports K‐perfluorohexanesulfonate) 355‐46‐4

PFOA Perfluorooctanoic acid (Brusseau reports Na‐perfluorooctanoate) 335‐67‐1

Ancillary species 6:2‐FTS 1H,1H,2H,2H‐perfluorooctanesulfonic acid 27619‐97‐2

8:2‐FTS 1H,1H,2H,2H‐perfluorodecanesulfonic acid 39108‐34‐4

PFHpA Perfluoroheptanoic acid (Brusseau reports Na‐perfluoroheptanoate) 375‐85‐9

PFHpS Perfluoroheptane sulfonate (Brusseau reports Na‐perfluoroheptanesulfonate) 375‐92‐8

PFHxA Perfluorohexanoic acid (Brusseau reports Brusseau reports Na‐perfluorohexanoate) 307‐24‐4

PFNA Perfluorononanoic acid (Brusseau reports Na‐perfluorononanoate) 375‐95‐1

PFDA Perfluorodecanoic acid (Brusseau reports Na‐perfluorodecanoate) 335‐76‐2

PFNS Perfluorononanesuflonic acid (Brusseau reports K‐perfluorononanesulfonate) 68259‐12‐1

Note: Where there is a discrepancy between the species name and that used by Brusseau (2019) reported inTable 1 herein, the name used by Brusseau is
reported in parentheses. For the absence of doubt, the CAS Registry Number is also given.

Abbreviations: CAS, Chemical Abstracts Service; PFAS, polyfluoroalkyl substances.
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5 | FIELD‐TRIAL RESULTS

5.1 | Measurement methodology

Samples of feedwater, post‐SAFF, and post‐AIX resin‐treated water

were collected on an approximately weekly basis between the dates of

October 30, 2019 to October 7, 2020 inclusive. Samples were col-

lected for a total of 34 (SAFF) and 35 weeks (feedwater and AIX).

Feedwater and AIX resin polished water was sampled by an in-

dependent defense‐appointed environmental consultant for the pur-

pose of supervising/evaluating water treatment process contract

performance. Additional feedwater, post‐SAFF, and post‐AIX resin

samples were also collected at the same time by the SAFF technology

provider to validate SAFF performance in addition to influent/effluent

contractual obligations. All samples were submitted to Australian De-

partment of Defence‐approved laboratories: contract samples to Aus-

tralian Laboratory Services (ALS) accredited by the National Association

of Testing Authorities (NATA) where NATA is the recognized Australian

accreditation authority to endorse data reported by analytical labora-

tories under the International Laboratory Accreditation Cooperative

(ILAC) in accordance with ISO/IEC 17025 (2017) requirements. ALS

testing adopted a modified ISO‐21675 (2019) and then transitioned to

a modified USEPA Method 537. Samples for SAFF evaluation were

submitted to Eurofins (Brisbane), accredited by NATA/ILAC (ISO/IEC

170125: 2017) testing to a modified USEPA Method 537 including

voluntary adoption of data quality objectives prescribed in U.S.

Department of Defense/Department of Energy Quality Systems

Manual 5.3 (U.S. Department of Defense and U.S. Department of

Energy, 2019).

For the purposes of discussion herein the concentrations of 11

detectable PFAS species present in the feedwater are reported. These

are classified into two categories that are provided in Table 3. Priority

species are PFOS, PFHxS, and PFOA prescribed by the Australian

drinking water criteria and so full time‐series data of concentrations

are provided herein. Ancillary PFAS species are those that do not

appear in the drinking water criteria but are present in feedwater and

so, in the interests of brevity, mean values of concentration over all

sampling events are provided rather than full time‐series data, al-

though full data are provided in the “Supporting Information Material.”

5.2 | Sampling procedures and analysis of
laboratory data

Sampling procedures were adopted to follow those prescribed by the

NEMP (Section 18), where applicable. All of the samples were ana-

lyzed for PFAS are by ISO/IEC‐17025 accredited laboratories (i.e.,

ALS and Eurofins).

Many of the measured concentrations are below the limit of re-

porting (LOR). In the interests of conservative reporting, calculations of

the mean and standard deviation of concentrations have ascribed a value

to the data point of the LOR in such cases. Thus, for example, a removal

percentage due to SAFF of ≥99.8% for PFOS is reported as an inequality

in Table 4, which articulates that 99.8% is the lower bound due to the

F IGURE 3 Plan of a portion of the AACO site showing the location of the installed water treatment plant relative to site buildings and
extraction well array depicted by the shaded circle overlain on the site plan (extraction wells EW01–EW05). AACO, Army Aviation Centre Oakey
[Color figure can be viewed at wileyonlinelibrary.com]
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adoption of the conservative data analysis protocol. This conservative

protocol gives rise to apparently curious calculations of mean con-

centrations in that, for instance, the mean concentration of PFOA post‐

SAFF is less than it is post‐AIX. This is merely an artifact caused by

ultratrace tests being performed on most post‐SAFF samples. Standard

deviations are reported assuming that concentrations less than LOR are

at the LOR.

However, there is a more liberal protocol that data less than LOR

are considered to have a zero concentration and, therefore, when this

is the case, some of the removal percentages are higher. Thus, re-

moval percentages using this protocol are, where appropriate, also

reported in Tables 4 and 5 in italics.

5.3 | PFAS concentration measurements

Concentrations of PFOS, PFHxS, and PFOA for each of the 35 sampling

events in the feedwater, post‐SAFF, and post‐AIX resin streams are

provided in Table 4, including the arithmetic mean concentrations along

with the standard deviations. The average removal percentages due to

SAFF alone for PFOS, PFOA, and PFHxS are ≥99.8%, ≥99.8%, and

98.4%, respectively (by mass assuming the more conservative reporting

protocol described in the caption to Table 4) which easily achieves the

Australian drinking water criteria (HEPA, 2020) and USEPA (2016) HALs.

In aggregate, SAFF alone removes ≥99.5% of these three priority PFAS

species. However, after AIX resin (polishing), the concentrations of the

three priority PFAS species are reduced to below the reported trace level

LORs for each of the relevant sampling events. Thus, it is reasonable to

conclude, notwithstanding the calculation protocol described above, that

SAFF followed by AIX resin polishing was successful in removing 100% of

the three priority PFAS species when compared to the dominant LOR

limit of less than 0.001µg/L.

Arithmetic means and standard deviations for the ancillary PFAS

species (as defined in Table 3) are provided in Table 5. Again, it is

important to recognize that the conservative data handling protocol

that concentrations less than LOR are considered to be at the LOR for

the purposes of calculation of the mean concentrations. Because of the

conservative data reporting protocol adopted herein, most removal

percentages due to SAFF are reported as an inequality. If the more

liberal protocol that any concentration reported less than the LOR were

to be adopted, the percentage removal due to SAFF for 6:2 FTSA, 8:2

FTSA, PFNA, PFHpS, and PFNS would be all 100%. Thus, it is rea-

sonable to conclude that SAFF was effective in completely removing all

of these species, at least to within the limits of the trace level LOR.

During the test period, the plant processed approximately 40,000m3

of feedwater and concentrated the PFAS into less than 10L of tertiary

foamate which was disposed of as previously described. Therefore, the

plant demonstrated a concentration/enrichment factor (with respect to

volume) of approximately 4 million with respect to PFAS. Further, for the

processing events between March and July 2020 (inclusive), concentra-

tions of the priority PFAS species PFOS, PFHxS, and PFOA in the con-

centrate (or foamate) streams from the primary, secondary, and tertiary

stages were measured and volume averaged. These concentrations are

provided in Table 6, along with the mean concentrations of the feed for

the entire trial as reported in Table 4. Table 6 also provides the enrich-

ment factor, E, due to the foam fractionation at that step, that is:

E =
Conc. of  concentrate  from SAFF stage

Average  feed  conc.
. (6)

In addition, Table 6 includes the foamate concentrations relevant

for disposal methods and future on‐site destruction cell processing. It

is seen that the enrichment factor after the primary stage of SAFF is

5.3, and this increases to 870,000 posttertiary stage. It is this high

enrichment factor that causes the aforementioned volume reduction.

5.4 | Anomalous results

The data provided inTable 4 are concentrations of priority PFAS species

measured during the sampling period October 30, 2019 to October 7,

2020. These data are presented as a time‐series plot in Figure 4; the

abscissa is the days since the first trial. Superimposed is the Australian

drinking water criteria (aggregate) for PFOS and PFHxS of 0.07μg/L, as

well as the period of the southern winter (defined as June–August

inclusive).

The time‐series of Figure 4 reveal some anomalies following data

anomalies (indicated by Points A and B), and it is beholden upon the

authors, in the interests of full disclosure, to acknowledge and discuss

these:

1. The out‐of‐specification result “A” is known to be the result of an

unsuccessful process optimization parameter change; this was

trialed while the proven AIX resin (polishing) “safety net” was in

place for any failed parameter tuning exercise.

2. It is suspected that the out‐of‐specification (and certainly out‐of‐

trend) results on PFOS “B” that occurred on February 19, 2020,

were likely due to a conflation of samples, since the results did not

correspond with other temporaneous data. The laboratory was

not able to back‐trace the current authors' suspicion that a sample

conflation occurred between sample labeling and laboratory

processing. Despite the suspicion of an error, the data are used as

reported in the calculation of mean and standard deviations (see

Table 4) in the interests of conservative reporting.

6 | DISCUSSION AND PROCESS
DEVELOPMENT

6.1 | Dependency of the efficacy of SAFF upon the
adsorption coefficient

Table 7 provides the mean removal percentages due to SAFF treatment

for all reported PFAS species as a function of the number of carbons in

each molecule and the adsorption coefficient, K, given by Brusseau

(2019; see Table 1 herein), who did not report adsorption coefficients
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for 6:2 FTSA and 8:2 FTSA. As discussed in Section 2.2, larger PFAS

(i.e., those with more carbons per molecule) tend to exhibit higher

adsorption coefficient values and, therefore, are generally more sus-

ceptible to removal from solution via foam fractionation.

Figure 5 are plots of the removal percentages of various PFAS

species due to SAFF treatment (as reported in Table 5) versus the ad-

sorption coefficients given by Brusseau (2019). It is seen that the re-

moval percentage increases approximately monotonically from low

TABLE 4 Concentration data of the priority PFAS species for each sampling event

PFOS (µg/L) PFOA (µg/L) PFHxS (µg/L)
Species Feed Post‐SAFF Post‐AIX Feed Post‐SAFF Post‐AIX Feed Post‐SAFF Post‐AIX

October 30, 2019 2.7 <0.001 <0.001 0.40 <0.001 <0.001 1.2 0.032 <0.001

November 06, 2019 2.3 <0.001 <0.001 0.61 0.002 <0.001 0.82 0.030 <0.001

November 13, 2019 2.4 <0.001 <0.001 0.56 0.003 <0.001 1.2 0.096 <0.001

November 20, 2019 2.6 0.004 <0.0001 0.45 0.001 <0.001 1.1 0.027 <0.001

November 27, 2019 2.6 <0.001 <0.001 0.65 <0.001 <0.001 0.93 0.023 <0.001

December 04, 2019 2.0 0.002 0.0018 0.33 <0.001 <0.01 0.75 0.015 <0.001

December 11, 2019 2.3 <0.001 <0.001 0.45 <0.001 <0.001 1.1 0.006 <0.001

December 18, 2019 2.9 <0.001 <0.0001 0.39 <0.001 <0.001 1.3 0.005 <0.001

December 23, 2019 3.5 0.003 <0.001 0.59 <0.001 <0.001 1.0 0.009 <0.001

January 03, 2020 3.8 0.002 <0.0001 0.60 <0.001 <0.001 1.3 0.023 <0.001

January 08, 2020 2.8 0.001 <0.001 0.57 <0.001 <0.001 0.92 0.010 <0.001

January 15, 2020 2.2 0.001 <0.0001 0.46 <0.001 <0.001 0.92 0.007 <0.001

January 22, 2020 2.5 0.001 <0.001 0.45 <0.001 <0.001 1.1 0.013 <0.001

January 29, 2020 2.6 0.001 <0.001 0.37 <0.001 <0.001 0.82 0.006 <0.001

February 05, 2020 2.9 N/A <0.0001 0.48 N/A <0.001 1.2 N/A <0.001

February 12, 2020 2.3 0.002 <0.001 0.38 <0.001 <0.001 0.87 0.003 <0.001

February 19, 2020 1.9 0.067 <0.001 0.35 0.001 <0.001 0.77 0.025 <0.001

February 26, 2020 2.2 <0.001 0.0003 0.32 <0.001 <0.001 0.69 <0.001 <0.001

March 04, 2020 1.9 <0.001 <0.001 0.35 <0.001 <0.001 0.76 0.019 <0.001

March 11, 2020 2.1 <0.001 <0.001 0.34 <0.001 <0.001 0.70 0.004 <0.001

March 18, 2020 2.1 <0.001 <0.001 0.32 <0.001 <0.001 0.55 0.004 <0.001

March 25, 2020 2.06 <0.001 <0.001 0.37 <0.001 <0.001 0.91 0.003 <0.001

April 22, 2020 3.0 0.003 <0.001 0.44 <0.001 <0.001 0.90 0.014 <0.001

May 20, 2020 2.0 0.002 <0.001 0.30 <0.001 <0.001 0.88 0.009 <0.001

May 27, 2020 2.44 0.002 <0.01 0.44 <0.001 <0.01 1.11 0.009 <0.02

June 17, 2020 3.3 0.005 <0.001 0.49 <0.001 <0.001 1.2 0.014 <0.001

July 15,2020 4.6 0.017 <0.001 0.97 0.003 <0.001 2.4 0.036 <0.001

August 12, 2020 3.3 0.012 <0.001 0.42 <0.001 <0.001 0.87 0.014 <0.001

August 26, 2020 4.88 <0.001 <0.001 0.61 <0.001 <0.001 1.12 0.01 <0.001

September 02, 2020 3.46 0.003 <0.01 0.59 <0.001 <0.01 1.23 0.017 <0.02

September 09, 2020 6.8 0.002 <0.001 1.1 <0.001 <0.001 1.9 0.011 <0.001

September 16, 2020 2.56 0.003 <0.001 0.46 <0.001 <0.01 0.95 0.030 <0.001

September 23, 2020 2.95 0.004 <0.01 0.50 <0.001 <0.01 1.09 0.019 <0.02

September 30, 2020 1.42 <0.001 <0.01 0.25 <0.001 <0.01 0.59 0.002 <0.02
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TABLE 4 (Continued)

PFOS (µg/L) PFOA (µg/L) PFHxS (µg/L)
Species Feed Post‐SAFF Post‐AIX Feed Post‐SAFF Post‐AIX Feed Post‐SAFF Post‐AIX

October 07, 2020 2.13 0.001 <0.01 0.28 <0.001 <0.01 0.76 0.015 <0.02

Mean 2.786 ≤0.004 ≤0.001 0.475 ≤0.001 ≤0.001 1.026 ≤0.017 ≤0.001

St. Dev. 1.013 0.012 0.003 0.176 0.001 0.004 0.349 0.017 0.007

Removal due to SAFF 99.8% (99.9%) 99.8% (99.9%) 98.4% (98.4%)

Note: The figure appearing after a “<” symbol indicates the limit of reporting (LOR) for that measurement. The bold data indicates data provided by the
testing laboratory Australian Laboratory Services. The balance represents data measured by Eurofins. Removal percentages that are not italicized are
calculated assuming the protocol that less than LOR is at the LOR, whereas the italicized percentages assume the alternative protocol that concentration

less than LOR are zero. Standard deviations are calculated assuming the former protocol. Apparent inconsistences with respect to significant figures/
decimal places are due to reporting protocols of the third‐party laboratories. “N/A” refers to not analyzed and indicates that a particular laboratory
measurement was not conducted.

Abbreviations: AIX, anionic exchange; PFAS, polyfluoroalkyl substances; PFHxS, perfluorohexane sulfonate; PFOA, perfluorooctanoic acid;
PFOS, perfluorooctane sulfonate; SAFF, Surface‐Active Foam Fractionation; St. Dev., standard deviation.

TABLE 5 Mean and standard
deviation (St. Dev.) of concentrations of
“ancillary” species, as defined in Table 3,
along with the removal percentages

PFAS species Mean (µg/L) St. Dev. (µg/L) Average removal due to SAFF

6:2 FTSA Feed ≤0.100 0.051

Post‐SAFF ≤0.006 0.008 ≥93.7% (100%)

Post‐AIX ≤0.013 0.017

8:2 FTSA Feed ≤0.032 0.018

Post‐SAFF ≤0.001 0.002 ≥95.8% (100%)

Post‐AIX ≤0.010 0.019

PFHxA Feed 0.755 0.220

Post‐SAFF 0.402 0.158 46.7%

Post‐AIX ≤0.008 0.010

PFHpA Feed 0.367 0.105

Post‐SAFF 0.068 0.036 81.5%

Post‐AIX ≤0.005 0.007

PFNA Feed 0.116 0.205

Post‐SAFF ≤0.001 0.002 ≥98.9% (100%)

Post‐AIX ≤0.003 0.005

PFDA Feed ≤0.156 0.412

Post‐SAFF ≤0.003 0.006 ≥97.9% (98.8%)

Post‐AIX ≤0.004 0.007

PFHpS Feed 0.117 0.053

Post‐SAFF ≤0.001 0.002 ≥98.9% (100%)

Post‐AIX ≤0.003 0.006

PFNS Feed ≤0.013 0.010

Post‐SAFF ≤0.001 0.002 ≥90.6% (100%)

Post‐AIX ≤0.001 0.000

Note: Removal percentages that are italicized are assuming the more liberal protocol that less than limit
of reporting is zero.

Abbreviations: AIX, anionic exchange; PFAS, polyfluoroalkyl substances; SAFF, Surface‐Active Foam

Fractionation.

BURNS ET AL. | 11



values of adsorption coefficient to around a value of approximately

1 × 10−6m, when the removal percentage due to SAFF treatment is

approaching 100% (dependent upon reporting protocol). It is postulated

that the relatively low removal percentages for PFNS (i.e., relative to

100%), and less so for PFDA, are an artifact due to low concentrations

relative to the LOR which causes artificially low calculated removal

percentages when the conservative reporting protocol is adopted.

It should be noted that Brusseau's adsorption coefficients are

measured in deionized water, whereas electrolytes were present in the

feedwater to the SAFF process (i.e., AACO feed is classified as hard

water). Thus, the adsorption coefficients plotted in Figure 5 are not, in

fact, the adsorption coefficients that were prevalent in the SAFF trials,

but the actual adsorption coefficients are likely to approximately scale

with Brusseau's values. Nonetheless, an illuminative trend is apparent;

the removal percentage of individual PFAS species increases in an

approximately monotonic fashion with the adsorption coefficient,

which is consistent with what is generally known about other foam

fractionation processes (Stevenson & Li, 2014).

6.2 | The use of AIX polishing

The water treatment process described herein included an AIX resin

(polishing) step to act as a “safety net” for removing PFAS species

downstream of the SAFF process. The results shown in Table 5

demonstrate that SAFF treatment alone was successful in re-

mediating PFAS in groundwater to consistently achieve the Aus-

tralian drinking water criteria prescribed by NEMP (HEPA, 2020).

However, as indicated in Section 6.1, SAFF is less effective in removal

of shorter‐chain PFAS molecules that exhibit lower adsorption

coefficients. This is demonstrated by the results in Table 5, from

which it is also clear that an AIX resin polishing process is an effective

technique to remove species with lower adsorption coefficients.

The SAFF treatment alone removed an average of ≥99.5% of the

aggregate of PFHxS, PFOA, and PFOS, which are the species included

in the Australian drinking water criteria. Thus, SAFF could be used

without downstream polishing to achieve these criteria. The advantage

of a water treatment process that does not include downstream pol-

ishing would be its conspicuous sustainability, since no substantive

consumables (i.e., GAC and/or AIX resin) would be required. It is re-

iterated that the only consumable required for the operation of SAFF

TABLE 6 Volume‐averaged
concentrations of priority species in the
concentrate (foamate) of the primary,
secondary, and tertiary units, along with
inferred enrichment factors

Species

Feed Primary SAFF Secondary SAFF Tertiary SAFF
Conc.
(μg/L)

Conc.
(μg/L) E (−)

Conc.
(μg/L) E (−) Conc. (μg/L) E (−)

PFOS 2.786 14.0 5.0 30,000 11,000 2,100,000 750,000

PFOA 0.475 1.9 4.0 4,300 9,100 380,000 800,000

PFHxS 1.026 6.1 5.9 12,000 12,000 1,200,000 1,200,000

Σ (PFOS,
PFHxS)

3.814 20.1 5.3 42,000 11,000 3,300,000 870,000

Abbreviations: PFHxS, perfluorohexane sulfonate; PFOA, perfluorooctanoic acid; PFOS,
perfluorooctane sulfonate; SAFF, surface‐active foam fractionation.

F IGURE 4 Time‐series data showing the concentrations of priority
PFAS species in the post‐SAFF stream. Lines connecting data points
serve merely as a guide‐to‐the‐eye. PFHxS, perfluorohexane sulfonate;
PFOA, perfluorooctanoic acid; PFOS, perfluorooctane sulfonate [Color
figure can be viewed at wileyonlinelibrary.com]

TABLE 7 The mean removal percentages (calculated by adopting
the conservative protocol that concentration less than LOR are at
the LOR) due to SAFF treatment for all reported PFAS species as a
function of the number of carbons in each molecule and the
adsorption coefficient, K, given by Brusseau (2019)

Species Number of carbons Ki (μm) Removal due to SAFF

PFHxA 6 0.22 46.7%

PFHxS 6 0.97 98.4%

PFHpA 7 0.58 81.5%

PFHpS 7 5.1 ≥98.9%

6:2 FTSA 8 N/R ≥93.7%

PFOA 8 2.3 ≥99.8%

PFOS 8 23 ≥99.8%

PFNA 9 9.3 ≥98.9%

PFNS 9 370 ≥90.6%

8:2 FTSA 10 N/R ≥95.8%

PFDA 10 37 ≥98.9%

Note: Priority PFAS species are italicized. K data for 6:2 FTSA and 8:2
FTSA are not reported (N/R) by Brusseau.

Abbreviations: LOR, limit of reporting; SAFF, surface‐active foam
fractionation.
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to remove the three priority PFAS compounds to meet the Australian

Department of Defence contractual obligations is air.

However, SAFF alone was not generally successful in removing

high percentages of short‐chain PFAS species. If the design intent is

to remove such species, then AIX polishing is effective. The ad-

vantage of the upstream (with respect to AIX) SAFF step is that the

PFAS loading is vastly reduced, which may result in an extension of

the lifecycle of the AIX resin from being prematurely exhausted by

high concentration long‐chain PFAS species.

6.3 | Next‐generation SAFF

SAFF data collected during the progression of the field‐trial have

conclusively demonstrated the efficacy of the process to remove

PFAS contaminants from groundwaters to recognized Australian

drinking water standards. However, the field‐trial has also illuminated

potential improvements to the process:

F IGURE 5 Percentage removal of individual PFAS species due to
SAFF treatment versus the adsorption coefficient reported by
Brusseau (2019). Note the logarithmic scale on the abscissa. The solid
circles use the protocol that less than LOR is the LOR for the
purposes of the calculation of the mean removal percentages, and
crosses represent the protocol that less than LOR is zero, where
there is a different result. It is postulated that the low removal of
PFNS is an artifact due to the adoption of the conservative reporting
protocol. LOR, limit of reporting; SAFF, Surface‐Active Foam
Fractionation

F IGURE 6 Layout of the SAFF40 process [Color figure can be viewed at wileyonlinelibrary.com]
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1. The SAFF process currently operates in semibatch mode. Depending

upon the volumes of feedwater required to process, as well as the

security of the feed, it may be that the process could evolve to

become a continuous process which is better suited for large water

management applications like supply of drinking water and treat-

ment of sewage influent water. The process depicted in Figure 6

could be re‐engineered for conversion to a continuous process given

telemetry arrangements that would enable remote control. The ef-

ficacy of continuous flow has not yet been confirmed by the tech-

nology provider but may form the basis of future research.

2. A new proprietary high‐performance primary fractionation design

is undergoing evaluation using a variety of site waters (including

AACO feedwater samples) to strip low/trace level PFAS so as to

remove the concentrations of PFOS, PFHxS, and PFOA to treated

water concentrations approximately less than 0.001 µg/L.

7 | CONCLUSIONS

Field trials conducted over nearly 12 months at the AACO former

fire‐fighting training site provided data demonstrating the proficiency

of SAFF as an effective sole or lead remediation technique to remove

PFAS contaminants from groundwaters. Feedwater contaminated at

an aggregate concentration of PFOS, PFHxS, and PFOA of 4.29 μg/L

has been restored to an aggregate concentration of ≥0.022 μg/L

using SAFF alone, with a design capacity of “clean” water production

of 250m3/day, although the SAFF is currently operating in a reduced

capacity of 90–110m3/day due to limitations to groundwater yield

provided by others. The processed water quality consistently

achieves the Australian drinking water criteria prescribed by the

Australian PFAS NEMP (HEPA, 2020).

Specifically, it has been demonstrated that:

1. SAFF can be deployed as a sole treatment for the almost complete

removal (i.e., ≥99.5% of priority PFAS (PFOS, PFOA, and PFHxS),

and effectively inclusive of other PFAS species exhibiting ad-

sorption coefficients greater than approximately 1.0 × 10−6 m.

2. SAFF is a conspicuously environmentally sustainable process for the

removal of PFAS contaminants from water streams since there is no

adsorbent required and, thus, is ideally suited for inclusion into PFAS

sustainable remediation projects seeking to apply the Soil Quality

Sustainable Remediation ISO (2017) Standard ISO‐18504. Essen-

tially, the air bubbles are, in fact, the adsorbent, and no other che-

mical reagents are necessary. SAFF is considered an exemplar for

green chemistry in water treatment designs.

3. AIX polishing can be employed downstream of SAFF to still fur-

ther remove residual PFAS species. Moreover, because the ma-

jority of PFAS is removed upstream of the AIX resin, the lifespan

of the polishing treatments is potentially significantly extended.
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