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Due to the tendency for per- and polyfluoroalkyl substances (PFAS) to accumulate at the air-water interface,
foam fractionation has gained attention as a cost-effective approach to treat PFAS-impacted water.
Although foam fractionation is effective for long-chain length PFAS, short-chain PFAS are less surface active
and can remain in solution even after extended treatment times. The objective of this study was to evaluate
the ability of six cationic surfactants to remove both long- and short-chain length PFAS from groundwater
by foam fractionation. Cetyltrimethylammonium bromide (CTAB) accumulated the most at the air-water
interface and was subsequently evaluated in a foam fractionation system over a 4 order of magnitude range
of PFAS concentrations, as well as 4 different CTAB mass delivery rates. For two natural groundwaters
impacted by aqueous film forming foam (AFFF), total PFAS concentrations were reduced from ~15000 ng
L to less than the detection limit of 8 ng L™ in as short as 15 minutes. These findings demonstrate that the
addition of CTAB, which exhibits a strong affinity for the air-water interface, to foam fractionation systems
achieves rapid removal of both long- and short-chain PFAS from synthetic and natural groundwaters.
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Water impact

Per- and polyfluoroalkyl substances (PFAS) concentrations in groundwater may span orders of magnitude. This work exhibits the versatility of cationic
surfactant-enhanced foam fractionation over a range of long-chain and short-chain PFAS concentrations in groundwater including water contaminated with
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aqueous film-forming foam (AFFF) and provides key insights into avoiding spreading contamination through aerosolization and minimizing residual water

pollution with cationic surfactants used for treatment.

1 Introduction

Per- and polyfluoroalkyl substances (PFAS) are a class of
several thousand synthetic chemicals that have been
manufactured since the 1940s and have become a global
threat to human and environmental health.”” These
anthropogenic chemicals are characterized by strong C-F
bonds that lead to beneficial properties such as chemical
inertness and physical stability, but are also the reason these
compounds persist in the environment, where they can be
found in soil, water bodies, and biota.>* Due to the
widespread use of PFAS, there are ample opportunities for
human exposure to PFAS, which can lead to adverse health
effects such as damage to the kidneys and liver, as well as
impaired fetal development.>”

An important property of PFAS is their amphiphilic
structure, which arises from a hydrophobic carbon fluorine
chain and a hydrophilic head group, most commonly a
carboxylic acid or sulfonic acid. This structure leads to
surface active behavior, including accumulation at the air-

Brown University, School of Engineering, Providence, RI, USA.
E-mail: kurt_pennell@brown.edu

This journal is © The Royal Society of Chemistry 2025

water interface where the hydrophobic chain is oriented
toward the nonpolar air and the hydrophilic head group is
oriented toward the polar water.®'° The extent to which PFAS
accumulate at interfaces is heavily dependent on the
molecular structure of the individual PFAS compounds (e.g.
head group, linear or branched), and for common anionic
PFAS such of perfluoroalkyl carboxylic acids (PFCAs) and
perfluoroalkyl sulfonic acids (PFSAs) is generally proportional
to the length of the carbon-fluorine chain, with longer chain
PFAS exhibiting greater hydrophobicity and greater
accumulation at interfaces."™'* Shorter chain-length PFAS
tend to exhibit less adsorption at interfaces, and therefore
are often more mobile in the environment.'>"*

Due to the tendency for many PFAS to accumulate at the
air-water interface, foam fractionation has emerged as a
promising method to remove PFAS from contaminated water.
Foam fractionation involves the injection of air into the
bottom of a vessel containing contaminated water, where
PFAS then accumulate at the air-water interface of the air
bubbles as they rise through the water column, with a goal of
creating a PFAS-enriched foam at the top of the water
column. Removal efficiencies for long-chain PFAS typically
approach >90%, whereas short-chain PFAS may only achieve
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removal efficiencies on the order of 5-50% due to their lower
affinity for the air-water interface.””° Foam fractionation
operating conditions (e.g., air flow rate, bubble size) can
strongly influence PFAS removal efficiencies.'®'®?"??
Likewise, the extent of PFAS accumulation at the air-water
interface can be influenced by solution properties, such as
ionic strength or competing species.'*"®*?

Since most PFAS possess a negative charge in aqueous
solutions, cationic surfactants, such as
cetyltrimethylammonium bromide (CTAB), have been found to
be effective in enhancing removal of short-chain PFAS.'>'’
Complex solutions, such as landfill leachate, have been shown
to reduce the ability of cationic co-surfactants to enhance the
removal of short-chain PFAS.'***2¢ Due to these issues, it is
often necessary to pilot test foam fractionation systems and
adjust parameters until removal targets have been achieved.
For example, the performance of CTAB with PFAS-impacted
groundwater has not been extensively studied, nor has removal
performance been demonstrated over a range of PFAS
concentrations, in particular, dilute concentrations that are
typically observed in groundwater plumes."®

Thus, the overall goal of this work was to
evaluate the ability of six cationic co-surfactants (3
poly(diallyldimethylammonium chloride) (polyDADMAC) and
3 trimethylammonium compounds) to enhance the removal
of both long- and short-chain PFAS during foam fractionation
of synthetic and natural PFAS-impacted groundwaters.
Surface tension data were measured for each co-surfactant,
and this information was used to guide co-surfactant
selection for foam fractionation tests with synthetic
groundwater containing long- and short-chain PFAS over four
orders of magnitude concentration range. Based on these
results, foam fractionation with CTAB was evaluated using
PFAS-impacted groundwater from two military installations,
and at four mass flow rates to further explore system
optimization.

2 Experimental/methods
2.1 Materials

2.1.1 Reagents. Two representative long-chain PFAS,
perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic
acid potassium salt (K-PFOS) as well as two representative
short-chain PFAS, perfluorobutanoic acid (PFBA) and
perfluorobutanesulfonic acid potassium salt (K-PFBS) were
used in experiments with synthetic groundwater. All PFAS
compounds were obtained from Sigma Aldrich (St. Louis,
MO). Cetyltrimethylammonium bromide (CTAB, C;oH4,BrN,
CAS #: 57-09-0), Dodecyltrimethylammonium bromide
(DTAB,  C;sH,BrN,  CAS  #: 1119-94-4),  and
Octyltrimethylammonium bromide (OTAB, C,;H,;¢BrN, CAS
#: 2083-68-3) were purchased from Sigma Aldrich (St. Louis,
MO). Solutions with PolyDADMAC of low, medium, and
high molecular weights (<100000 Da, 200 000-350 000 Da,
400 000-500 000 Da respectively) were purchased from Sigma
Aldrich (St. Louis, MO). Polyquaternium-10 was purchased
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from Ninth Avenue (Bergen, Norway). Synthetic groundwater
(SGW) with ionic strength 8.5 mM was used as the
background solution for all surface tension and foam
fractionation experiments unless otherwise specified and
was prepared to match ionic compositions common in
United States aquifers, containing 36 mg L™ MgSO,, 109
mg L' NaHCO;,7 mg L™ KCl, and 220 mg L™' CaCl,, all
purchased from Fisher Scientific (Waltham, MA).”” PFAS-
impacted groundwater samples were obtained from the
former Loring Air Force Base in Limestone, ME and a US
Navy installation located in the eastern United States.
Information regarding the properties of these groundwaters
can be found in section SI: Experimental parameters.
Methanol (LC-MS grade) was purchased from Honeywell
(Charlotte, NC). Ultrapure MilliQ water (18 MQ cm) was
used for all solution preparations. Internal PFAS standards
and calibration standards were purchased from Wellington
Laboratories Inc. (Guelph, ON, Canada). Additional
information related to the PFAS standards is provided in
the SI section SII.

2.1.2 Foam fractionation apparatus. The experimental set-
up for foam fractionation is consistent with our prior work.®
The foam fractionation water column was constructed from a
single piece acrylic tubing (ePlastics, Coppell, TX) with
dimensions of 60 cm height and 5 cm diameter. The bottom
of the acrylic column was threaded and fitted with a custom
stainless-steel end plate that was threaded to accommodate
an air sparger stone (0.5 um pores and 1/4" barb connection)
and a drainage valve. Compressed laboratory air flowed
through a pressure gauge (NOSHOK, Berea, OH) and an air-
flow meter (King Instrument Company, Garden Grove, CA)
before entering the endplate and air stone. Between the flow
meter and the acrylic column, a custom-made water trap was
inserted to protect the gauges from water that may enter
through the air sparger. All connections were made with 1/4"
inside diameter Tygon™ tubing. The column contained two
sampling ports along the height of the water column (15 cm
and 30 cm from bottom) to sample in space. The ports were
threaded into the acrylic column with a Luer-lock fitting
septa (QOSINA, Ronkankoma, NY). The top of the acrylic
column was equipped with an inverted funnel secured to
vacuum tubing that leads to a vacuum pump (Welch,
Ilmenau Germany) equipped with a vacuum pressure gauge
(Ashcroft, Stratford, CT). Two 1000 mL Biichner flasks (Fisher
Scientific, Waltham, MA) were placed between the column
and the vacuum pump to trap foam removed from the
system. The first flask was placed on a balance (Mettler
Toledo, Columbus, OH) to monitor the foam removal rate,
while the second flask is present as a safety factor to protect
the vacuum pump if the foam were to overflow from the first
flask. The discharge line from the vacuum pump was
connected to flexible tubing and secured to the inside of a
laboratory exhaust snorkel. There is also an additional port
and valve (Hamilton Co, Reno, NV), located 8 cm from the
bottom of the column to allow for additives to be pumped
into the system with a Masterflex L/S ® peristaltic pump

This journal is © The Royal Society of Chemistry 2025
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(VWR, Radnor, PA). A schematic diagram of the foam
fractionation apparatus is shown in Fig. 1.

2.2 Methods

2.2.1 Surface tension measurements. Surface tension
measurements were obtained with a Sigma 700 precision
force tensiometer (Biolin Scientific, Gothenburg, Sweden)
equipped with a micro-roughened platinum Wilhelmy plate
(Nanoscience Instruments, Phoenix, AZ). Solutions were
prepared in 125 mL HDPE bottles by adding the necessary
amounts of either co-compound or PFAS to synthetic
groundwater. Prior to each surface tension measurement, the
Wilhelmy plate was removed from the instrument micro-
balance and rinsed with MilliQ water, followed by methanol,
and then flamed with a butane torch until shining crimson
in color to remove any impurities left from the previous
experiment. Surface tension measurements were obtained for
each solution with five replicate measurements per solution
at room temperature (21.5 + 1 °C). pH measurements were
obtained using an Orion Star A221 pH Meter (Thermo
Scientific, Waltham, MA) calibrated with buffer solutions at
pH 4.01, 7.00 and 10.01 (Fisher Scientific, Waltham, MA).
2.2.2 Foam fractionation experiments. Experimental
procedures are consistent with those in previous studies from

Safety Overflow Flask

Foam Collection
Vessel

60 cm|
N+ Upper Sampling/Injection Port

15¢cm

o, |3 LowerSampling/injection Port

Pump Connect/Disconnect

o .0 15 ) Eed
? 0.°* Scm Fozming Agent Supply Pump /‘

)y
K g S

Air MNHIPG‘LN“W Foaming Agent Supply

Diffuser Valve

Flow Meter

Open/Close Knob

Air Inflow

Pressure Gauge
and Regulator

Liqud Catchment to Protect
ArFlow Line

Fig. 1 Schematic diagram of the foam fractionation apparatus.
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our lab.?® Prior to each foam fractionation experiment the
acrylic column was thoroughly washed and rinsed with
methanol and MilliQ water and air-dried. Fresh septa and
sampling needles were utilized for each experiment. To
minimize the presence of particulate matter, the groundwater
collected from military sites was centrifuged in an Eppendorf
5804R benchtop centrifuge (Eppendorf, Hamburg, Germany)
for 30 minutes at 4000 rpm. Each solution was sampled prior
to adding to the system to obtain initial concentration of
PFAS. The volume of solutions added was determined
gravimetrically. An adsorption control experiment in which
the solution sat in the system in the absence of aeration was
performed to ensure that rapid removal of compounds is not
due to adsorption to the system itself (Fig. S6).

Foam fractionation experiments were carried out in semi-
batch mode. For each experiment, the column was filled up
to approximately 95% capacity (the true volume is recorded
gravimetrically) with the synthetic groundwater containing
mixtures or the AFFF impacted groundwater, after which an
inverted funnel was quickly sealed to the top of the column
to allow the column to operate under vacuum conditions. At
the start of each experiment compressed air flow was
initiated at the same time as the injection of a co-foaming
agent if one was being used. The vacuum pump at this time
was turned on to remove foam generated by the system. The
time taken to add the solution to the system and turn on the
equipment is less than 30 seconds. The experimental
conditions, including air flow rate, air pressure, and vacuum
pressure are summarized in the SI section SI: Experimental
parameters. For each experiment, the foam fractionation
system was operated for up to 2 hours, with ~1 mL samples
collected in triplicate from the bottom and upper sampling
ports in the water column at 2, 5, 10, 15, 20, 30, 40, 50, 60,
75, 90, 105, and 120 minutes of elapsed operation time with
higher resolution early in the experiment as preliminary
studies suggest this is when removal is most rapid. Foam
generation was monitored over the duration of the
experiment. At the conclusion of the experiment, the foam
collapsed with the addition of methanol and then was
diluted for subsequent quantification. Initial PFAS
concentrations are provided in the SI section SI:
Experimental parameters. Characteristics of bubbles were
determined through image analysis with Image] as described
in SI section SIII; Additional bubble and foam analysis.>

2.2.3 Analytical methods. PFAS quantification was
analyzed using a Waters AQUITY H-Class ultra-performance
liquid chromatography (UPLC) equipped with XEVO micro
triple quadrupole mass spectrometry (TQS). Groundwater
samples from AFFF impacted sites were analyzed using EPA
Method 1633.%° For experiments with synthetic groundwater
containing only PFOA, PFOS, PFBA, and PFBS, samples and
standards were prepared by addition of internal standard
solution (10% V/V) in methanol (LC-MS grade, Honeywell,
Charlotte, NC) with glacial acetic acid (1% V/V, Fisher
Chemical, Fair Lawn, NJ). The methods used for samples
prepared in synthetic groundwater are consistent with
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recently published work from our lab.”®*"** Additional
details for this analysis including instrument operation
settings are in SII: Analytical Information.

3 Results and discussions

3.1 Accumulation of PFAS and co-foaming agents at the air-
water interface

3.1.1 PFAS. Surface tension measurements were performed
on two long-chain and two short-chain PFAS compounds in
background solutions of synthetic groundwater as described
in section 2.1.1. Similar to hydrocarbon surfactants, many
PFAS tend to accumulate at the air-water interface and
greater accumulation at the air-water interface is associated
with greater reductions in the interfacial tension of water.®?*
The concentration at which the surface tension starts to
decrease is called the critical reference concentration (CRC)
and the concentration where surface tension stops decreasing
and remains constant with increasing soluble concentration
corresponds to the critical micelle concentration
(CMC).'***3* Between these points, the concentration of
compound at the air-water interface, the surface excess, can
be estimated with the concentration versus surface tension
data with the Gibbs equation (eqn (1)). These data may be fit
to the Szyskowski equation to obtain fitted parameters ‘a’
and ‘b’, which are then substituted into the Gibbs equation
to obtain the Langmuir/Szyskowski (L/S) equation used to
predict the surface excess (Fig. $5).**> Focusing on the Gibbs
equation (eqn (1)), the surface excess (I, M L) increases as
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more surface active species (e.g., PFAS) accumulates at the
air-water interface which is manifested as a reduction in
surface tension (s, M T %) with increasing concentration (C,
M L7%) in the bulk aqueous phase.

1 oo

= RTaInC ()
Plots of surface tension data and corresponding L/S model
fits for surface excess determination over concentration of
two representative long-chain PFAS (PFOA, PFOS) and two
representative short-chain PFAS (PFBA, PFBS) are shown in
Fig. 2.

It is evident from Fig. 2 that long-chain PFAS such as
PFOA (Fig. 2a) and PFOS (Fig. 2b) exhibit much greater
accumulation to the air water interface than PFBS (Fig. 2c)
and PFBA (Fig. 2d). Likewise, the sulfonic acid compounds
(PFOS and PFBS) exhibit greater surface tension reduction
relative to their analogous carboxylic acid compounds (PFOA
and PFBA, respectively) at the same concentrations. The
short-chain compounds only accumulate at the air-water
interface enough to see a significant decrease in surface
tension at concentrations several orders of magnitude higher
than the concentration range relevant to the experiments in
this study (Fig. S7). Furthermore, in mixtures, PFAS have
been shown to exhibit competitive behavior at the air-water
interface.’” For example, in a system with limited
adsorption sites and both PFOS and PFOA present, PFOS
having greater interfacial affinity will outcompete PFOA for
adsorption sites and may kick PFOA molecules off of the air-
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Fig. 2 Surface tension measurements and L/S model fits for 2 long-chain (PFOA, PFOS) and 2 short-chain (PFBS, PFBA) PFAS compounds in
synthetic groundwater matrix. a) PFOA, b) PFOS, c) PFBS, d) PFBA. Vertical error bars represent standard deviation in surface tension data (n = 5
replicates) and horizontal data bars represent standard deviation in LC-MS measurements (n = 3 replicates). Points with missing error bars are due

to symbols being larger than the error.
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water interface.*” Therefore, especially in mixtures with
short-chain PFAS, these compounds may exhibit even less
interfacial accumulation as the available interfacial area is
preferentially occupied by long-chain PFAS.**°

3.1.2 Co-foaming agents. Six cationic co-surfactants were
tested for their affinity to the air-water interface, as it has been
established that cationic surfactants are the most likely to
enhance the removal of short-chain PFAS during foam
fractionation."”**°  Polydiallyldimethylammonium chloride
(polyDADMAC) was tested as it is a commonly used cationic
polyelectrolyte utilized in water treatment during the initial
water clarification process.*”*> OTAB (C4TAB), DTAB (C;,TAB),
and CTAB (CyTAB) are common brominated cationic
surfactants that are utilized in a variety of scientific and
commercial applications. Changes in surface tension with
increasing concentration of the candidate co-foaming agents
are in Fig. 3. Based on the surface tension data, CTAB exhibited
the greatest affinity to accumulate at the air-water interface,
consistent with prior studies.">'”*>** The resulting CMC for
CTAB was approximately ~1 mM with a minimum ST of ~37
mN m.*** In contrast, the three polyDADMAC and the two
shorter chain-length trimethylammonium bromides exhibited
relatively minor reductions in surface tension over the
concentration range tested, with no indication of micelle
formation.

The observed differences in accumulation are important
because cationic surfactants may interact with short-chain
PFAS in the bulk aqueous phase and then accumulate as a
pair to the air-water interface. Therefore, a cationic surfactant
with high affinity for the air-water interface is likely to be
more effective in removing short-chain PFAS during foam
fractionation, compared to a cationic surfactant that exhibits
lower surface activity.'”*° As can been seen in Fig. 3, CTAB
exhibits far greater surface activity than any of the other co-
surfactants tested. Additionally, co-surfactants that strongly
accumulate at air-water interface also support the formation
of stable foams."® Foamability, the foam generation capacity,
and foam stability, the lifetime of the foam, must be
considered during foam fractionation. Likewise foam
properties such as liquid content are important to consider as
foam drainage may reintroduce PFAS back into the bulk

70y —
— Low MW PolyDADMAC
:{;GO — Med MW PolyDADMAC
) ~ High MW PolyDADMAC
5 50 - 0TAB
- DTAB
0 ~ CTAB

0 200 400 600 800
Compound concentration (mg/L)

1000

Fig. 3 Surface tension data for six potential cationic co-foaming
agents in synthetic groundwater. Error bars represent standard
deviation in surface tension data (n = 5 replicates). Missing error bars
are due to symbols size being greater than the error.
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liquid.*”"*° Foam consistency is explored further in the SI
section: SIII: Additional bubble and foam analysis.

3.2 Foam fractionation experiments

3.2.1 Control experiment. Based on the surface tension
results shown in Fig. 3, CTAB was selected as the co-foaming
agent for subsequent foam fractionation experiments. An
initial foam fractionation experiment was performed to
understand the removal of PFAS in synthetic groundwater
with no co-surfactant present. Initial concentrations for each
of the four PFAS compounds (PFOS, PFOA, PFBS, PFBA) were
approximately 40 ug L'. All initial concentrations were
confirmed by LC-MS/MS and are listed in Table S2. The long-
chain PFAS (PFOS and PFOA) exhibited rapid removal, which
plateaued at approximately 90% and 60%, respectively. The
greater removal of PFOS compared to PFOA is consistent with
their relative their surface excesses (Fig. S7) from the
accumulation at the air-water interface determined from
surface tension measurements (Fig. 2). PFBS and PFBA
exhibited minimal removal in the absence of a co-foaming
agent, which was expected due to their much lower affinity
for the air-water interface. The system did not create foam in
the absence of a co-surfactant, and therefore, removal was
not due to foam fractionation, but instead due to
aerosolization. PFAS enriched bubbles burst at the surface
creating PFAS laden droplets that can either be removed,
immediately fall back into solution, or re-enter the solution
more slowly through adhering to the wall of the column and
falling back into the matrix.’>*" The steep initial removal for
the surface-active compounds makes sense as at the earliest
times the largest concentration gradient exists for mass
transfer from the bulk solution to the air-water interface
often modeled based off of first order kinetic removal.**>*

The small rises and falls in concentration of PFOS and
PFOA resulting in a relatively flat portion of the curve after
the first several minutes is likely due to the recycling of the
PFAS in the system as the aerosolized droplets make their
way back into the solution for the PFAS to then be removed
again with the bubbles. In a similar nonfoaming system it
was observed that PFAS reentering the matrix can cause the
removal to seemingly halt and even cause the concentration
in solution to rise again.'” Similarly in a reactor with a larger
radius droplets immediately reentered solution and although
the more surface-active PFAS were adsorbing to the bubbles
the removal appeared to be very minimal until the
researchers placed a barrier over the system to capture the
droplets and observed the expected removal behavior.>
These results in the absence of co-foaming agent indicate
that the droplets must be properly captured to keep track of
PFAS mass and to avoid spread through spray or reentry into
the system and that the co-foaming surfactant is necessary to
capture the PFAS in a foam (Fig. 4).>"°°

To enhance the removal of PFAS and generate sufficient
foam to recover the removed PFAS mass, the foam
fractionation system was operated under identical conditions
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ew00440c

Open Access Article. Published on 28 2025. Downloaded on 06.02.2026 12:25:55.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

1.0+

S $ o o o
(o]
0o 8-§o 0p0 ©
S~ (e X e}
(&)
1
e

T 0.6 . ey o, o o ° IS ®
s [I°e
> 0.4 © PFOS Removal | Co = 36,000 ng/L
o @® PFOA Removal | Co = 43,000 ng/L
E O PFBS Removal | Co = 39,000 ng/L
(] 0.2 @ PFBA Removal | Co = 45,000 ng/L
(1

0.0 o0—0—0 Q

0 20 40 60 80 100
Time in Operation (minutes)

Fig. 4 Removal of a mixture of four PFAS (PFOS, PFOA, PFBS, and
PFBA) from synthetic groundwater via air bubble injection. Error bars
on this figure and all following figures represent standard deviation
from triplicate sample taken at each time-step.

120

but with the addition of a peristaltic pump to supply CTAB as
a co-foaming agent at a mass flow rate of 1 mg min™"
(Qcrap,in = 1 mL min'). These conditions keep the water
height approximately constant and any dilution due to the
addition of the CTAB solution is negligible relative to the
total volume of the system. The CTAB created a rich foam
that was removed from the top of the column with a vacuum
system. A less surface-active co-surfactant such as DTAB
creates a bubbly liquid with a much higher liquid content
which does not allow for concentration of the PFAS before
removal (SI, section SIII). To ensure that the PFAS was being
completely removed, both sampling ports were measured to
monitor spatial PFAS concentration distribution within the
system. As shown in Fig. 5a and b both the long-chain and
short-chain PFAS were rapidly removed from the foam
fractionation system. PFOA and PFOS achieved >99%
removal in as short as five minutes, while the same level of
removal was achieved for PFBS and PFBA after approximately
50 minutes of operation. The enhanced removal of PFOA and
PFOS was attributed to the mechanisms associated with the
introduction of CTAB into the system. As inferred from
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Fig. 3, the introduction of CTAB reduces the interfacial
tension of the solution, which is directly proportional to
bubble size allowing for stabilization and longer lifetimes of
smaller bubbles.”” The smaller bubbles provide increased
surface area for adsorption, which is further explored in
Section III of the SI. As the CTAB adsorbs to the bubble
surfaces, the positive charges are on the outside of the
bubble allowing for electrostatic repulsions between bubbles
preventing merging, which in turn allows for a greater
quantity of small bubbles available for the PFAS to adsorb.”®
(Fig. S2). Similarly, removal of PFBS and PFBA was enhanced
due to the greater interfacial area, coupled with interaction
with CTAB, and subsequent migration to the air-water
interface as an ion pair."”"®>°

3.2.2 Effects of initial PFAS concentration on removal. To
demonstrate that foam fractionation would be effective over
a wide range of PFAS concentrations, the four PFAS were
tested in the synthetic groundwater at individual
concentrations ranging from 400 ng L™ (0.4 pg L") to
400000 ng L' (400 pg L™"). As shown in Fig. 5a, the long-
chain PFAS (PFOS and PFOA) exhibited near complete
removal in as short as 5 minutes. Fig. 6 shows that the
removal profiles for these compounds obtained at different
initial PFAS concentrations were nearly identical, indicating
that the chosen operation parameters for the system will
remove long-chain PFAS similarly over a three order of
magnitude concentration range. The removal efficiencies for
PFBS and PFBA are shown in Fig. 6a and b, respectively.

The PFAS removal profiles for each concentration were
similar, indicating that the mass flow rate of CTAB was
sufficient for removal of PFAS in concentrations up to orders
of magnitude far greater than the typically observed in
contaminated surface water and groundwater.®”®' The lowest
PFAS concentration mixture resulted in the steepest initial
removal of PFBS and PFBA. The 99% removal achieved for
the highest concentration values corresponds to
approximately ~335 pg mass of each PFAS and required the
same amount of time as the lowest concentration, where
approximately 335 ng of each PFAS was removed. At the
highest PFAS concentration tested, the total PFAS in the
system amounted to ~4.16 pmol, with 2.68 pmol
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Fig. 5 Removal of an equal concentration PFAS mixture (PFOS | Co = 47000 ng L™, PFOA | Co = 39000 ng L™, PFBS | Co = 41000 ng L™, PFBA
| Co = 37000 ng L™ from synthetic groundwater using foam fractionation with a CTAB feed rate of 1 mg min*. Fig. 5a) shows removal for PFOA

and PFOS and Fig. 5b) shows removal for PFBA and PFBS.
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Fig. 6 Removal of a) PFBS and b) PFBA from synthetic groundwater in a foam fractionation system over four orders of magnitude concentration
of PFAS in four compound mixture with a CTAB feed rate of 1 mg min"%. Concentrations are averaged from measurements at both sampling ports

as there was minimal concentration variations between ports.

representing PFBS and PFBA. The mass flow of CTAB
corresponds to 3.5 umol of the cetrimonium cation entering
the system each minute, and therefore, a sufficient number
of CTAB molecules were present to interact with short-chain
PFAS. The quantity of CTAB entering the system is explored
further in section 3.2.4.

3.2.3 Removal of PFAS from AFFF-impacted groundwater.
Since the foam fractionation system worked well over a wide
range of PFAS concentrations, the synthetic groundwater was
substituted with groundwater obtained from two military
installations with a history of aqueous film-forming foam
(AFFF) usage. The properties of these waters, as well as the
measured PFAS concentrations using EPA Method 1633 can
be found in Tables S3 and S4 of section SI: Experimental
parameters.®® The elevated concentrations of PFOS and
PFHXxS detected in these groundwater samples are consistent
with the composition of historically used electrochemical
fluorination (ECF) produced AFFF.%*%

The results of the foam fractionation tests conducted
with two different AFFF-impacted groundwaters are shown
in Fig. 7 and S8-S11. Similar to the synthetic groundwater
systems, PFBA was the slowest to be removed by the foam
fractionation system in both groundwaters despite PFBA
accounting for ~2% of the total PFAS concentration. The
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faster removal of PFAS from the former Loring Air Force
Base compared to the second military installation was
attributed to lower initial PFAS concentration as the
solution properties for the two groundwaters were similar
(Tables S3 and S4). However, it should be noted that
aqueous chemistry can affect PFAS removal by foam
fractionation even in the presence of a cationic co-
surfactants such as CTAB.'>'®** For example, the optimal
ratio for CTAB: PFAS may depend on the ionic strength and
the ionic composition of the aqueous matrix.”® The solution
pH and ionic composition are also important to consider as
the CTAB interactions may be enhanced at lower pH, while
in the foam ions present may compete with PFAS for CTAB
assisted removal and influence the foam stability due to
electrostatic screening effects.**®® While the system
employed here worked well for the two AFFF-impacted
groundwaters, it may be less effective in matrices that are
more complex or that contain antifoaming constituents.>
3.2.4 Effect of CTAB dosage. Although the foam
fractionation system worked well in the experiments reported
above, it may be beneficial to reduce the CTAB dose to save
material costs. Therefore, the experiment reported in Fig. 5
was repeated with lower CTAB dosing rates of 0.5 mg min ™",
0.1 mg min™', and 0.05 mg min™' compared to the 1 mg
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Fig. 7 Removal of PFAS from groundwaters obtained from a) the former Loring Air Force Base in Limestone, ME and b) a military installation
located in the eastern United States. Concentrations are averaged from measurements at both sampling ports as there was minimal concentration
variations between ports. Plots of removal for each PFAS species are provided in section SIV.
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min~" dosing rate used previously. The removal of PFOS and
PFOA exhibited the same rapid removal curve displayed in
Fig. 5a regardless of the dosing rate, and therefore, we will
focus on PFBS and PFBA removal as a function of CTAB
dosage. As shown in Fig. 8a, the dosage of CTAB had little
influence on the removal of PFBS from foam fractionation
system, which achieved 99% removal of PFBS after 10
minutes of operation. The initial PFBS concentration in all
cases was approximately 40 ug L™ (0.11 uM), while the lowest
CTAB mass delivery rate (0.05 mg min") translates to 0.175
pmoles of the cationic cetrimonium ion entering the system
each minute. Thus, if the CTAB and PFBS interaction occurs
at 1-1 ratio, there was sufficient CTAB available in the system
after only 1 minute of operation.

The results shown in Fig. 8b indicate less favorable
removal of PFBA compared to the other PFAS species, which
decreased as the CTAB delivery rate was reduced from 0.5
mg min~' to 0.1 mg min~". However, there are several other
optimization parameters to be considered. Cost is always
important to consider in a system such as the one used in
this study would increase with increased CTAB dosing as
the material used increases linearly with time (Fig. 9a).
Along with PFAS removal, other metrics for foam
fractionation success include volume reduction factors
(VRFs), PFAS enrichment factors (EF), and mass recovery.
VRF is the ratio of the volume of solution to be treated to
the volume of collapsed foam at the termination of a foam
fractionation run. For a compound of interest, the EF is the
ratio of the concentration of that species in the foamate to
the concentration of the compound in the initial solution
and would be equal to the VRF if removal and recovery were
both 100%. For instance, if a goal were to treat 1000 L of
water containing to 4000 ng L™ of PFOA to a volume of 10
L and have a remaining concentration of 4 ng L' to comply
with EPA maximum concentration levels (MCL) the VRF
would be 100 and the EF would be 99.9 assuming all
removed PFAS mass ends in the foamate. However, if only
70% of the removed mass was detected in the foamate the
VRF would still be 100 and the EF would be 69.93. Solely
reporting removal may be misleading, as removal may
appear high, but without a stable foam the solution may
simply be transferred from one vessel to another and the
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VRF would be extremely low,
ineffective process (Fig. S5).

From examination of the results at the various dosing
rates there are several trends evident. The higher doses lead
to increases in removed foam and in turn lower VRF and EF
as the larger quantity of extracted liquid dilutes the removed
PFAS. This is common in foam fractionation as there is
typically a tradeoff between achieving either greater
enrichment versus greater recovery.®”” The enrichment factor
can be improved by simply stopping the system earlier when
there is maximum removal with less foam, or by performing
secondary foam fractionation on the initial generated foam
to further concentrate in a smaller volume, but this may lead
to additional costs.®® While the dosing rate of the 1 mg
min~" results in the lowest VRF and EF, the ratio between
these values for is ~1 for this dosing rate and the ratio
decreases as dosing rate decreases indicating that the higher
dosing rate leads to the greatest recovery. This is likely
because the higher dosing rate creates a stable foam able to
retain the PFAS the most rapidly as opposed to lower dosing
rates where it would take longer for the CTAB to be able to
coat the bubble surfaces efficiently enough to create a stable
foam, and until this point the experiment, in the absence of
stable foam, the behavior is more similar to the control
experiment with no CTAB where there is removal of PFAS yet
no recovery. Since the VRF is an order of magnitude higher
than the recovery, the EF for the lower dosing rates is still far
higher than for the higher dosing rates despite the lesser
PFAS recovery. This may potentially be mitigated by
premixing CTAB with the PFAS prior to initiating aeration
allowing for rapid formation of stable foam even with a low
CTAB dose rate. Therefore, when optimizing a foam
fractionation system, the tradeoffs between removal, material
costs, operation time, foam volume generated, and treatment
costs should be considered.

resulting in an overall

4 Conclusions

This work highlights methods to overcome low removal of
short-chain PFAS during foam fractionation through addition
of cationic co-surfactants. The initial control experiment
demonstrated that while bubble flotation in the absence of
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Fig. 8 Removal of a) PFBS and b) PFBA from contaminated synthetic groundwater at four different mass flow rates of CTAB. Concentrations are
averaged from measurements at both sampling ports as there was minimal concentration variations between ports.
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Fig. 9 Additional considerations to optimize the foam fractionation system for PFAS removal with CTAB as a co-surfactant a) CTAB material usage,
b) collected foam over time c) volume reduction factor at end of experiment (120 min) and d) enrichment factors for each PFAS species. Error bars
are due to the standard deviations in influent concentration (n = 3 replicate measurements) and standard deviations in foamate concentration (n =

3 replicate measurements) in calculation of the enrichment factor.

co-surfactant can be effective for removing long-chain PFAS
(>60% removal for PFOA and >90% removal for PFOS), it
will be necessary to capture the PFAS spread through the
bursting of bubbles at the water surface to complete mass
balances and to avoid potential losses of PFAS to the
atmosphere during treatment.’””>*® Of the cationic co-
surfactants tested, CTAB was found to be highly effective at
removing both long- and short-chain PFAS over a wide range
of aqueous phase concentrations. The success of CTAB
compared to other cationic co-surfactants in the foam
fractionation system was consistent with the surface tension
reductions and corresponding accumulation at the air-water
interface, which can be used as screening approach during
the selection of co-surfactants for foam fractionation. For
example, DTAB, which exhibited minimal changes in surface
tension, may appear to generate foam, but instead, the
process forms a bubbly liquid with minimal enrichment.
Furthermore, this work illustrates the tradeoffs encountered
when selecting co-surfactants dosage rate as material costs,
operation time, and foam volume must all be considered.
While CTAB was very effective at removing PFAS from the
AFFF impacted groundwaters, there have been reports of
CTAB being less effective from more complex aqueous
matrices such as landfill leachate.?® Furthermore, CTAB is
known to exhibit aquatic toxicity, and thus, further research
should be undertaken to identify alternatives to CTAB, and
CTAB residual concentrations should be monitored to assess
potential exposure risk.®*”°

This journal is © The Royal Society of Chemistry 2025
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