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Cationic surfactant-assisted foam fractionation enhances the removal of 
short-chain perfluoroalkyl substances from impacted water 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Cationic surfactant enhanced short- 
chain PFAS removal during foam- 
fractionation. 

• Ion-pair formation between PFAS and 
CTAC increased surface activity of short- 
chains. 

• Aerosolization was the primary pathway 
for PFAS removal in non-foaming 
waters. 

• Mass balance of PFAS in the system can 
achieve 70–100% when aerosols were 
measured.  
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A B S T R A C T   

Several studies have demonstrated that air-bubbling and foam fractionation techniques can efficiently remove 
long-chain PFAS from contaminated water. However, removing short-chain PFAS is challenging due to its lower 
surface activity and inability to form self-assembly structures at the air-water interface. In this study, we tested 
various additives, including salts, surfactants, and polymers, to improve short-chain PFAS (e.g., per-
fluorobutanesulfonic acid (PFBS) and perfluorobutanoic acid (PFBA)) removal in non-foaming solutions using a 
bench-scale system. We found that in the presence of cetyltrimethylammonium chloride (CTAC) and salt, air- 
bubbling can significantly remove 0.5 μg L−1 of PFBS and PFBA in deionized water by >99% (15 min) and 
81% (60 min), respectively. The decline of surface tension and the formation of thin foam-like layers during 
bubbling, controlled by the concentration of CTAC, significantly improved the removal of short-chain PFAS. 
Adding anionic and neutral surfactants showed no removal of short-chain PFAS during bubbling, suggesting the 
importance of the electrostatic interactions between short-chain PFAS and the cationic CTAC. We observed a 1:1 
M ratio between CTAC and PFBS removed from the solution, suggesting the formation of ion pairs in the solution 
and enhancing the surface activity of the overall neutral (PFAS-CTAC) complex. A mass balance of the system 

* Corresponding author. 
E-mail address: arjun.venkatesan@njit.edu (A.K. Venkatesan).  

Contents lists available at ScienceDirect 

Chemosphere 
journal homepage: www.elsevier.com/locate/chemosphere 

https://doi.org/10.1016/j.chemosphere.2024.142614 
Received 16 April 2024; Received in revised form 12 June 2024; Accepted 13 June 2024   

mailto:arjun.venkatesan@njit.edu
www.sciencedirect.com/science/journal/00456535
https://www.elsevier.com/locate/chemosphere
https://doi.org/10.1016/j.chemosphere.2024.142614
https://doi.org/10.1016/j.chemosphere.2024.142614


Chemosphere 362 (2024) 142614

2

revealed that the primary mechanism by which PFAS was removed from non-foaming waters was through 
aerosol generation (70−100%). Using the optimized condition, PFAS mixtures (short- and long-chain PFAS, 
including five recently regulated PFAS by USPEA, 2 nM each) in deionized water and natural groundwater were 
successfully removed to below detection (>99% removal; <2 ng L−1), except for PFBA (25−73% removal). These 
results provide an improved understanding of the mechanism by which PFAS is removed during foam frac-
tionation and highlight the need for capturing aerosols enriched with PFAS to prevent secondary contamination.   

1. Introduction 

Per- and polyfluoroalkyl substances (PFAS) are a group of emerging 
contaminants that contain multiple carbon-fluorine bonds, making them 
possess unique physical and chemical properties for wide application in 
commercial and industrial products (Buck et al., 2011; Evich et al., 
2022). To date, over 14,000 PFAS are listed in the U.S. EPA’s CompTox 
chemical dashboard (U.S. Environmental Protection Agency, 2023). 
PFAS detection in products surrounding us has been continuously re-
ported (Muensterman et al., 2022; Thompson et al., 2023; Xia et al., 
2022), suggesting their ubiquitousness. PFAS are the primary ingredient 
of aqueous film-forming foams (AFFF) used to extinguish flammable 
liquid fires such as fuel fires. Routine fire drills conducted in fire de-
partments, airports, and military facilities are a major source of PFAS 
contamination entering groundwater and surface water. Contaminated 
drinking water is considered the primary exposure route to humans 
(Sunderland et al., 2019), and adverse health effects due to PFAS 
exposure have been studied and reported extensively (Fenton et al., 
2021; Pelch et al., 2019). PFAS are often called ‘forever chemicals’ 

because they are highly persistent in the environment and are resistant 
to conventional water/wastewater treatment processes (Londhe et al., 
2021; Venkatesan and Halden, 2013; Venkatesan et al., 2022). As reg-
ulations and guidelines for PFAS evolve in many U.S. states and coun-
tries worldwide, the need for PFAS removal techniques in water 
becomes an urgent mission. Thus, advanced water treatment technolo-
gies, including separation and destruction approaches, have been 
developed and/or tested for PFAS removal in the past few decades 
(Kucharzyk et al., 2017; Nzeribe et al., 2019; Rahman et al., 2014). 
Destruction technologies for PFAS removal require high energy con-
sumption (Londhe et al., 2021). Separation and sorption treatments are 
more accessible and cost-efficient. For instance, granular activated 
carbon (GAC), ion-exchange resin (IX resin), nanofiltration, and foam 
fractionation have all been investigated for removing PFAS in contam-
inated waters (Burns et al., 2021; Dixit et al., 2021; Du et al., 2014; 
Franke et al., 2019). However, concentrated PFAS waste generated after 
the treatment needs further disposal. Studies have proposed that a 
treatment train, combining sequestration and destruction technologies, 
is required to concentrate and destroy PFAS (Lu et al., 2020). 

PFAS are surface active and can form self-assembly structures at the 
air-water interface. Recent works acknowledge the importance of the 
air-water partitioning of PFAS (Costanza et al., 2019; Schaefer et al., 
2019), which could influence the overall performance of treatment 
systems. For example, PFAS adsorption onto carbonaceous materials has 
been shown to be enhanced by the presence of air bubbles on carbon 
surfaces (Meng et al., 2014, 2020). The researchers showed that per-
fluorooctanesulfonic acid (PFOS) adsorption on several carbonaceous 
adsorbents decreased by up to 80% after vacuum degassing. Their pro-
posed mechanism involved the preferential adsorption of the oleopho-
bic/hydrophobic tail of PFOS into the air bubble on the adsorbent 
surface, while the polar sulfonic head group exists in the aqueous so-
lution near the interface. Furthermore, these authors showed that upon 
removal of air bubbles by centrifugation, up to 80% of PFAS were able to 
desorb from the sorbent (Meng et al., 2020). Some studies have utilized 
air bubbling to remove PFAS directly from solutions, an approach called 
foam fractionation, and successfully demonstrated the capacity of air 
bubbles as a carrier to move PFAS from the bulk solution (Ebersbach 
et al., 2016; Wang et al., 2018). Researchers have shown that PFAS, 

specifically perfluorooctanoic acid (PFOA) and PFOS, can be efficiently 
removed (>99%) from the solution and enriched in bursting aerosols 
under certain conditions. For example, higher ionic strength or salinity 
favors PFAS removal by bubbling (Buckley et al., 2022; Ebersbach et al., 
2016; Morrison et al., 2023), and also the addition of cations (e.g., Fe 
(III), La(III), Al(III)) serving as a metallic activator enhances removal 
(Lee et al., 2017). Both high and low solution pH have demonstrated 
favorable removal of PFAS by bubbling, and this might be associated 
with the mineral acids used for pH adjustment, in which cations were 
introduced simultaneously (Meng et al., 2018; Zhang and Liang, 2020). 
Bubble size and the length of their traveling path (from the bottom to the 
top) also influence the degree of PFAS removal; smaller bubbles and a 
longer path can extract more PFAS from the solution (Buckley et al., 
2023b; Cao et al., 2019; Ebersbach et al., 2016). The PFAS removal 
capacity can also be slightly improved in solutions with a lower tem-
perature (Morrison et al., 2023). Applying surfactants or polymer ad-
ditives to the solution has improved PFAS removal efficiencies for 
certain compounds (Bolto and Xie, 2019; Buckley et al., 2023a; Li et al., 
2021; Vo et al., 2023). Long-chain PFAS (fluorinated C ≥ 6) in landfill 
leachate was shown to be effectively extracted (80–100%) into the 
bubbling-induced foam layer for further separation (Burns et al., 2022; 
McCleaf et al., 2021; Robey et al., 2020; Smith et al., 2022). A few recent 
studies using pilot- and large-scale foam fractionation systems for 
treating PFAS-contaminated water also showed promising results in 
removing over 90% of long-chain PFAS (Burns et al., 2021; Smith et al., 
2023). Furthermore, Wang et al. (2023) reported the effective removal 
of both targeted and non-targeted PFAS (especially those with longer 
chain lengths and surface-active head groups) in landfill leachate, 
wastewater treatment plant effluent, and AFFF-contaminated ground-
water by foam fractionation. 

Dissolved air flotation (DAF) is an existing water treatment process 
that utilizes coagulants and air bubbles to remove suspended coagu-
lated/flocculated contaminants in water. Similar to observations made 
in foam fractionation studies, research has shown that only long-chain 
PFAS (e.g., PFOS) were partially removed in DAF systems with alum 
as the coagulant (Thompson et al., 2011). Other types of coagulants, like 
polyelectrolytes (PEs) with positive charges and hydrophobic structures, 
may enhance PFAS removal in DAF systems (Bolto and Xie, 2019). 
Although many studies have been done with respect to bubbling-assisted 
PFAS removal in solutions, contradictory results often exist, which could 
likely be attributed to the differences in water matrices tested and in the 
design of aeration devices among studies. For example, Buckley et al. 
(2023a) reported ~100% removal of perfluorobutanoic acid (PFBA) in 
pure water within 60 min by air bubbling with cetyl-
trimethylammonium chloride (CTAC) addition, while the same device 
with similar conditions used in another study (Vo et al., 2023) failed to 
remove PFBA (~0%) in landfill leachate. In another example, long-chain 
PFOS and PFOA were removed poorly (<10%) by bubbling without 
adding any additives (Lee et al., 2017; Li et al., 2021); whereas some 
studies showed long-chain PFAS can be efficiently removed (70−100%) 
by foam fractionation (Ebersbach et al., 2016; Nguyen et al., 2024; 
Wang et al., 2023). Another critical challenge, in addition to contra-
dictory reports, observed in foam fractionation systems is the poor 
removal of short-chain PFAS, which has been associated with the low 
surface activity of short-chain PFAS compared to long-chain PFAS. Also, 
as most previous applications were focused on the removal efficiency of 
PFAS, a detailed assessment of PFAS mass balance in the treatment 
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system was often omitted (i.e., lack of reporting on the compartmen-
talization of PFAS in aerosol and foam fractions). The primary goal of 
this study was to perform a comprehensive assessment to address the 
above-mentioned knowledge gaps with regard to the foam fractionation 
process, with a focus on non-foaming waters. The specific objectives of 
the present study were to (i) explore the use of air bubbles to effectively 
extract and remove short-chain PFAS from non-foaming waters (e.g., 
drinking water, groundwater); (ii) perform a mass balance on a 
bench-scale foam fractionation system to assess the compartmentaliza-
tion of PFAS after treatment (i.e., in aerosols and foam fractions); (iii) 
assess the impact of salts, cationic polymers, and co-surfactants on the 
removal of short-chain PFAS during foam fractionation of non-foaming 
waters, and (iv) elucidate the mechanism by which PFAS is removed in 
non-foaming waters during bubbling treatment. 

2. Materials and methods 

2.1. Chemicals 

Neat materials (purity >97%) of individual PFAS, such as PFBA, 
PFBS (perfluorobutanesulfonic acid), PFHxA (perfluorohexanoic acid), 
HFPO-DA (hexafluoropropylene oxide dimer acid), PFHxS (per-
fluorohexanesulfonic acid), PFOA, PFOS, and PFNA (perfluorononanoic 
acid), were purchased from Sigma-Aldrich (St. Louis, MO). Isotopically 
labeled PFAS standards were acquired from Wellington Laboratory 
(Ontario, Canada). Salts (i.e., NaCl, CaCl2, Na2SO4), polymer (Poly-
DADMAC (PDM)), and surfactants (cetyltrimethylammonium chloride 
(CTAC), dodecyltrimethylammonium chloride (DTAC), sodium dodecyl 
sulfate (SDS), and Brij® L4 were purchased from Sigma-Aldrich (St. 
Louis, MO). LC-MS grade organic solvents such as methanol, acetoni-
trile, and isopropanol, and ultrapure Milli-Q® water (MQW, 18.2 MΩ- 
cm) were used throughout this study. 

2.2. Bubbling device setup and experimental design 

A cylindrical HDPE container (diameter: 50 mm, height: 360 mm, 
total volume: up to 700 mL) served as the water reservoir. An air bubble 
diffuser was placed at the bottom of the cylinder and attached to a 
compressed air tank. A lid was placed on top of the cylinder to collect 
aerosols. Three water sampling ports were located at the bottom, mid-
dle, and upper part (~2 cm below the air-water interface) of the cylinder 
(Fig. 1). 

Firstly, we used PFOS (long-chain) and PFBS (short-chain) as model 

PFAS compounds to perform a mass balance in our device. The water 
volume used in each experiment was 500 mL and the initial PFAS con-
centration was 0.5 μg L−1. The bubbling rate was fixed at 0.5 L min−1 

and the bubbling time was set at 30 min for preliminary testing. After 
bubbling, multiple fractions that could contain PFAS were collected, 
including solutions sampled from the three ports (sampled by 2 mL sy-
ringe), 10 mL water from the top surface layer (by pipetting water out 
with care near the air-water interface), aerosols collapsed on the lid 
(rinsed by methanol), sorption onto the cylinder wall (rinsed by meth-
anol after emptying the cylinder). Second, different additives (e.g., salts, 
polymer, surfactants) were added to test the bubbling performance with 
the same experimental setup described above, but the concentration of 
salts and additives was varied to evaluate the optimal condition. Before 
and after bubbling, water samples were collected at the bottom and 
middle of the cylinder to confirm the remaining PFAS in bulk solution. 
PFAS attached to the lid were also collected after bubbling to account for 
aerosolized PFAS. Lastly, the influence of PFAS mixture (equimolar 
mixture: PFBA + PFBS + PFHxA + HFPO-DA + PFHxS + PFOA + PFOS 
+ PFNA, 2 nM each) and different water matrix (pure water and 
contaminated Long Island groundwater) was tested with the selected 
optimized condition. 

Time course experiments were conducted to examine the kinetics of 
PFAS removal in the presence of additives/modifiers. Samples were 
collected at t = 5, 15, and 30 min. The collection time was up to 120 min, 
if necessary, depending on the chain length of the tested PFAS. Water 
samples were collected at the bottom and middle of the cylinder at each 
time point, and after bubbling, PFAS on the lid was recovered by rinsing 
with methanol. 

2.3. Analytical methods 

Collected water and methanol-rinsed samples were diluted to 1:1 
methanol:water and fortified with isotopically labeled PFAS as internal 
standards. PFAS was analyzed by a liquid chromatography-tandem mass 
spectrometer (LC-MS/MS, Agilent 6495B) with negative electrospray 
ionization (ESI). The chromatographic separation was performed on a 
C18 analytical column (Agilent Zorbax Eclipse Plus, 50 × 3 mm, 1.8 μm) 
with an Agilent 1290 high-pressure liquid chromatography system. A 
delay column (Agilent Zorbax Eclipse Plus, 50 × 4.6 mm, 3.5 μm) was 
installed between the pump and the multi-sampler to minimize back-
ground contamination from solvent, tubing, and pump parts. The sol-
vent degasser was bypassed. Data was acquired by Multiple Reaction 
Monitoring (MRM) method. Detailed MRM information for PFAS 

Fig. 1. Concentrations of (a) PFOS and (b) PFBS in the solution collected from three different layers of the water column before and after bubbling. PFAS mass 
balance of (c) PFOS and (d) PFBS before and after bubbling. Error bars represent the standard deviation of the analytical replicates. 
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analyzed is listed in Table S1. LC and MS conditions are summarized in 
Table S2. CTAC analysis was done using the same instrument but with 
positive ESI. The MRM and instrument conditions for CTAC analysis are 
shown in Tables S1–S2. Recoveries of eight internal standards were, on 
average, between 91 and 98% with a standard deviation < 20% 
(Table S3). The lowest calibration point of all PFAS analyzed was 1 ng 
L−1 and we conservatively assigned 2 ng L−1 (dilution factor for each 
sample = 2) as our method detection limit (MDL). The MDL for CTAC 
was 10 μg L−1 (dilution factor for CTAC samples = 100). Sampling or 
analytical duplicates were performed to account for experimental/ 

analytical errors. The relative percent difference (RPD) for each mea-
surement was <10% throughout this study. 

Surface tension (ST) was measured by a Sigma 700 force tensiometer 
(Biolin Scientific, Gothenburg, Sweden) using Du Noüy Ring method. 
MQW was used as a reference to calibrate the tensiometer (72 mN m−1 at 
25 ◦C). About 100 mL of sample solution was placed in a glass beaker for 
ST measurement and ten measurements were taken for each sample. 

Fig. 2. PFBS concentration in the solution before (blue) and after (red) 30-min of bubbling. Various additives were added to assist bubbling/foam fractionation. The 
value is the average of the two samples taken from the bottom and middle ports, and the error bar represents the standard deviation. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 3. Optimization of PFBS removal via air bubbling: (a) different types of salts added; (b) varying CTAC concentrations; (c) varying NaCl concentrations; (d) 
different types of surfactants added; (e) varying PFBS initial concentrations. The error bar represents the standard deviation. 
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3. Results and discussion 

3.1. PFAS mass balance 

PFOS (long-chain) and PFBS (short-chain) were used to evaluate the 
removal of non-foaming water (MQW) and to perform a mass balance in 
our bubbling device. After 30 min of bubbling, PFOS (0.5 μg L−1) in the 
solution dropped significantly by 86%–93% (Fig. 1a). In contrast, PFBS 
showed less than 5% decline in the solution (Fig. 1b). The measurements 
between the samples collected from the top, middle, and bottom ports 
were similar before bubbling. After bubbling, a slightly increasing trend 
from the bottom to the top was observed, reflecting PFAS carried by 
bubbles toward the surface and, therefore, resulting in a heterogeneous 
distribution of PFAS across the depth of the solution. The mass balance 
of PFAS in the three fractions can achieve nearly 100% (Fig. 1c and d). 
After bubbling, ~57% of PFOS was found on the lid, representing the 
aerosol fraction. Over 29% of PFOS was recovered from the top surface 
layer (top 10 mL from the surface), and only less than 15% of PFOS 
remained in the bulk solution (Fig. 1c). Most PFBS remained in the bulk 
solution (~85%), relatively small amounts of PFBS migrated to the 
surface (~14%), and nearly no PFBS was found on the lid (<1%). 

This result agreed with previous studies as long-chain PFAS (PFOS) 
feature higher surface activity than short-chains and hence accumulate 
at the air-water interface (bubble surfaces) more efficiently and are 
further removed from the solution when continuous bubbles are pro-
vided. An important finding in the present study was that the mass 
balance pointed out aerosolization as the primary mechanism by which 
PFOS was removed from non-foaming waters (~57%). The lack of stable 
foams formed in non-foaming waters allows the bubbles to burst and 
generate PFAS-enriched aerosols that will escape the treatment system if 
not designed to be captured. Minor enrichment (~8x enrichment) of 
PFBS at the top surface layer was still observed, but PFBS could not 
escape from the solution via bursting bubbles and aerosols. Thus, in the 
following experiments, we focused only on removing short-chain PFAS 
(e.g., PFBS or PFBA). 

3.2. Influence of salts, cationic polymer, and co-surfactants on PFBS 
removal 

PFBS was selected to design a series of experiments to explore the 
optimal conditions needed to remove short-chain PFAS from contami-
nated non-foaming waters. Different additives were added to PFBS so-
lutions (0.5 μg L−1 in MQW) and the bubbling results are shown in Fig. 2. 
The addition of salts, Na + or Ca2+ cations (0.01 M), did not enhance the 
removal of PFBS in our system. Adding CTAC or PDM (1 mg L−1) greatly 
improved the removal efficiency by 76% and 67%, respectively. More-
over, adding 1 mg-CTAC L−1 in the presence of 0.01 M NaCl further 
removed all PFBS to below the instrumental detection (>99% removal; 
<2 ng L−1). Interestingly, the presence of NaCl along with PDM 
completely diminished the PFBS removal to 0%. 

PFBS is not a strong surfactant due to its short fluorinated-alkyl chain 
length. Surface tension (ST) measurements were used to assess the 
change in the surface activity of PFBS with the addition of various ad-
ditives. The ST of 0.5 μg-PFBS L−1 is nearly identical to MQW (~72 mM 
m−1) and adding cations (0.01 M Na+ and Ca2+) did not essentially 
impact the surface activity of PFBS (70−71 mM m−1). Adding CTAC (1 
mg L−1) to 0.5 μg-PFBS L−1 lowered the ST to 66.5 mM m−1. We also 
observed a visible thin foam layer on the surface of the water column 
during bubbling experiments. We suspect the formation of ion pairs 
between PFBS and CTAC to be dominant, which has been observed in 
other co-surfactant systems measured by X-ray reflectivity (Yefet et al., 
2014). Hence, PFBS was presumably attracted by CTAC via electrostatic 
(primary) and hydrophobic (secondary) interactions and then enriched 
at the air-water interface provided by air bubbling. Aerosols produced 
by bubble bursting then brought PFBS along with CTAC away from the 
water column. The ST further decreased in the presence of Na+ and 
CTAC (ST: 62.9 mM m−1), resulting in a thicker surface foam layer on 
the surface of the water column and causing more PFBS-CTAC complex 
to be removed. 

Adding 1 mg L−1 PDM did not change the surface tension greatly (ST 
= ~72 mN m−1). Thus, the observed PFBS removal with PDM might not 
be related to aerosol formation. PDM is a high molecular weight polymer 
(colloid) with a positive charge that would electrostatically attract PFBS. 

Fig. 4. Proposed interactions between PFBS and CTAC during air bubbling and the formation of aerosols enriched with PFAS-CTAC: (a) PFBS molecule sandwiched 
between two CTAC molecules at the bubble surface; and (b) CTAC alone occupy the air-water interface at the bubble surface with PFBS electrostatically paired with 
CTAC head group. 
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Bubbling can move these PFBS-PDM colloids upward like in DAF sys-
tems, and therefore, decreased PFBS was observed in the sample 
collected from the middle and bottom ports. We confirmed the size 
fractionation in the PFBS-PDM solution using an Amicon 3 kDa cen-
trifugal ultrafiltration unit and we found that nearly half of the PFBS was 
associated with PDM (>3 kDa fraction) (Fig. S1a). With bubbling, the 
dissolved PFBS (<3 kDa) did not change much, but the PFBS-PDM 
fraction (>3 kDa) declined significantly. Moreover, adding excess 
chloride (0.01 M NaCl) can inhibit PFBS-PDM interactions, and nearly 
100% of PFBS remained in the <3 kDa fraction (Fig. S1b). This result 
helps confirm our hypothesis that the formation of PFBS-PDM colloids 
could result in the heterogeneous distribution of PFBS in the solution. 
Also, this explains that no PFBS decline was observed in the PDM (1 mg 
L−1)-NaCl (0.01 M) solution after bubbling (Fig. 2). 

3.3. Optimization of bubbling treatment for non-foaming waters 

Different types and concentrations of salts, CTAC, and PFBS were 
investigated to identify optimal conditions to remove short-chain PFAS. 
We additionally tested various surfactants with different charges to 
explore the possible removal mechanism (Fig. 3). Three different salts, 
NaCl, CaCl2, and Na2SO4 (0.01 M), were tested with 1 mg L−1 CTAC and 
all of them showed enhanced PFBS removal to below detection (<2 ng 
L−1) after bubbling (Fig. 3a). At the same concentration of 0.01 M, 
Na2SO4 has a larger ionic strength and also decreased the surface tension 
more than the other salts (ST: NaCl = 62.9 mM m−1, CaCl2 = 61.8 mM 

m−1, Na2SO4 = 60.0 mM m−1). This may imply that Na2SO4 could be a 
better salt additive for bubbling applications. The initial concentration 
of CTAC (NaCl fixed at 0.01 M) also strongly influenced the PFBS 
removal efficiency (Fig. 3b). PFBS was removed by only 23% with 0.5 
mg L−1 CTAC and no removal was found when the initial CTAC con-
centration dropped to 0.1 mg L−1. This could be attributed to the rela-
tively high ST of 0.1 mg L−1 (ST: 70 mM m−1) and 0.5 mg L−1 (ST: 66.6 
mM m−1) CTAC solutions, leading to thinner foam layer generation and 
lesser aerosol formation. As low as 0.001 M NaCl (CTAC fixed at 1 mg 
L−1) can improve PFBS removal from 76% to 95% in the presence of 
CTAC (Fig. 3c). Adding more salts could further enhance removal to 
below detection, as the ST reduces with increasing ionic strength. 

To evaluate the importance of the charge group of surfactants, SDS 
(anionic surfactant) and Brij® L4 (nonionic surfactant) were tested for 
PFAS removal during foam fractionation. In addition to CTAC (C-16 
QAC, quaternary ammonium compound), we included DTAC (C-12 
QAC) because it possesses the same hydrophobic alkyl chain length of 12 
carbons as SDS and Brij® L4. The results are shown in Fig. 3d and the 
reason for the different salts and initial concentrations of surfactants 
used was to maintain a comparable ST among experimental groups. 
DTAC behaved as good as CTAC, removing >99% of PFBS in the solu-
tion. In contrast, the solution with SDS or Brij® L4 showed no PFBS 
removal after bubbling, suggesting the key role of the charge, especially 
for short-chain PFAS. In contrast, some studies demonstrated that add-
ing anionic, zwitterionic, or nonionic surfactants to increase foam layer 
formation can also enhance the bubbling removal of long-chain PFAS to 
a certain extent (Buckley et al., 2023a; Li et al., 2021). This suggests that 
as long as more air-water interfaces (e.g., foam layer) can be produced, 
the strong surface activity of long-chain PFAS allows the molecules to 
accumulate in the interface and overcome electrostatic repulsion be-
tween PFAS and the anionic co-surfactant. 

Lastly, we increased the initial concentration of PFBS (10–1000 μg 
L−1) and fixed CTAC (1 mg L−1 CTAC) and NaCl (0.01 M). The removal 
percentage in a 100 μg L−1 PFBS solution can still reach 98% (Fig. 3e). 
The removal percentage declined to 57% at an initial PFBS concentra-
tion of 1000 μg L−1, implying insufficient CTAC to interact with PFBS for 
complete removal. By calculating the amount of PFBS (ΔPFBS = 0.94 
μmol) and CTAC (ΔCTAC = 0.87 μmol) removed from the solution, we 
found that the molar ratio between these two compounds was close to 
1:1 (ΔPFBS:ΔCTAC). This result gives us a clue about the formation of 
PFBS-CTAC ion pairs at the air-water interface. Similar to mechanisms 
suggested in the earlier studies on how cationic surfactants react with 
PFAS during bubbling (Buckley et al., 2023a; Li et al., 2021), we propose 
plausible removal mechanisms (Fig. 4). Short-chain PFBS could form ion 
pairs with CTAC in the solution via electrostatic attraction. At the 
air-water interface, PFBS-CTAC ion pairs are enriched in bubbles and 
foams, where two CTAC molecules sandwich one PFBS molecule to form 
a series chain, occupying the entire surface and forming micelle-like 
structures. Alternatively, the air-water interface may be fully occupied 
by CTAC alone as it is a much stronger surfactant, and PFBS is electro-
statically paired with CTAC. Either way could lead to PFBS removal 
along with CTAC molecules from the water column during bubbling. 
Aerosol formation then removes enriched PFBS-CTAC from the solution 
(Fig. 4). Without a positively charged group (i.e., SDS and Brij® L4), the 
hydrophobic tail of the surfactant alone was not able to capture PFBS 
molecules. 

3.4. Time-course experiments 

We used 1 mg L−1 CTAC and 0.01 M NaCl as our optimized condition 
and performed a series of time-course experiments for two short chains: 
PFBA and PFBS (Fig. 5). For PFBS (C0 = 0.5 μg L−1), 15 min of bubbling 
time was enough to remove PFBS to below detection (>99% removal, 
<2 ng L−1) (Fig. 5a). For PFBA, 120 min of bubbling time was not able to 
completely remove PFBA (66% removal), and the maximum removal 
was found at 60 min (81% removal) (Fig. 5a). We also measured the 

Fig. 5. Time course experiment of bubbling removal for (a) PFBA and PFBS, 
and (b) CTAC. The error bar represents the standard deviation. 
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concentration of remaining CTAC in the solutions and the pattern over 
time was very similar to that of PFBA (Fig. 5b). The CTAC concentration 
decreased by 74 ± 3% in 30 min and stayed nearly constant till 120 min. 
Meanwhile, the thin foam layer at the surface disappeared gradually 
from 15 to 30 min. This echoes our finding in the previous section 
(Fig. 3b), where a threshold concentration of CTAC exists to lower the ST 
to generate a thin foam layer and initiate the removal process via aerosol 
formation. Continuously adding CTAC into the solution should be able 
to remove the remaining PFBA, as shown in a study in which a dosing 
pump was used to inject a co-foaming surfactant (CTAB, cetyl-
trimethylammonium bromide) continuously to maintain it at 2.1 mg- 
CTAB L−1 (Buckley et al., 2023a). 

The increased PFBA concentration in the solution after 60 min 
(Fig. 5a) might be attributable to the condensed water (collected aero-
sols) on the lid that dripped down and brought PFBA back into the water. 
By calculating the PFAS mass from the bulk solution and condensed 
liquid on the lid collected, the mass balance of PFBS and PFBA in the 
time course experiments captured >70% of the total mass. The unbal-
anced mass was presumably enriched at the top surface layer (“thin” air- 
water interface), which we did not collect for the measurement. 

3.5. Removal of single PFAS and PFAS mixtures using optimized 
conditions 

We used our optimized condition (1 mg L−1 CTAC and 0.01 M NaCl) 
to test other PFAS individually in MQW. Without the addition of CTAC, 
short-chain PFAS (e.g., PFBA, PFBS, PFHxA) and HFPO-DA (GenX) 
showed a very poor removal efficiency (0−10%) (Fig. 6a). The removal 

percentage showed an inverse trend with the critical micelle concen-
tration (CMC) of PFAS controlled by their chain length and functional 
group, and a lower CMC favors the propensity of foam fractionation and 
aerosolization by air bubbling (Fig. 6b). PFAS with a chain length higher 
than PFHxS (C6 PFSA) and PFOA (C8 PFCA) can be efficiently removed 
through foam fractionation in MQW without requiring CTAC addition. 
HFPO-DA is an alternative chemical for PFOA and its CMC 
(46000–60000 mg L−1) is an order of magnitude higher than that of 
PFOA (~3200 mg L−1), suggesting its lesser surface activity compared 
with long-chain PFCA. On the other hand, the CMC of HFPO-DA is 
slightly higher than PFHxA (C6 PFCA, CMC = ~22000 mg L−1), but the 
percentage removal of HFPO-DA (~10%) was 10 times greater than 
PFHxA (~1%). This may be attributed to their structural differences, in 
which PFHxA possesses a six-carbon (C6) alkyl chain, and HFPO-DA is a 
perfluoroalkyl ether carboxylic acid (two C3 carbon chains separated by 
an oxygen atom). 

With the addition of CTAC, most of the PFAS can be removed to 
below detection (>99% removal) except for PFBA (73% removal) 
(Fig. 6c). Next, we evaluated the efficiency of removing a mixture of 
eight PFAS fortified in two water types (MQW and groundwater matrix). 
Aside from PFBA, other compounds can achieve >99% removal 
(Fig. 6c). U.S. EPA recently announced the final National Primary 
Drinking Water Regulation (NPDWR) for six PFAS on April 10, 2024 (U. 
S. Environmental Protection Agency, 2024). Individual maximum 
contaminant levels (MCLs) were established for PFOA (4.0 ng L−1), 
PFOS (4.0 ng L−1), PFHxS (10 ng L−1), PFNA (10 ng L−1), and HFPO-DA 
(10 ng L−1). The MCL for PFAS mixtures containing at least two or more 
of PFHxS, PFNA, HFPO-DA, and PFBS was calculated by a Hazard Index 

Fig. 6. Percentage removal of PFAS (%) under the optimized bubbling condition: (a) single PFAS prepared in deionized water without adding CTAC and (b) single 
PFAS removal percentage (no CTAC added) as a function of reported CMC values; (c) single and mixed PFAS prepared in deionized water/groundwater in the 
presence of CTAC. Asterisks represent total PFAS, the sum of branched and linear isomers. The initial concentration of each PFAS in the mixture was 2 nM. The error 
bar represents the standard deviation. 
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<1 (HI, a sum of PFAS fractions where each fraction compares the level 
of each PFAS measured in the water to the health-based water concen-
tration). Our results demonstrated that using CTAC-assisted bub-
bling/foam fractionation can rapidly remove the five regulated PFAS 
(PFOA PFOS, PFHxS, PFNA, and HFPO-DA) from contaminated waters 
with ease to below their corresponding MCLs. 

Notably, the removal percentage of PFBA declined (73% MWQ → 

53% mixtures in MQW → 25% in groundwater) as the water matrix 
became complicated. This implies that coexisting ions (e.g., other PFAS) 
in the solution could compete with PFBA to interact with CTAC or 
displace PFBA from the electrostatic association with CTAC analogous to 
the early breakthrough occurring in GAC systems (Zhang et al., 2023). 
Additional bubbling time and sufficient cationic surfactants may be 
required to remove PFBA further while treating waters with a complex 
matrix (e.g., contaminated groundwater, wastewater, and landfill 
leachate). Buckley et al. (2023a) successfully removed nearly 100% 
PFBA in pure water within 60 min by air bubbling with a continuous 
feed of CTAB (2.1 mg L−1), while the same device with similar condi-
tions used in another study (Vo et al., 2023) failed to remove PFBA 
(~0%) in landfill leachate. Overall, the bubbling time and the dose of 
cationic surfactants as a function of complex water matrices to be 
treated require further investigation and optimization. 

4. Conclusion 

It is important to note that CTAC, belonging to the group of qua-
ternary ammonium compounds (QACs), is also considered an emerging 
contaminant. Follow-up research should aim to identify greener and 
safer alternatives to CTAC for the efficient removal of short-chain PFAS 
via foam fractionation. For example, amino acid-based cationic surfac-
tants might be an option because of their biodegradability, low toxicity, 
and green synthesis, which meets green chemistry requirements (Pérez 
et al., 2021). On the other hand, if CTAC is added to assist in removing 
PFAS in contaminated waters, an additional treatment step may be 
required (sorption or destruction methods) to remove residual CTAC in 
treated water. However, it could still be a worthwhile trade-off to 
applying QACs for PFAS elimination in waters because compared to 
PFAS (especially short-chain PFAS), QACs can be efficiently removed by 
GAC (Basar et al., 2004) and can also be rapidly destroyed by advanced 
oxidation processes (AOPs) like UV/H2O2 (Mondal et al., 2018). More-
over, QACs have been reported to increase the sorption capacity of GAC 
for PFOA via the bridging effect (Shaikh et al., 2023), which could be an 
added value to the overall treatment of PFAS. 

Although the concept of foam fractionation is similar to DAF systems, 
our results highlight that a co-surfactant is required rather than a 
polyelectrolyte (e.g., PDM) to remove PFAS from non-foaming waters 
successfully. The foam formation and stability are critical for PFAS 
removal, as highlighted by the dose-dependent removal of PFAS in the 
presence of CTAC. Our results reveal that the ion pair formation between 
PFAS and the co-surfactant is the driving mechanism by which PFAS is 
removed in foam fractionation systems. The impact of co-occurring ions 
in the groundwater matrix was not investigated in the present study, but 
they were observed to impact the removal of short-chain PFAS. Hence, 
the sequential dosing of co-surfactant in a series of bubbling reactors 
may be needed to achieve treatment goals. Additionally, our mass bal-
ance study revealed that aerosolization was the primary pathway by 
which PFAS was removed from water. Aerosolization of PFAS was 
shown to be dominant in non-foaming waters in the present study and 
hence, the design of the reactor system will have to consider capturing 
aerosols to prevent atmospheric contamination. Future work should 
focus on the magnitude of PFAS aerosolization in varying matrices and 
as a function of bubble size and bubbling rates in the system. 
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