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• Foam fractionation could remove PFAS
from industrial water on pilot-scale.

• Air emissions were high, but no major
contributor to low mass-balance closures.

• Airborne PFAS caused an occupational ex-
posure that exceeds the EFSA recommen-
dation.

• Removal correlated positively with total
element concentration and conductivity.
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Foam fractionation has recently attracted attention as a low-cost and environmentally benign treatment technology for
water contaminated with per- and polyfluoroalkyl substances (PFAS). However, data on the mass balance over the
foam fractionation process are scarce andwhen available, gaps in themass balance are often identified. This study ver-
ified the high treatment efficiency of a pilot-scale foam fractionation system for removal of PFAS from industrial water
contaminated with aqueous film-forming foam. ΣPFAS removal reached up to 84 % and the removal of
perfluorooctane sulfonic acid (PFOS) up to 97%, but the short-chain perfluorobutanoic acid (PFBA)was only removed
with a mean efficiency of 1.5 %. In general, mobile short-chain PFAS were removed less efficiently when the perfluo-
rocarbon chain length was below six for carboxylic acids and below five for sulfonic acids. Fluctuations in treatment
efficiency due to natural variations in the chemistry of the influent water were minor, confirming the robustness of the
technology, but significant positive correlations betweenPFAS removal and influentmetal concentration and conductivity
were observed. Over all experiments, the mass balance closure did not differ significantly from 100%. Nonetheless, PFAS
sorption to thewalls of the reactorwasmeasured, aswell as high PFAS emissions by the air exiting the reactor. PFAS emis-
sions in aerosols correlated positivelywithmass balance closure. The elevated aerial PFAS concentrationsmeasured in the
experimental facility have implications for worker safety and prevention of PFAS-emissions to the atmosphere, and dem-
onstrate the importance of installing appropriate filters on the air outlet of foam fractionation systems.
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1. Introduction

Per- and polyfluoroalkyl substances (PFAS) are exceptionally stable an-
thropogenic chemicals with versatile applications as lubricants, coatings
and surfactants (Buck et al., 2011; Evich et al., 2022). The widespread
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use, high mobility and persistent nature of PFAS has caused their ubiqui-
tous presence in the environment, ultimately leading to human exposure
to these chemicals via contaminated air, water or food (Sunderland et al.,
2019). The toxicology of most PFAS is still poorly understood, although
numerous health impacts have been demonstrated for legacy compounds
such as perfluoroalkyl carboxylic acids (PFCA) and perfluorosulfonic
acids (PFSA) (Fenton et al., 2020). Because of these findings, health-based
guidelines for PFAS exposure have been introduced in e.g. the U.S. and
Europe (EFSA, 2020; US EPA, 2016).

To adequately limit human exposure to PFAS, the development of cost-
efficient remediation technologies for contaminated sources is urgently
needed. The use of PFAS-containing aqueous film-forming foams (AFFF)
constitutes an important source of these chemicals, causing contamination
of soil, groundwater and surface water (Ahrens, 2011; Lenka et al., 2021;
Sunderland et al., 2019). Treating AFFF-contaminated water before
discharge is hence crucial towards preventing the spread of PFAS in the
environment. Numerous treatment methods exist that are being applied
on full-scale, of which adsorption to granular activated carbon (GAC)
(Belkouteb et al., 2020), ion exchange resins (IEX) (Dixit et al., 2021) or
foam fractionation (Burns et al., 2021) are used most often.

Of these three treatment technologies, foam fractionation has the
advantage that no consumables are used during the process, generating
very low operating expenses (Burns et al., 2021). Moreover, since no regen-
eration of sorbent materials using thermal treatment or organic solvents is
necessary, the treatment can be considered environmentally benign. The
process has been well-described in academic literature for the removal of
PFAS (Buckley et al., 2022, 2021; Burns et al., 2021; Lee et al., 2017;
McCleaf et al., 2021; Meng et al., 2018; Smith et al., 2022). In essence, it
is similar to conventional sorption processes, but the sorbent consists of
rising air bubbles that are introduced at the bottom of a water column. Be-
cause most PFAS are amphiphilic, they adsorb to the surface of these air
bubbles, with their polar parts remaining in the water phase and their
apolar tails inside the air bubble. If enough surfactant molecules are
present, a PFAS-enriched foam will form on top of the water, which can
be harvested as foamate and treated further separately. Conversely, the
bulk water phase will be depleted of PFAS.

The effectiveness of foam fractionation towards the removal of
long-chain PFAS (i.e. PFSA: CnF2n+1SO3H, n > 5; PFCA: CnF2n+1COOH,
n > 6) has been documented extensively, with removal efficiencies
generally exceeding 95 % (Buckley et al., 2022; Burns et al., 2021; Lee
et al., 2017; McCleaf et al., 2021; Meng et al., 2018). However, foam frac-
tionation is less suitable for the removal of the more mobile short-chain
PFAS, because these compounds have lower air-water sorption coefficients
(Buckley et al., 2022; Burns et al., 2021).Moreover, various studies report a
loss of PFAS in the overall mass balance, with up to 36 % less PFAS mea-
sured in the foamate than was removed from the water phase (McCleaf
et al., 2021; Smith et al., 2022). It is unclear whether these missing PFAS
are emitted to the air, adsorb to the reactor walls or are transformed during
the treatment process. Finally, effects of natural variations in the chemistry
of the influent water are still poorly understood.

To assess these knowledge gaps, the current study aimed to investigate
the mass balance of the foam fractionation process, as well as verify the
performance of the treatment. Specifically, objectives were to i) explore
the effect of residence time, surfactant dosage, conductivity and metal
and total organic carbon (TOC) concentration on the PFAS removal using
a pilot-scale continuous foam fractionation reactor treating an industrial
AFFF-contaminated water stream with highly variable composition, ii)
comprehensively examine the PFASmass balance over the influent, effluent
and foam and iii) evaluate whether PFAS are present in the air and aerosols
that exit this pilot-scale foam fractionation reactor and if this could explain
any gaps in the mass balance.

2. Methods

The brands and purity grades of all chemicals can be found in Table SI 1.
All glassware was burned at 400 °C overnight and all glass or plastic
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containers were rinsed three times with the appropriate solvent before
use. Full names of all PFAS compounds are given in Tables SI 2 and SI 3.

2.1. Experimental approach

A pilot-scale continuous foam fractionation system designed by
ECT2 (Emerging Compounds Treatment Technologies, Sweden) was
used in all experiments to treat PFAS-contaminated industrial water at
Cytiva, Uppsala, Sweden. This water consisted of a mixture of AFFF-
contaminated surface runoff, groundwater and process water with a vari-
able composition, collected continuously in a 12 m3 storage filled to 50 %
capacity prior to entering the on-site water treatment system. The water
was pumped directly from this tank into the foam fractionating system, so
PFAS concentrations and other chemical parameters in the influent varied
over time. A schematic overview of the process is given in Fig. 1.Water con-
tinuously entered the foam fractionation column (Ø 49.4 cm, water level at
108.5 cm) at a height of 92 cm above the column bottom and exited the col-
umn at the bottom. A venturi blower was used for introducing air bubbles
to the water in a recirculation loop. To enhance foaming, a constant flow
of soap (Neutral® Hand Dishwash, Unilever, ingredients: 5–15 % anionic
surfactants, <5 % amphoteric surfactants, non-ionic surfactants, sodium
benzoate) solution in influent water was supplied to the venturi system
using a peristaltic pump (Masterflex L/S with neoprene tubing). Once
the foam rose to the top of the system at approximately 60 cm above
the water level, it was forced to collapse under warm air that entered
the system through a heater. The liquid foamate then flowed down a pipe
into a foam collection vessel. A fan blowing air out of the systemwas placed
on top of the foam vessel, to improve the foam flow.

Duplicate foam fractionation runs at various residence times (13, 20, 30
and 60 min) and soap ratios (21, 62 and 125 ppmv) were carried out to as-
sess the PFAS removal efficiency of the system, see Table 1 for details. The
soap ratio is the ratio between the pure soap dosage rate to the venturi and
the influent water flow rate. For each experiment, the system was run for
1 h after the foam flow started, except for the experiments at 60 min resi-
dence time, which were run for 2 h. The foam flow rate was observed to re-
main relatively constant over the duration of each experiment. 250 mL
influent was collected before and after each run in clean polypropylene
(PP) bottles from a valve in the influent hose for determination of PFAS
concentrations, pH and conductivity, to correct for the variability of the
influent during the experiment. 250 mL effluent and foam were collected
for PFAS analysis at the end of each run. Moreover, 500 mL influent was
collected at the end of each experiment for determination of the TOC and
metal concentrations.

All experimental duplicates were carried out directly after each other, to
minimize variations in the influent. Two of the experiments were repeated
in duplicate one week later, to assess the effect of differences in influent
water characteristics. Before each experiment, the column was flushed
with at least three column volumes of influent water in the absence of air
flow to clean the system. After each experiment, all foam was pumped
out of the foam collection vessel with a peristaltic pump (Watson Marlow,
630SN/RE with Pureweld Xl 12.7 mm tubing) and weighed to determine
the amount of foam produced. Foam samples were taken from this bulk
foam. At the end of the experimental period, the pipe through which the
foam flowed to the collection vessel was rinsed with MilliQ water and
ethanol, which was combined and sent in for PFAS analysis to check for
PFAS sorption to the pipe walls.

2.2. Air and aerosol sampling

An aluminum air sampler holder (Tisch Environmental, pre-cleaned
with acetone) containing two pre-combusted stacked quartz microfiber fil-
ters (⌀ 11 cm, pore size 2.2 μm,QM-A,Whatman) was placed above the fan
(see Fig. 1), to collect aerosols in the air exiting the system. To ensure de-
tectable PFAS concentrations, the filters were only replaced after each set
of duplicates rather than between duplicates as well. There was a space of
approximately 5 mm between the sampler and the air exit, so not all air



Fig. 1. Process overview of the single-stage pilot-scale continuous foam fractionation reactor employed in this study. The conical-shaped top part of the columnfilled up with
foam, which subsequently flowed down into the foam collection vessel.
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passed through the filters, because otherwise the air flow through the fan
was inhibited too much. The minimum air flow was found by detecting
the point where foam collection system did not work properly anymore,
causing low foam flows and incomplete collapse of the foam. In the re-
peated run of experiment 1, the aerosol sampler was placed upside down,
such that the distance between the air outlet and the filter was decreased
from approximately 9 cm to 4 cm.

To sample the PFAS content in the air around the foam fractionation re-
actor, four passive air samplers (PAS; Tisch Environmental) containing
sorbent-impregnated polyurethane foam discs (SIPs) were employed in
the same room as the reactor during all experiments, over a total duration
of eleven days. The approximate placement of these four PAS-SIPs is
shown in Fig. SI 1. The use of SIPs for PFAS detection in air is a well-
establishedmethod that has been developed and verified extensively in ear-
lier studies (Ahrens et al., 2013; Shoeib et al., 2008; Winkens et al., 2017).
An additional PAS-SIP was employed in the staircase of the same building
as a reference location for the background indoor environment. A field
blank was collected by placing a SIP inside the PAS housing for one minute
on-site, after which the SIP was treated as all other samples. All PAS hous-
ings had been cleaned with tap water followed by thorough rinsing with
acetone prior to employment and SIPs were only handled using acetone-
rinsed tweezers.

The SIPs were prepared according to the protocol by Ahrens et al.
(2013). In brief, polyurethane foam discs (PUFs, Tisch Environmental,
0.5 × 5.5″) were cleaned by Soxhlet extraction with acetone for
24 h, followed by petroleum ether for 17 h and fresh petroleum ether for
7 h. Finely ground XAD-4 resin was Soxhlet extracted with methanol
for 17 h, followed by dichloromethane for 24 h and hexane for 6 h. The
clean XAD-4 was kept in a beaker at −20 °C, while the PUFs were dried
in a pre-cleaned vacuum desiccator for approximately 72 h. After drying,
the PUFs were impregnated by dipping them in a XAD-4 in hexane slurry
(approximately 6.4 g L–1) three times for 30 s and subsequent drying on a
Table 1
Overview of experimental parameters. Experiments 1 and 2 (E1 and E2) were repeated
quality. In E1 R2, the distance between the air outlet and the aerosol filters was decreas
influent water flow rate. Since the surfactant concentration of the dish-soap was 5–15 %
between 3.1 and 9.3 ppmv for a soap ratio of 62 and between 6.25 and 18.8 for a soap

Experiment
ID

Contact time
(min)

Water flow rate
(L/min)

Soap dilu
factor

E1 R1, E1 R2 30 6.9 250
E2 R1, E2 R2 20 10 250
E3 13 16 250
E4 60 3.5 83
E5 20 10 83
E6 20 10 42
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heating plate, both repeated twice. After the second drying step, the SIPs
were dried further in a vacuum desiccator again for 72 h. Prior to transport,
the SIPs were wrapped in pre-cleaned aluminum foil and stored in individ-
ual airtight zip-lock bags.

2.3. Chemical analyses

All water samples were shipped to ALS Scandinavia for PFAS (n = 32,
Table SI 2), TOC, turbidity and metal and element content analysis. For
the PFAS analysis, a laboratory blank of 250 mL MilliQ water, a field
blank of 250 mL MilliQ water, which was opened on-site for 1 min, and a
surfactant blank of approximately 5 g/L surfactant in MilliQ water were
sent in as well. Limits of quantification (LOQ) of individual PFAS in the an-
alytical method varied between 0.01 and 25 μg L–1, depending on the PFAS
compound and the matrix, and are given in Table SI 2. An overview of the
metals and elements included in the analysiswith their quantification limits
is given in Table SI 4. pH and conductivity of the influent were measured
on-site using a Knick Memosens 555 pH sensor and Hach CDC401 conduc-
tivity probe, respectively.

The quartz microfiber filters used for aerosol collection and the PAS-
SIPs were analyzed in the laboratory at the Department of Aquatic Sciences
and Assessment, Swedish University of Agricultural Sciences. The extrac-
tion was carried out according to a modified protocol described by Casas
et al. (2020). One blank without filter and one blank with a clean filter
were included in addition to the field blank. Each filter was transferred to
a 50 mL PP vial and spiked with 50 μL of an internal standard (IS) mixture
containing 50 ng mL−1 of each individual compound (Smith et al., 2022).
15 mL of methanol was added, after which the tubes were vortexed and
sonicated for 20 min. The methanol was decanted into a second tube, and
the extraction was repeated twice with 5 mL of methanol. The combined
methanol fractions were concentrated to 0.5 mL under a gentle stream of
N2 and transferred to 1.5 mL Eppendorf tubes. The PP tubes were rinsed
twice (R1 and R2), one week apart, to assess the effect of a different influent water
ed. The soap ratio is the ratio between the volumetric dish-soap dosage rate and the
, the pure soap ratio was between 1.05 and 3.15 ppmv for a soap ratio of 21 ppmv,
ratio of 125.

tion Soap solution flow rate
(mL/min)

Soap ratio
(ppmv)

Run time
(h)

36 21 1
54 21 1
83 21 1
18 62 2
54 62 1
54 125 1
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three times with methanol, which was added to the same Eppendorf tubes,
and the extracts were concentrated to 0.5 mL again. Then, the tubes were
centrifuged for 15 min at 4000 rpm (Eppendorf centrifuge 5424R) and
150 μL supernatant was transferred to an analytical PP insert vial.

Prior to the extraction of the SIPs (Ahrens et al., 2013), extraction
thimbles (Munktell Ahlstrom, ET/MG 160, 33 × 80 mm) were cleaned
by Soxhlet extraction with 350 mL methanol for 18 h, followed by
350 mL of a 1:1 acetone:diethyl ether mixture for 24 h. Then, each
SIP was added into a cleaned extraction thimble and Soxhlet extracted
with 330 mL methanol for 24 h. A solvent blank without thimble and SIP
was included in addition to the field blank. Each extract was concentrated
to approximately 4 mL using rotary evaporation and transferred to a pre-
cleaned 15 mL PP tube. The round-bottomed flask used during the Soxhlet
extraction followed by rotary evaporation was rinsed three times with
methanol, which was added to the extract, and the extracts were concen-
trated to 0.5 mL under N2. Subsequently, the tubes were centrifuged for
20 min at 3900 rpm (Eppendorf centrifuge 5810R) and 150 μL supernatant
was transferred to an analytical PP insert vial. Finally, the filter and SIP
extracts were analyzed for 29 PFAS on a Sciex 3500 UPLC-MS/MS system
according a modified method described previously (Smith et al., 2022)
and in the SI (page 3).

2.4. Data handling

Concentrations of individual PFAS and elements that were not detected
in any of the samples were set to zero. Other non-detect compounds, i.e.
PFAS or elements that were present above the LOQ in at least one sample,
were given a concentration equal to half their LOQ. For the water samples,
LOQs of individual PFAS varied depending on the water matrix and were
occasionally higher in the influent as compared to the effluent samples. In
this case, the removal would increase by as much as 10 % points if non-
detect concentrations were set equal to their LOQ. On the other end, setting
all non-detect PFAS concentrations to zero was also deemed unrealistic,
hence a factor 0.5 was chosen. Nonetheless, it should be acknowledged
that this choice affects the results, and a sensitivity analysis in the form of
repeated plots for factors 0 and 1 is given in the SI. Furthermore, most im-
portant statistical relationships are based on ΣPFAS concentrations as well
as PFOS concentrations, since PFOS was the only PFAS present above the
LOQ in all samples and thus unaffected by this choice. LOQs in the air
and aerosol samples were set to the maximum concentration recovered in
any of the field or lab blanks and are given in Table SI 3. For compounds
that were not detected in any blanks, the instrument LOQof 0.1 ng perfilter
or SIP was used. SIP and aerosol filter concentrations were not blank-
corrected and values below the LOQ were set to half the LOQ. Air concen-
trations were estimated by assuming a common linear air sampling rate
of 4 m3 d−1, as described in Ahrens et al. (2013), resulting in a total air
volume sampled of 44 m3 per SIP.

Mean removal efficiencies (RE) for each experiment were calculated as
per Eq. (1), with CEf the mean effluent PFAS water concentration over both
duplicates (n = 2) and CIn the mean of the influent water concentrations
measured before and after the experiment for both duplicates (n = 4).
Similarly, mean mass balance closures (MB) were calculated as per
Eq. (2), with CFoam the mean foam PFAS concentration over both duplicates
(n= 2) and %Foam the mean foam fraction (%). The foam fraction was cal-
culated by dividing the total mass of collapsed foam collected at the end of
each experiment by the total volume of water treated. It should be acknowl-
edged that this calculation is an approximation, because the foam concen-
tration was based on a time-integrated sample over the entire experiment,
whereas the effluent concentration was only measured at the end during
steady-state operation. Moreover, the measurement uncertainties in the
influent flow rate as well as the foam volume deserve consideration. An
unsteady state analysis over the foam concentration is provided in SI
Section 2 (p. 5–7), which showed that although the mean theoretical
error caused by sampling the bulk foam was 30 %, the magnitude of this
error did not correlate significantly with the mass balance. Hence, the com-
bined effect of analytical uncertainty in PFAS concentrations, uncertainty in
4

the measured flows and degradation of precursors contributed more to the
mass balance uncertainty than this theoretical error. All data analysis and
plotting were done in Matlab™, version R2020b.

RE %ð Þ ¼ 100−
CEf

CIn
� 100 ð1Þ

MB %ð Þ ¼
%Foam

100
� CFoam þ 1−

%Foam

100

� �
� CEf

CIn
� 100 ð2Þ

3. Results and discussion

3.1. Characteristics of influent water

The mean influent ΣPFAS concentration with corresponding standard
deviation was 15 ± 3.9 μg L–1, with PFOS (7.6 ± 2.6 μg L–1), PFHxS
(1.7±0.51 μg L–1) and 6:2 FTSA (1.3±0.41 μg L–1) as major components.
A complete overview of the mean influent concentrations of all detected
compounds is given in Table SI 5. Mean TOC, turbidity, pH, conductiv-
ity, aluminum and iron concentrations were 8.5 ± 0.6 mg L–1, 21 ±
24 FNU, 7.4 ± 0.1, 1300 ± 190 μS cm−1, 150 ± 97 μg L–1 and
790 ± 560 μg L–1, with a complete overview given in Table SI 5.
These values show the high variation in the quality of the industrial
water stream under investigation, with relative errors exceeding 100 %
for certain parameters.

Based on the mean influent concentrations of all eight experiments,
significant positive correlations between influent ΣPFAS as well as PFOS
concentration and aluminum (Al), boron (B), barium (Ba), calcium (Ca),
iron (Fe), potassium (K), lithium (Li), magnesium (Mg), silicon (Si) and
strontium (Sr) were found, with Pearson r values ranging from 0.74 (Sr)
to 0.85 (Ba) for PFOS and from 0.73 (Al) to 0.93 (Si and Ba) for ΣPFAS.
Conversely, both influent ΣPFAS and PFOS concentrations significantly
correlated negatively (p < 0.05, r = −0.90 and −0.78, respectively)
with P concentration. P and Zn correlated positively with each other, but
negatively with B, Ca, Li, Mg, Si and Sr. An overview of all correlation
coefficients is given in Fig. SI 4. These trends indicate that at least two
distinct sources contributed to the process water, one with higher P and
Zn, lower PFAS and lower other metal concentrations compared to the
other, and the overall composition of the influent water depends on the
ratio of these two contributing flows.

3.2. PFAS removal in different experiments

Between experiments, the ΣPFAS removal efficiency (RE) ranged from
63 to 84 %, as illustrated in Fig. 2. Increasing the relative surfactant dosage
lead to higher foam fractions, with mean foam fractions of 0.17 %, 1.1 %
and 7.1 % at soap ratios of 21, 62 and 125 ppmv, respectively (only
significant between ratios of 62 and 125 ppmv, 1-way ANOVA, F(2,5) =
82.53, p = 0.0001). However, higher foam fractions did not correlate
significantly with higher ΣPFAS or PFOS removal and ΣPFAS removal effi-
ciencies above 80 % were already achieved at foam fractions below 0.5 %,
see Fig. 2A), B) and F). This result is extremely relevant for practical
applications of the foam fractionation technology, because it means that
competitive PFAS removal can be achievedwith up to 1400-fold reductions
in water volume. Certain commercial applications of foam fractionation for
PFAS remediation use a multistage treatment (Burns et al., 2021), where
the foam undergoes subsequent foam fractionation to achieve higher
concentration factors. Depending on the costs for foam treatment, including
additional foam fractionation stages could be worthwhile for the current
system as well.

The REwas significantly higher at 20, 30 and 60min contact time (tc) as
compared to 13 min, but no significant differences in RE between 20, 30
and 60 min tc were found (one-way ANOVA, F(3,4) = 25.55, p = 0.005
followed by Tukey's hsd procedure). This result is in accordance with



Fig. 2. Influent and effluent PFAS concentrations in different experiments, with non-detect concentrations set to 50% of the LOQ. The repeated runs of experiments 1 (A): E1
R1 and B): E1 R2) and 2 (C): E2 R1 and D): E2 R2, see Table 1) one week in between are shown in separate subplots. Experiments 3, 4, 5 and 6 are shown in E), F), G) and H),
respectively. Plot headings give the experimental tc, which was a set variable, and the mean measured foam fraction. Plots with non-detect concentrations set to 0 and 100%
of the LOQ are given in Figs. SI 5 and 6. Error bars represent the minimum and maximum ΣPFAS concentrations found in any of the corresponding samples.
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previous studies that have found optimal removal starting at contact times
around 20 min (Buckley et al., 2022; Burns et al., 2021; Smith et al., 2022).
Nonetheless, the mean RE increased from 76 to 82% upon increasing the tc
from 20 to 30 min, so a positive effect of operating at higher tc cannot be
excluded. Moreover, when considering only PFOS instead of ΣPFAS in the
ANOVA analysis to exclude any effects related to PFAS concentrations
below the LOQ, a significant difference between the RE at 20 and 60 min
tc was found, strengthening the hypothesis that increasing the tc above
20 min may cause a higher PFAS removal. More replicated experiments
would be needed to confirm this hypothesis.

3.3. Effect of chain length and functional group on PFAS removal

The PFAS removal increasedwith chain length and PFSAwere removed
more efficiently than PFCA, as illustrated in Fig. 3. This phenomenon has
been documented extensively previously (Buckley et al., 2022; Burns
et al., 2021; McCleaf et al., 2021; Smith et al., 2022) and is due to a higher
sorption affinity to the air-water interface of longer chain compounds and
of PFSA compared to PFCA. Other long-chain PFAS such as 6:2 FTSA, 8:2
FTSA, FOSA and EtFOSAA were also removed at high efficiencies. PFNA,
5

PFDA, PFHpS, PFNS and FOSAA were only present above the LOQ in
foam samples, but not in any influent or effluent samples. Their reported
removal was thus entirely based on sporadic lower LOQ values in the
effluent than in the influent and is probably no accurate representation of
their true removal. PFOS, PFOA, 6:2 FTSA and PFHxS had the highest
mean removal efficiencies of 91 ± 5 %, 89 ± 4 %, 84 ± 7 % and 81 ±
8 %, respectively. The removal efficiency was below 30 % for PFCA with
a perfluoroalkyl chain length below six and PFSA with a chain length
belowfive. Because of this, themean fraction of short-chain PFAS increased
from16 to 42% from influent to effluent (min –max: 14–19% to 26–54%).

3.4. Effects of variations in influent water chemistry on PFAS removal

Over all eight experiments, the ΣPFAS as well as the PFOS removal
efficiency correlated significantly with the influent conductivity and total
elements concentration, as illustrated in Fig. 4 (r = 0.80, p = 0.02 for
all). Similarly, both ΣPFAS and PFOS RE correlated significantly with the
individual concentrations of Ba, K, Na and Sr (r > 0.71, p < 0.05). Expect-
edly, the total elements concentration and conductivity also correlated
strongly with each other (r = 0.99, p ≈ 10−7). These results confirm



Fig. 3. Removal efficiency versus perfluoroalkyl chain length, with concentrations below the LOQ set to 50 % of the LOQ. Plots with non-detect concentrations set to 1 and
100%of the LOQ are given in Fig. SI 7A andB. Error bars represent the standard deviation between experiments. E3 (Table 1)was excluded because of the noticeable effect of
the short tC of 13 min on the removal efficiency.
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literaturefindings that the removal efficiency of PFAS in foam fractionation
can be improved by dosing metal cation activators or increasing the ionic
strength (Buckley et al., 2022; Meng et al., 2018). Moreover, they show
that these effects also occur due to unintentional variations in influent
water chemistry, instead of intentional dosing of metal salts. The experi-
ment at 13 min residence time had the lowest removal efficiency as well
as the lowest conductivity and total elements concentration (Fig. 4). This
low removal efficiency may have been caused by a combination of these
two factors, but it is not possible with our data to separate and apportion
their respective effects. No significant correlations between RE and turbid-
ity, TOC concentration or pH were found.
Fig. 4. ΣPFAS removal efficiency vs. conductivity and total dissolved element
concentration. Horizontal error bars represent the standard deviation of
A) conductivity and B) total elements concentration between experiments;
vertical error bars represent the standard deviation of ΣPFAS removal between
experiments.
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No major differences in RE were found between the two experiments
that were repeated one week apart (E1 and E2), despite higher PFAS
concentrations and higher turbidity in the influent of the second runs, see
Fig. 2A to D and Table SI 6. Notwithstanding the fact that dissolved
elements and TOC concentrations stayed relatively similar, these minor
changes in RE confirm the robustness of the treatment performance against
natural variations in water quality. Conversely, the total mass balance
closure decreased from 140 % in the first run to 58 % in the second run
for E1, and from 98 % to 90 % for E2. These decreases in mass balance
may be explained by the increased turbidity (i.e. increased adsorption to
particulate matter) and the decreased foam fraction in the second runs, as
outlined in Section 3.5 below.

3.5. Mass balance

The mean ΣPFAS mass balance over all experiments was 120 ± 40 %
and did not differ significantly from 100 % (one-sample t-test), irrespective
of how non-detect concentrations were handled. For non-detect concentra-
tions set to half the LOQ, none of the mass balances for individual PFAS
differed significantly from 100 % either (one-sample t-tests), as shown in
Fig. 5. However, this conclusion changed when non-detects were handled
differently, as illustrated in Fig. SI 8. Despite most mean mass balances
not differing significantly from 100 %, those for certain individual
compounds were below 100 % (e.g. PFBS: 86 %, PFPeS: 89 % and
PFHpA: 91 %). Moreover, two experiments (E1 R2 and E2 R2, Table 1)
had ΣPFAS mass balances below 100 %.

Another explanation for these lowmass balance closuresmay be the loss
of PFAS via adsorption to particulate matter. A significant negative correla-
tion between turbidity and ΣPFAS mass balance closure was found (r =
−0.76, p = 0.03. Insignificant for PFOS: r = −0.70, p = 0.054). This
indicates that PFAS may have adsorbed to suspended solids in the water
samples, which may have settled somewhere in the system and were thus
lost from the mass balance. Turbidity further correlated with iron and alu-
minum content (r = 0.97 and 0.94, respectively, both p < 0.0005), which



Fig. 5. Mass balance closure (%) for individual PFAS. Error bars represent the
standard deviation over all experiments (n = 8).

Fig. 6. Measured PFAS quantities in A) the bottom aerosol filters and B) the SIP
discs. The result for the aerosol filter from experiment 1, run 2 (E1 R2) is shown
on a different scale, represented by the y-axis in green on the right-side of A), to
ensure readability of the data. This was the experiment during which the distance
between the aerosol filter and the air outlet was decreased, causing much higher
PFAS concentrations in the aerosol filter. Note that aerosol concentrations were
not time-normalized, and that the duration of E4 was twice as long as the other
experiments.
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form minerals that have a high PFAS adsorption capacity (Campos-Pereira
et al., 2020; Wang and Shih, 2011; Zhang et al., 2021), further strengthen-
ing the hypothesis that PFAS may have adsorbed to suspended matter that
was lost from the mass balance.

The solution used for rinsing the foam pipe after all experiments
contained high PFOS, 6:2 FTSA, PFHxS and PFOA concentrations
of 5700, 600, 540 and 240 μg L–1, respectively. Notably, the sample
also contained PFUnDA, PFDoDA, PFDS and EtFOSE (1.5, 1.1, 4.0 and
3.3 μg L–1, respectively), which were not quantifiably detected in any of
the other water or foam samples. Since all these four compounds are
long-chained, they have high sorption coefficients (Campos-Pereira et al.,
2022) and thus stick to the reactor walls rather than being transported
with the foam. The full composition of this sample is given in Table SI 7.
Because only one sample was collected after all tests, which probably did
not contain all PFAS that were adsorbed to the pipe walls, no quantitative
conclusions can be drawn on the percentage of PFAS that adsorbed to the
foam pipe. Nonetheless, the high concentrations in this sample indicate
that sorption to reactor parts may be an important PFAS sink.

PFOS mass balance closure correlated positively with foam fraction
(r= 0.83, p= 0.01). Based on the high PFOS concentrations in the rinsing
solution sample, PFOS that adsorbed to the foampipe in experiments at low
foam fractions may have been flushed out of the foam pipe at higher foam
fractions. However, this correlation was not found for ΣPFAS. These results
indicate that at high foam fractions,mass balance closures exceeding 100%
for especially long-chain PFAS with high sorption affinities may be caused
by this rinsing effect.

For most compounds and experiments, mean mass balance closures
were above 100 %, i.e. on average more PFAS was present in the foam
and effluent than in the influent water. This excess of PFAS could possibly
be explained by oxidative transformation of PFAS precursors that were
not included in the analysis method (Houtz et al., 2016, 2013). PFCA,
PFSA, FOSA and FTSA can be formed from precursors that are typically
present in AFFF (Choi et al., 2022; Houtz et al., 2013), whereas EtFOSAA
is generally considered a precursor compound itself (Choi et al., 2022;
Houtz and Sedlak, 2012). The mean mass balance closure of EtFOSAA
also exceeded 100 % (Fig. 5), which accordingly cannot be explained
by precursor transformation. Probably, mass balance closures exceeding
100 % are thus also due to measurement uncertainties.

The measurement uncertainty in the PFAS concentrations reported by
ALS was high, up to 40 %. When this measurement uncertainty results in
reported underestimated influent concentrations or overestimated foam
concentrations, the mass balance closure exceeds 100 %. A multivariable
plot visualizing the sensitivity of the mass balance to these uncertainties
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in reported concentrations is given in Fig. SI 9. Moreover, the fluctuations
in influent PFAS concentrations contributed to uncertainties in the mass
balance. Nonetheless, despite these considerable measurement uncer-
tainties, no significant differences in overall mass balance closure from
100 % were found based on all replicate analyses done in this study.

3.6. PFAS emissions to air and aerosols

The extraordinarily high recovered PFAS masses in both aerosol fil-
ters and SIP discs (see Fig. 6) clearly indicate that aerial PFAS concentra-
tions around the reactor were much higher than normal levels in indoor
air (Shoeib et al., 2008; Winkens et al., 2017). Extremely high mean
ΣPFAS concentrations of 98 ng m−3 were measured in the air surround-
ing the foam fractionation reactor (sample locations 1–4, Fig. SI 1). The
highest concentration of 140 ng m−3 was measured in the SIP disc
located closest to the air outlet of the reactor (sample 4, Fig. SI 1). For
comparison, the air at the reference site in the staircase of the same
building had a ΣPFAS concentration of 3.6 ng m−3. It should be noted
that these concentrations are rough estimations based on a previously
determined sampling rate (Ahrens et al., 2013), since no calibration
was done in the present study.

Breakthrough through the bottom aerosolfilters was low, i.e. the ΣPFAS
massmeasured in the top filter ranged between 0.1% and 5% of that in the
bottom filter. The PFAS mass measured in the bottom filter clearly
depended on the distance between the air outlet and the filters. 46 μg of
ΣPFAS was found in the filter from the experiment in which the distance
between the aerosol filter and the air outlet was decreased (E1 R2,
Table 1). In comparison, over all other experiments the highest ΣPFAS
mass found was only 7 μg. Based on the influent concentration of the
water during each corresponding run, the highest loss of PFAS in aerosols
corresponded to only 0.3 % of the entire aqueous ΣPFAS mass treated dur-
ing the operation of the foam fractionation system. However, since not all
air that exited the reactor passed through the filters, the actual amounts
of PFAS leaving the reactor with the air were probably higher than what
was caught in the aerosol filters.

Themean PFAS composition of the foam, aerosols and air was very sim-
ilar, as illustrated in Fig. SI 8. For all three matrices, the main component
was PFOS, at a mass-based fraction between 66 % (foam) and 77 % (aero-
sols), followed by PFHxS (5–13 %) and 6:2 FTSA (4–12 %). Conversely,
the fraction of short-chain PFAS was only 0.7–2.6 %. In comparison, the
composition of the reference air sample was slightly different, with only
43 % PFOS and 15 % short-chain PFAS. This indicates that either the
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PFAS in the air at the reference site did not originate from the foam fractio-
nation reactor, or that short-chain PFAS are more susceptible to transport
through air than long-chain PFAS (Wong et al., 2018).

A hypothesis of this study was that high PFAS emissions in air and aero-
sols could explain loss of PFAS from the mass balance. Surprisingly, how-
ever, a strong positive correlation between mass balance closure and
PFAS levels in the aerosol filters was found. Because of the aforementioned
effect of the decreased distance between the air outlet and the filters, the
results from E1 R2 were excluded from this analysis. The correlation was
significant for both ΣPFAS (r = 0.93, p = 0.002) and PFOS (r = 0.79,
p = 0.03). As it is improbable that a causal relationship exists between
higher mass balance closure over the water phase and higher PFAS emis-
sions in aerosols, the correlation may be explained by a common cause of
the two phenomena. Possibly, both were caused by higher initial PFAS pre-
cursor concentrations and thus increased formation of target PFAS in the
water as well as the aerosols. Precursor concentrations were not measured
in the current study, so this could not be confirmed.

An alternative explanation relates to the role of suspended solids. PFAS-
enriched aerosols are formed by bubble bursting at the air-water interface
(De Leeuw et al., 2011; Sha et al., 2022), which in the foam fractionation
reactor occurs mostly at the surface of the foam layer. At high suspended
solids concentration, the presence of particles may impact the stability of
the foam and thereby alter the collapse process, as has been discussed
widely in literature (Fameau and Salonen, 2014; Kaptay and Babcsán,
2012; Petrovski et al., 2011). This altered collapse process may have
resulted in lower aerosol emissions. This hypothesis is strengthened by
the positive correlation between turbidity and foam concentrations (r =
0.90, p = 0.003 for ΣPFAS; r = 0.90, p = 0.002 for PFOS). An overview
of these correlations is given in Fig. 7. Hence, the aforementioned positive
correlation between mass balance closure and aerosol concentration was
possibly caused by two separate effects at higher suspended solids concen-
trations: a decreased formation of PFAS-enriched aerosols and a lowermass
Fig. 7.Correlationmatrix between aerosol concentration (Aeros, ngfilter−1), mass balan
point represents the mean of one experiment. E1 R2was excluded from the correlations w
air outlet. Numbers represent Pearson's correlation coefficient and are significant (p < 0
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balance closure because of PFAS loss due to sorption. However, the nega-
tive correlations of aerosol concentrations with foam concentrations and
turbidity were not significant, so more research would be required to test
this hypothesis.

3.6.1. Implications for worker safety
The high estimated PFAS concentrations in the air around the reactor

have important implications for worker protection. The European Food
Safety Authority (EFSA) includes PFOA, PFOS, PFNA and PFHxS in their
recommended group tolerable weekly intake of 4.4 ng kg bodyweight−1

week−1 (EFSA, 2020). The EFSA further recommends assuming a body
weight of 60 kg and an inhalation rate of 1.25 m3 hr−1 for the assessment
of operator exposure to plant protection products (Charistou et al., 2022).
Using these same assumptions and the mean measured PFAS concentra-
tions, an operator working a 40-h week in the room with the pilot-scale
foam fractionation reactor is exposed to roughly 66 ng kg bodyweight−1

week−1 of the four PFAS included in the EFSA guidelines. This already ex-
ceeds the EFSA recommendation by a factor 15, and does not yet include
PFAS exposure through diet or drinking water. On the other hand, the
American Conference for Governmental Industrial Hygienists (ACGIH)
has defined an occupational exposure limit for the ammonium salt of
PFOA in air of 0.01 mg m−3 (ACGIH, 2020). The highest concentration of
PFOA measured in this study was 8 ng m−3, which is orders of magni-
tude below this limit. Nonetheless, guideline concentrations for PFAS
are decreasing rapidly (Cousins et al., 2022; Post, 2021), so minimizing
exposure where possible is advisable. Hence, to ensure worker safety,
appropriate filters must be installed on the air outlet of pilot-scale
foam fractionation reactors.

In most full-scale foam fractionation systems, the air is vented to the
outside, usually already through activated carbon filters. Additionally,
since the control of full-scale systems is more automated, workers are
not expected to spend 40 h per week near the reactor. Accordingly,
ce (MB,%), foam concentration (Foam, μg L−1) and turbidity (Turb, FNU). Each data
ith aerosol concentration, due to the strong effect of sampling aerosols closer to the
.05) when shown in red.
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the health risks demonstrated in this study are likely to be less severe for
full-scale plants. Nonetheless, further research should look into the
PFAS concentrations in the air around full-scale foam fractionation sys-
tems, to confirm that the safety measures are appropriate.

4. Conclusion

This study verified the high PFAS removal efficiency of a pilot scale
foam fractionation system treating AFFF-contaminated industrial water. Ef-
fects of the highly variable water composition on the treatment efficiency
were minimal, confirming the robustness of the technology. Nonetheless,
removal efficiencies were shown to increase at higher conductivity and
metal concentrations. Removal of long-chain PFAS was much higher than
that of short-chain PFAS, which implies that the applicability of the
technology depends on which compounds are included in guidelines and
regulations. The four PFAS included in the EFSA tolerable weekly intake
guideline (PFOA, PFOS, PFNA and PFHxS; EFSA, 2020) had a high
combined mean removal efficiency of 90 %. Nonetheless, their mean total
effluent concentration was still 1 μg L–1, indicating that either a second
foam fractionation step or other polishing treatments may be necessary to
adequately limit human exposure to these compounds. For example, ion
exchange may be used if further removal of mobile short-chain PFAS is
required (Dixit et al., 2021).

There were no statistically significant differences from 100 % for indi-
vidual or ΣPFAS mass balances. Nonetheless, PFAS adsorption to the
walls of the reactor was found after all experiments. PFAS emissions from
the air outlet of the reactor were also considerable, although they corre-
lated positively rather than negatively with mass balance closure. These
high PFAS emissions to air have important implications for the safety of
operating personnel, since someone who works full-time in the room with
the pilot-scale foam fractionation equipment would already have a PFAS
exposure that is approximately 15 times higher than the EFSA recommen-
dation. Moreover, PFAS that are emitted to the air rather than captured in
the foammay still end up in the environment bymeans of long-range trans-
port. Therefore, this study demonstrated the importance of installing
adequate filters on the air outlet of foam fractionation systems.
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