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ABSTRACT

The development of sustainable per- and polyfluoroalkyl (PFAS) remediation
techniques is critical for the removal of contaminants from soil and water at
sites impacted by aqueous film-forming foam (AFFF). This study is the first to
explore the feasibility of flushing PFAS with a rhamnolipid biosurfactant
solution using column testing and soil from an AFFF-contaminated site. Soil
was flushed by either tap water alone or a 0.005% rhamnolipid solution. The
PFAS concentrations in eluate and mass balances were compared for each
test. In the first 12 pore volumes, 91% of the total perfluorooctane sulfonic
acid (PFOS) flushed by the rhamnolipid solution was removed, while only 64%
of PFOS was flushed in that time by tap water alone. Phosphate leached from
soil and PFOS measured in the same eluate had similar concentration
patterns, suggesting competitive sorption occurs with negatively charged
phosphate, PFOS, and the anionic biosurfactant rhamnolipid. The flushing
tests also show that there is no significant difference in flushing with a
biosurfactant for PFAS compounds other than PFOS. Transport modeling
confirmed that PFOS retardation (R-value) was lower with the rhamnolipid
solution (R = 9.76) than with tap water (R = 22.3), which indicates that it is
more efficient at removing PFOS from soil than water alone. This concept
study provides insight into the release of PFAS compounds from a real
contaminated saturated soil containing organic carbon, clay, and a complex
mixture of PFAS. It shows promising first results for the use of biosurfactants
as a sustainable flushing strategy.
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1. INTRODUCTION

Per- and polyfluoroalkyl substances (PFAS) are a group of persistent synthetic chemicals that are
associated with detrimental human and ecological health effects and build up in natural environments
(12, 19, 29, 60). The release of PFAS from aqueous film forming foam (AFFF) have resulted in some of
the most PFAS-contaminated soil and groundwater sites worldwide (26, 36). Conventional in-situ
environmental remediation techniques are ineffective in PFAS remediation applications due to the
temperature resistance and electrostatic properties of PFAS compounds.

Traditional methods to prevent PFAS in contaminated soils and groundwater from migrating offsite
include soil excavation and in-situ soil stabilization (1, 20, 46, 50). Recent studies have explored
increasing PFAS desorption from soil and the air-water interface (AWI) with the goal of recovering PFAS-
contaminated water from the subsurface for ex-situ treatment. Short-chain PFAS are more soluble and
exhibit weaker sorption to air and soil, meaning soil residence times are shorter and retardation during
transport is lower than long-chain PFAS (20, 24, 32, 42, 47). At contaminated sites, short-chain PFAS are
typically seen at lower concentrations in the unsaturated zone than long-chain PFAS as they leach
downwards more rapidly (1, 6, 29, 47). Therefore, long-chain PFAS such as perfluorooctanoic acid (PFOA)
and perfluorooctane sulfonic acid (PFOS) are the focus of most PFAS flushing tests, for which laboratory-
scale column testing with clean quartz sand is typically used. The type of the functional head group in
the PFAS molecule also influences sorption behavior. Kabiri et al. (32) found that PFAS with sulfonated
head groups such as PFOS were slower to be flushed from soil than PFAS with carboxylated head groups
such as PFOA. The transport of PFAS in the saturated zone is faster than in the vadose zone due to
adsorption at the AW, so higher water content in soil has been suggested to decrease PFAS retardation
(2, 7,16, 24, 27, 38). Altering the pH and ionic strength of the solution has had varied results (32, 38, 39,
47). The presence of some co-contaminants such as chlorinated solvents or co-PFAS can increase
retardation of PFAS (4, 18, 35, 62). Higher clay content of soil also can increase PFAS retardation, though
higher porosity and therefore higher saturation of clayey soils can decrease PFAS retardation in some
cases (1, 37). The transport of PFAS in soils with high organic carbon content is slower than in clean
sands due to its affinity for sorption on organic matter (16).

Anionic hydrocarbon surfactants such as sodium dodecylbenzene sulfonate (SDBS) and sodium dodecy!
sulfate (SDS), which is found in AFFF, have been suggested to compete with PFAS for adsorption sites at
the AWI and on resin (1, 20, 31, 38, 41). The competitive adsorption effect is greater for long-chain PFAS
such as PFOS. For short-chain compounds such as perfluorobutanoic acid (PFBA) and perfluorobutane
sulfonate (PFBS), the presence of SDS as a co-contaminant actually increases sorption (19). However,
short-chain PFAS have low retardation factors of around one, so it is not vital for competitive adsorption
effects to take place to aid in soil flushing of short-chain compounds (20). Due to competitive adsorption,
flushing PFAS-contaminated soil with a hydrocarbon surfactant could be effective in mobilizing long-
chain PFAS adsorbed at the AWI and to soil grains (1, 20, 38, 50).

To date, no PFAS flushing studies have been performed using a commercially available biosurfactant, in
place of a hydrocarbon surfactant such as SDS. Biosurfactants are formulated with naturally derived
biodegradable compounds from plants or microbes and are therefore a renewable resource (15).
Rhamnolipid biosurfactants are anionic surfactants made from the bacteria Pseudomonas aeruginosa
and have been compared to SDS in efficacy and behavior for remediation applications (15, 17, 40, 45).
Identifying an effective biosurfactant is advantageous in that its use would not introduce an additional
contaminant to the subsurface as with a hydrocarbon surfactant. Furthermore, no study has been done
using a clay- and organic-rich soil, such as the soil commonly found in delta regions where 339 million
people live world-wide (14). Use of a relevant representative soil composition is crucial to consider for
site remediation applications because soil composition influences PFAS transport behavior.

The objective of this study is to increase PFAS mobility and recoverability in the subsurface by flushing
AFFF-contaminated soil with a rhamnolipid biosurfactant. Using column flushing tests, the efficacy of the
rhamnolipid solution is compared to that of flushing with water alone. Column tests are designed and
optimized to soil collected from an AFFF-contaminated site in The Netherlands. After flushing by tap
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water or 0.005% rhamnolipid, eluent samples are analyzed for PFAS concentrations, which are modeled
using the advection-dispersion equation considering equilibrium and kinetic adsorption. Retardation
factors are estimated for a suite of six PFAS compounds found in AFFF, with a focus on PFOS. Soil-derived
phosphate elution is measured for comparison of electrostatic desorption behavior with PFAS
desorption.

2. METHODS AND MATERIALS

2.1. Contaminated Site: PFAS Living Lab

Soil samples were collected from the PFAS Living Lab site at Utrecht University, Utrecht, The Netherlands
(the Site) in April 2023. The 3000 m? Site was used as a fire safety training facility for Utrecht University
until 2014, during which the soil was contaminated with AFFF. Within the Site, an area of 2,100 m?
exceeds the Local Maximum Value of 3 ug/kg PFAS in surface soil being the RIVM's? July 2020
Temporary Action Framework limit (44, 61). In the source zone, the 3 pg/kg PFAS limit is exceeded up to
a depth of 1.5 m below ground surface. The soil at the Site is characterized by anthropogenic fill from 0
to 2 m bgs consisting of sand and clay. From 2 to 11 m, Holocene deposits alternate between sandy clay,
medium and fine sand, clay and peat. The soil samples were collected in 20 cm intervals from 0 to 100
c¢m. These samples had an average organic carbon content of 3.4% with 13.3% lutum. The main PFAS
contaminant of concern at the Site is PFOS, with soil concentrations up to 95 pg/kg dry weight and in
groundwater draining from the site at 1500 ng/L.

Laboratory analysis of soil samples from the April 2023 sampling event was performed by the Vrije
Universiteit Amsterdam using their liquid chromatography-mass spectrometry Sciex ExionLC and Sciex
6500+ methodology. The details of the sample clean-up and analysis are provided in Section 1.2 in the
Supplementary Material (available online) with tabulated measurements in Supplementary Table S.1.

2.2. Column Experiments

2.2.1. Column Preparation

Prior to running experiments with PFAS-contaminated soil, the experimental column set-up was tested
with clean reference soil, and tests with a non-reactive tracer were performed to identify conservative
transport characteristics of the column fill. The methodologies for column packing and tracer tests, as
outlined in the following, are based on methods given in ISO 27268-3 and US EPA Method 7374 (28, 58).

Soil collected from the Site was mixed with clean sand prior to column packing. Preliminary tests showed
that the use of soil from the site alone was not suitable for column testing due to low hydraulic
conductivity because of the high clay content in the soil (K; about 5e —5m/d). We tested different
sand/soil ratios with the aim of optimizing the balance between keeping the amount of Site-specific soil
high but also maintaining uniform flow within the column and allowing the flushing agent to pass
through.

We used virgin 0.161 mm sand sourced from Waternet® (homogeneity index I = 1.491) to mix with the
soil. Its hydraulic conductivity was determined by a falling head test with 5m/d and confirmed with
calculation of Ky from the particle size distribution, following the procedure of De Rijk et al. (11). The soil
collected from the Site was dried at 45°C for 20 hours, ground with a mortar and pestle, and sieved to 2
mm, following the methodology of Nickerson et al. (47), Niarchos et al. (46), and Maizel et al. (42). A low
temperature was used to avoid any potential volatilization of PFAS compounds. Mixing of sand and soil
occurred manually. Based on the lowest possible pumping rate of 17.5-19 mL/min (technical limitation),
we identified 22% soil by weight to be the maximum possible amount. Hydraulic conductivity of the
sand/soil mixture was identified as 0.5 m/d, which is two orders of magnitude smaller than the pure
sand, but three orders of magnitude larger than the pure soil.

a Dutch National Institute for Public Health and the Environment
b httops./www.waternet.nl/en/
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Clear acetate columns (inner diameter 5.5 cm, height 37.5 cm) were dry packed with soil/sand mixture
in 2 cm lifts, and tamped 5 times per lift. This consistently resulted in a dry bulk density (p,) of 1.65 +
0.01 g/cm? each time the column was packed. Steel mesh screens (325 mesh, 42 um pore diameter)
were included at the bottom and top of the column to disperse flow and ensure the inlet and outlet did
not clog (10, 24, 38). Up-flow experiment design was used to simulate fully saturated conditions (28, 42,
58, 64). This methodology ensures that bubbles are not trapped in the column during saturation. An
equilibration period of approximately 24 hours followed column packing for each experiment (43, 46,
58, 64). Each flushing treatment was performed once.

The materials used in the experimental setup did not include those that are known to contain or interact
strongly with PFAS (e.g., teflon, low-density polyethylene, glass) (30). We decided to use acetate columns,
as they have been shown to be among the best materials for PFAS testing (along with PVC) (22, 46). A
method blank was performed with 100% clean sand in which tap water was pumped through the column.
The test was performed after a test with PFAS-contaminated soil. None of the tested PFAS compounds
were detected in the effluent, confirming that the acetate column does not affect PFAS concentrations
in effluent.

2.2.2. Non-reactive Tracer Test

We performed conservative tracer tests in all columns to identify flow and conservative transport
characteristics. A preliminary tracer test was performed on an uncontaminated soil sample, following
column packing and equilibration. We performed the same type of tracer tests in the columns with
contaminated soil after the PFAS flushing experiments. In this way, we were able to calculate soil
parameters and confirm consistency of column packing without distorting PFAS concentrations.

Breakthrough curves (BTCs) of 0.01 molar NaBr nonreactive tracer were fitted to solutions of the one-
dimensional advection-dispersion equation (Eq. 1):
ac ac _d*c 1N
3= Vo Po
where C(x,t) is the concentration of the solute in space x (position along the column) and time t is
normalized by the background naturally occurring salt concentration, v is pore velocity. D = a; - v +
Dgisr is the hydrodynamic dispersion coefficient, being the sum of dispersion (a, is the longitudinal
dispersivity) and diffusion Dgjs. At the time and space scale of the experiment, the effect of diffusion is
small and can therefore be neglected.

For data fitting and parameter identification we used the CXTFIT program of STANMODE¢ (STudio of
ANalytical MODels) (52, 55) which provides (semi-) analytical solutions of Equation 1 for a variety of
initial and boundary conditions, including those reflecting the experimental conditions. The CXTFIT
program uses a nonlinear least-squares method for parameter optimization.

Soil characteristics identified from the reference tracer test are longitudinal dispersivity a; = 0.674 cm;
porosity 8 = 0.44; and bulk density of p, = 1.65g/cm3. Breakthrough curve results of the reference tracer
test are visualized in Supplementary Figure S3 (Supplementary Material available online) and those
of the tracer tests performed after PFAS flushing in Supplementary Figure S4 (Supplementary
Material available online). For the latter, identified parameters of porosity 8 and bulk density p, were
consistent with those of the reference tracer test.

2.2.3. PFAS Flushing Experiments

We performed PFAS flushing tests with tap water and 0.005% rhamnolipid solution, respectively. The
PFAS-contaminated soil sample B-3 0.20-0.40 m was used in the tap water test, and sample B-3 0.60-
0.80 m was used in the rhamnolipid test. These samples were selected because their reference samples
(B-2 for the same depths, see Supplementary Table S1 for details; available online) have the same total
PFOS concentrations (69 ug/kg). The soil characteristics of these samples were similar, both being a light
clay with 12-17.5% lutum with 3-4% organic carbon. Columns were prepared as outlined in Section 2.2

¢ https.;/www.pc-progress.com/en/Default aspx?stanmod
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in the Supplementary Material (available online). The entirety of each soil sample was used such that
soil/sand mixtures contained 20% and 21% soil each, which is below the 22% possible soil content
threshold. This resulted in a porosity of 44% and 43%, respectively.

For the rhamnolipid flushing test, a 0.005% rhamnolipid in tap water solution was created with a 90%
purity rhamnolipid mixture of di-rhamnolipid and mono-rhamnolipid¢. This solution composition was
first tested with a column containing 22% reference soil to confirm that no bubbles or foam were created
that could alter flow characteristics. Rhamnolipid was selected following a review of biosurfactants
because it meets the following criteria: (i) it behaves much like a previously tested hydrocarbon
surfactant; (ii) it is already widely manufactured; and (iii) it is cost-effective in comparison to other
biosurfactants. Rhamnolipid effectively reduces interfacial tension values to levels comparable to
common hydrocarbon surfactants, such as SDS (40) and has been shown to aid in flushing contaminants
from soils (15, 17, 45). We chose a concentration of 0.005% (or 0.05 g/L) as this is approximately the
median of the range (0.005-0.9 g/L) of the critical micelle concentration of rhamnolipid (17, 23, 34, 40,
45, 48, 54).

The flushing test started with 24 hours of equilibration with tap water for the water test and rhamnolipid
solution for the rhamnolipid test. Then, the columns were flushed with approximately 24 pore volumes
(PV) each at a flow rate of 19 mL/min. Flow velocities v were in the range of 1.71-1.82 cm/min and
hydraulic retention time (equivalent to one pore volume) was in the range of 20.6-21.9 min. Twenty-four
water eluate samples of 400 mL each were collected in 500 mL polypropylene bottles and frozen at -
20°C to stabilize the samples until analysis (63). Even-numbered eluate samples were used for phosphate
analysis and odd-numbered samples were used for PFAS analysis. Following the flushing tests, the non-
reactive tracer test was completed to confirm consistency of column packing and provide data for soil
parameter calculations.

2.2.4. Aqueous PFAS Analysis

Laboratory analysis of the odd-numbered aqueous PFAS eluate samples (1 to 23) was performed in
facilities at the Utrecht University Veterinary School. Six common types of PFAS found at the site were
analyzed by a methodology based on EPA Method 7633 for PFAS analysis by liquid chromatography-
mass spectrometry (LC-MS): PFBA, perfluorohexanoic acid (PFHxA), PFOA, PFBS, perfluorohexane
sulphonic acid (PFHxS), and PFOS (57). The PFAS extraction was performed using weak ion exchange
sorbent cartridges. Analysis was performed using coupled high-performance liquid chromatography-
mass spectrometry . All laboratory QA/QC checks were passed. Detailed information on analysis
methodology and quality control is provided in Section 1.3 of the Supplementary Material (available
online). Tabulated measured concentrations for all PFAS compounds are summarized in Tables S2
and S3 in the Supplementary Material (available online).

2.2.5. Phosphate Analysis

Phosphorus can be an indicator of water movement and soil conditions in soil profiles and therefore was
included to determine if a correlation between PO, and PFAS desorption from soil could be observed
(53). Phosphate is a negatively charged oxyanion known to have strong (electrostatic) interactions with
positive charged soil constituents like Fe-hydroxides. Anionic PFAS may be subject to the same kind of
interactions.

Even-numbered eluate samples (2 to 24) from both the water flushing experiment and the rhamnolipid
flushing experiment were analyzed for phosphate. Each of the 24 samples were acidified with HCl (9.9
mL sample per 0.1 mL 35% HCI). One blank was also analyzed with 0.1M HCl in ultra-pure water. Samples
were analyzed spectrophotometrically using a Gallery Discrete Analyzer® at wavelength 880 nm. The

d Sigma-Aldrich (Merck): https.//www.sigmaaldrich.com/NL/en/product/sigma/r90

€ Shimadzu Nexera XR and Shimadzu LCMS-8050: https.//www.shimadzu.nl/products/liquid-
chromatography/hplcuhplc/nexera-series/index.html & https.//www.shimadzu.nl/products/liquid-chromatograph-
mass-spectrometry/triple-quadrupole-lc-msms/lcms-8050/index.htm/

f Thermo Scientific: https../www.thermofisher.com/nl/en/home/industrial/chromatography/automated-wet-
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Phosphate Low setting was used with a 1000 ug/L standard for P calibration. Once every seven samples,
the sample was reanalyzed to confirm precision of the machine. These values were all within an
acceptable range (< 0.6% deviation). Tabulated measured phosphate concentrations are summarized in
Supplementary Table S4 in the Supplementary Material (Available online).

2.2.6. Batch Testing

Supplementary batch testing was performed to confirm the results of the column tests. The removal of
PFAS from contaminated soil was measured in tap water and in a 0.005% rhamnolipid solution, each
used to wash separate batches of soil. More details on the batch testing methodology and results are
provided in Section 1.5 of the Supplementary Material (available online).

2.3. PFAS Concentration Analysis

2.3.1. Mass Balance

The mass balance for each flushing test was calculated to determine what percentage of the total initial
mass of PFAS in the column was flushed over 24 PVs using Equation 2:

mPFAS 2;1 [CPFAS 4 ] (2)
Y0PFAS eluted = #' 100% = W- 100%

where the total mass of PFAS in the eluent mifS results from the sum of all dissolved eluate

concentrations of the PFAS compound CFF5 [ng/L] and the volume of one eluate sample ¥, [L]
(approximately equal to PV). The initial mass of PFAS in the column sample mf™° was calculated from
the initial mass fraction of the PFAS W,PFAS [ng/kg] in the duplicate of the soil sample used for the
respective column test, and the mass of contaminated soil m, [kg] in the column. Linear interpolation
was used to estimate the concentrations of even-numbered samples that were used for phosphate

analysis.

2.3.2. Transport Modeling

Given the complexity of PFAS adsorption, we chose to analyze PFAS eluate concentrations with a reactive
transport model including two reactive adsorption terms, a fast (equilibrium) and a slow (kinetic) one
(21). Particularly, the slowly decreasing PFOS concentration indicated the need for a slow (kinetic)
adsorption mechanism.

We formulate the advection-dispersion equation with linear equilibrium adsorption accounting for fast-
reacting adsorption sites and first-order kinetic adsorption following the dimensionless formulation of
Toride, et al. (55; Eq. 3):

Rac_ ac 19%*C c_c (3)
PRor = ax trpaxz — @€~ 6

1 RaCS— c-C
a-p ﬁ—w( - Cy)

where € = CPFAS /cFFAS s the normalized concentration of the PFAS compound in solution and C; is the
normalized concentration of PFAS adsorbed kinetically. T = v - t/L and X = x/L are dimensionless time
and distance, respectively, with average flow velocity v and length of the column L. P = %L is the peclet
number, where D is again the dispersion coefficient. R = 1 + p,, - K;/6 is the retardation factor with K,
[mL/g] being the linear adsorption coefficient, p, [g/mL] being the bulk density and 6 being the porosity.
B is the dimensionless partitioning coefficient and w is the dimensionless mass transfer coefficient
defined as Equation 4:

g = 0+ fprKa w = A(1 = B)RL 4)
0+ ppKy h v

chemical-analysis/discrete-analysis-products/gallery-discrete-analyzer.html?erpType=Global ET
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where f [-] is the fraction of the exchange sites that are at equilibrium, and A [1/min] is the first-order
kinetic adsorption rate coefficient (sometimes also called «, but we renamed it to avoid confusion with
dispersivity a;). Note the similarity of Equation 3 to the dual porosity model, which has the same
mathematical formulation but does not reflect the physical meaning of the processes modelled here.

We again made use of STANMOD/CXTFIT (52, 55) to fit PFAS eluate concentrations and identify
adsorption parameters R, § and w for those quantities that showed significant retention. Conservative
transport parameters remained fixed (using velocity v and dispersion D identified in the tracer tests)
during the fit of PFAS adsorption properties. Specifics on model settings and technical details such as
boundary conditions and the fitting process are outlined in Section 2.1 in the Supplementary Material
(available online).

3. RESULTS AND DISCUSSION
3.1. PFOS Flushing

We primarily focus on the results of PFOS in our flushing tests. The PFOS concentrations in soil at AFFF-
impacted sites are the highest of all PFAS compounds, and they are suggested to have the strongest
sorption to soil (32, 61). The total percent mass of PFOS flushed for each test was about the same at 48%
for the water test and 46% for the rhamnolipid test. However, during the first half of each test (12 PV),
only 64% of the total 9909 ng PFOS for the water flushing test was eluted, while 91% of the total 9852
ng of PFOS in the rhamnolipid flushing test was eluted. The faster rate of PFOS elution in the rhamnolipid
test can be seen in the steep slope of the cumulative mass eluted (Fig. 1a). This indicates that flushing
with the rhamnolipid solution was more efficient in removing PFOS than with water alone.

Figure 1b shows that rhamnolipid flushing resulted in much higher PFOS concentrations within the first
10 pore volumes. While water alone flushed out the PFOS more steadily, with the highest concentration
of PFOS (1734 ng/L) occurring at three PVs, the peak concentration of PFOS (3764 ng/L) in the
rhamnolipid flushing test occurred a little later (at five PVs) but was more than twice the peak of the
water flushing test. The peak in PFOS eluate concentration aligns with the peak in phosphate eluate
concentration in the rhamnolipid test at 5 to 6 PV.

We attribute the faster flushing of PFOS observed in the rhamnolipid experiments to changes in zeta
potential and competitive electrostatic adsorption, which have also been identified as possible drivers
of enhanced PFAS elution with other surfactants. Because most PFAS are negatively charged, they tend

(a) (b)
0.5
4000 A
—_ 250
= =
= © 3500 4 )
3041 £ - 225 3'2
= c =
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. = - 200 §
o i =] _ =
2 03 g 2500 - 175 5
A 2 g
=] S 2000 o - 150 £
© ]
£ 021 3 :
3 e 1500 - - 125 2
] 8 _g_
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Figure 1: (a) Cumulative mass of perfluorooctane sulfonic acid (PFOS) eluted in the rhamnolipid and
water flushing tests relative to the initial mass in the column. (b) Concentrations of PFOS (solid lines)
and phosphate (dashed lines) in eluate of the water flushing test (blue circles) and the rhamnolipid
flushing test (red squares).
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to sorb more strongly to positively charged soils, with soil acidity influencing this interaction. Anionic
surfactants produce negative zeta potentials which potentially desorb the PFAS from the soil particles.
Dissolved PFOS then competes with rhamnolipid for adsorption sites. This effect is independent of
equilibration time, as the total amount of PFAS and rhamnolipid molecules in solution compete for
adsorption sites on the soil surface. The dynamic sorption and desorption processes of both PFAS and
the rhamnolipid result in overall higher concentrations of PFAS in solution than in the scenario without
rhamnolipid present.

Following the peak in PFOS elution, the amount of PFOS flushed per PV in the second half of the
rhamnolipid test dropped quickly. The efficacy of the rhamnolipid may decrease when the PFOS
concentration drops below a threshold, as the competitive adsorption effects no longer exist to the
extent they do when PFOS concentration is high. It would therefore be important to test different
concentrations of both PFOS and rhamnolipid to see what the best combination is and better define
thresholds for effective competitive adsorption. For example, increasing the concentration of
rhamnolipid could potentially leach PFOS to a lower residual adsorbed concentration.

The concentrations of phosphate in eluate from the water flushing test was higher overall than the
rhamnolipid flushing test (Fig. 1b). The calculated total mass of phosphate eluted by linear interpolation
between measurements was a factor of 1.7 higher for the water flushing test than the rhamnolipid
flushing test, at 2.02 mg and 1.21 mg, respectively. Since initial PO, soil content was not measured, this
difference in total phosphate eluted does not have a clear explanation.

The delayed peak in PFOS elution in the rhamnolipid test echoes the PO, elution curve (Fig. 1). Because
the column was allowed to equilibrate with the rhamnolipid solution for 24 hours prior to flushing, it is
not likely a result of a delayed equilibrium with the solution occurring only after about 5 PVs. The drying
and grinding of soil with a mortar and pestle resulted in a dual porosity domain, in which there are clay
grain clusters that are less than 2 mm in diameter mixed with individual soil and sand grains. The PFOS
within the clusters of clay may be more strongly adsorbed to those clay grains due to hydrophobic nature
of clay minerals, and take longer to be flushed out (36). There are also possible effects from the two-site
adsorption, with one equilibrium site having fast exchange and the other having slow, non-equilibrium
exchange with solution. Therefore, PFOS adsorbed at the slow exchange site will take longer to be
flushed out. In both the water flushing and rhamnolipid flushing tests, these effects result in slower PFOS
elution overall, consistent with results noted previously.

The alignment of PO, eluate concentrations with the PFOS eluate concentration also supports the idea
that competitive adsorption, specifically electrostatic adsorption, is a factor (Fig. 1b). Negatively charged
PO, adsorption/desorption behavior is driven by the electrostatic potential between the soil and the
PO, (3, 33). If the negatively charged rhamnolipid is competitively adsorbing to soil and resulting in
electrostatic desorption of PO,, the similar elution pattern indicates that competitive electrostatic
desorption drives PFOS desorption as well. The pattern of other PFAS compound elution does not match
the PO, elution pattern because they have weaker adsorption to soil and flush out quickly. Moreover,
electrostatic adsorption behavior may vary between PFAS compound types (37). Since PFOS is the
dominant PFAS type present in AFFF, understanding the competitive electrostatic adsorption effect
induced by rhamnolipid is critical.

3.2. Flushing of other PFAS Compounds

3.2.1. Eluate concentrations

Eluate concentrations of all six PFAS compounds are displayed for both the water and rhamnolipid
flushing tests in Figure 2. The PFAS elution curves for both tests display transport characteristics
expected based on chain length and resulting sorption behavior. Elution of short-chain PFAS compounds
PFBA, PFBS, PFHXA and PFHxS is fast compared to PFOS, with maximum eluate concentrations in the first
PV. This is consistent with the literature, in which PFOS is the slowest to be removed (2, 20, 24, 35, 42,
46, 47).
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Figure 2: Concentrations of the six per- and polyfluoroalkyl (PFAS) compounds present in eluate from
the water flushing test (left) and the rhamnolipid flushing test (right); legend for both figures ordered
from short-chain to long-chain; inset figures show the concentrations in log-scale. PFBA:
perfluorobutanoic acid; PFBS: perfluorobutane sulfonate; PFHxA / PFHXS: perfluorohexanoic acid /
perfluorohexane sulphonic acid; PFOA: perfluorooctanoic acid; PFOS: perfluorooctane sulfonic acid.

Elution curves for PFHxS show a large peak at the first PV (Fig. 2). In fact, the highest concentration of
any PFAS in eluate measured was PFHXxS in the first PV for both the water and rhamnolipid flushing tests
at 2702.7 ng/L and 5067.3 ng/L, respectively. Though PFHxS concentrations did not reach zero by the
end of 24 PVs, fast elution is evidenced by the high concentration peak in the first PV and contrasting
low concentrations by PV 24 at 2.8 ng/L and 13.4 ng/L.

3.2.2. Mass Balance
Mass balance calculations for PFHxA and PFOA in both the water and rhamnolipid flushing tests, as well
as for PFBS in the water flushing test, showed approximately 100% recovery, indicating that nearly all of
these compounds were flushed out of the columns (Fig. 3). This means that the concentrations eluted
in the final pore volume(s) were below the method detection limits (0.0004 ng/L, 0.003 ng/L, and 0.0003
ng/L, respectively, for the water flushing test, and 0.006 ng/L and 0.015 ng/L, respectively, for the
rhamnolipid flushing test), as no measurable amounts of these compounds remained in the columns by
the end of the tests (Fig. 2). Perfluoro-
butane sulfonate also shows a pattern

typical of short-chain PFAS with the highest PFBA :;{V;;:nﬁf;d Test
concentration in the first PV and PFBS :
concentrations below method detection g PFHxA
limits by the end of each test. é
S PFHxS
Mass balance calculations exemplify the Z PFOA
varying flushing behavior between short- = PFOS
chain PFAS compounds PFBA, PFBS, PFHxA
and PFHxS and long-chain PFOA. Because Total PFAS .
PFBA eluate concentrations were below the 0 100 200 300 400 500
method detection limit after one PV, it Percent Mass Eluted (%)

would seem that all PFBA was removed
from the columns. However, the mass | Figure 3: Percent mass of per- and polyfluoroalkyl
balance for both tests was below 100% at (PFAS) compounds eluted from the column in the water
22% and 26%, respectively (Fig. 3). Since and rhamnolipid flushing tests. PFBA: perfluorobutanoic
PFBA is a short-chain PFAS, it is more acid; PFBS: perfluorobutane sulfonate; PFHxA / PFHxS:
perfluorohexanoic acid / perfluorohexane sulphonic
acid; PFOA: perfluorooctanoic acid; PFOS:
perfluorooctane sulfonic acid.

water-soluble and would be present
dominantly in the dissolved phase in a
water-saturated soil sample (8). It is likely
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that the soil samples analyzed had a higher water content than the corresponding samples actually used
for the column tests, resulting in an overestimation of the initial mass of PFBA in the column. It has also
been suggested that PFBA is volatile and may have been lost during the drying of the soil (59). However,
as the duplicate soil sample was dried prior to PFAS analysis in April 2023 using the same method as the
column test sample, this effect is unlikely to have contributed to the observed mass balance discrepancy.

Both PFBS and PFHxS had extremely high recoveries in eluate, especially during the rhamnolipid flushing
test. The mass of PFBS eluted from the column in the rhamnolipid test was 4.98 times the PFBS
concentration determined in the reference soil sample. Similarly, PFHxS concentrations in the eluted
compared to those in the reference soil sample were 4.25 times as much for the rhamnolipid test and
1.73 for the water flushing test. Because laboratory QA/QC passed all checks for these compounds, a lab
error is not a likely explanation. A possible contributor to the high recovery is a relative heterogeneous
distribution of PFBS and PFHxS compared to other PFAS compounds in the subsurface. The
concentrations of PFBS in other sampling intervals of the same sampling location (above and below the
sample used for the rhamnolipid test at 60-80 cm) was 3.3 times higher (values listed in Supplementary
Table S1, available online in the Supplementary Material). Similarly, the PFHxS concentrations above
and below the sample interval were 2.4 and 3 times higher than the sample, respectively. If errors were
made in sample collection, or if samples were not properly homogenized, it is possible that the sample
we used in the column had higher initial concentrations of PFBS and PFHxS than we assumed.

However, this difference could only account for a percent mass elution of at most 150% to 175%, not
the 428% to 499% observed. The remaining difference in mass eluted versus initial mass in the soil may
be explained with PFAS precursors. Aqueous film-forming foam contains precursors to sulfonated PFAS.
When the AFFF-contaminated soil was oxidized in preparation of the columns, the precursors could have
been converted to PFBS and PFHxS, which are both sulfonated PFAS (25, 51, 56). An AFFF study showed
that precursors accounted for 23% to 28% of the total concentration of PFAS in soil (25). Following
oxidation in groundwater, PFHxS was produced, as seen in much higher PFHxS:PFOS ratios than in soil.
Though precursors were not measured in our soil, they are likely present due to the AFFF origin of the
PFAS (9, 25, 42). Whether precursor conversion to PFBS and PFHxS can account for nearly 500% recovery
depends on the initial mass of precursors present in the AFFF formulation, which would need to be
known to confirm this effect.

3.3. PFAS Desorption Modeling

Eluate concentrations of PFAS for both flushing tests have been fitted to the transport model (Eq. 3) to
quantify the equilibrium and kinetic adsorption characteristics. Parameters f, K; and 1 were calculated
using Equation 4 from the fitted R, f and w values. Identified parameters are summarized in Table 1.
Visualizations of the fits are provided in Supplementary Figures S5 and S6 (available online in the
Supplementary Material). We reasoned earlier that differences in the flushing results are the results of
competitive adsorption between PFAS and surfactant. While the physics of the process at pore scale are

Table 1: Adsorption parameters for flushing tests showing behavior of two-site kinetic adsorption:
retardation factor R quantifying fast equilibrium adsorption, K; [ml/g] is the linear adsorption
coefficient, f [-] is the fraction of the exchange sites that are at equilibrium, and A [1/min] is the first-
order kinetic adsorption rate coefficient.

Compound Flushing test RI[-] K, [mL/g] g A[1/min]
PFOS Water 22.3 5.24 0.17 0.004
PFOS Rhamnolipid 9.76 1.56 0.25 0.013
PFHxS Water 2.07 0.23 0.88 0.022
PFHxS Rhamnolipid 2.47 0.38 0.87 0.007
PFOA Water 2.18 0.24 0.81 0.038
PFBS Rhamnolipid 2.45 0.38 0.59 0.001

PFOS: perfluorooctane sulfonic acid; PFHxS: perfluorohexane sulphonic acid; PFOA: perfluorooctanoic acid; PFBS:
perfluorobutane sulfonate
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not part of the transport model, its effects are captured - and even quantified - in the different adsorption
characteristics and parameters, such as the retardation factor R.

3.3.1. PFOS Desorption

Fitted retardation factors for PFOS were significantly lower in the rhamnolipid flushing test (R, = 9.76)
than in the water flushing test (R,, = 22.3 £+ 0.9). This means that transport of PFOS was less retarded
due to soil adsorption when rhamnolipid was used to flush the soil than when water was used.
Consequently, values of the linear adsorption coefficients K; of the fast sites for PFOS are higher for the
water test than for the rhamnolipid test. Both values are significantly higher than for the other short
chain and PFOA compounds (Table 1). However, as K,; values can be difficult to estimate, the experiment
should be repeated to confirm these results (16).

Modeling results also indicate that rhamnolipid mobilizes more PFAS from slow sites than water alone.
The portion of sites that are fast (f) versus slow (55) is lower in the water flushing test (f,, = 0.17) than
in the rhamnolipid flushing test (f, = 0.25). At the same time, the low values of f indicate that there are
more slow exchange sites than fast equilibrium sites in both cases, thus confirming the strong retardation
of PFOS in soil. Furthermore, the f values for PFOS are lower than those of the other PFAS compounds
(Table 1). This result is consistent with expectations, as PFOS exhibits stronger non-equilibrium
adsorption to soil compared to short-chain PFAS compounds, which display nearly linear sorption
behavior (4).

3.3.2. Other PFAS Compounds Desorption

All PFAS, except PFOS, exhibited rapid decreases in concentration during the flushing experiments (Fig.
2b). For several quantities, such as PFBA and PFHxA, the second sampling point (3 PVs) already showed
no concentrations above the detection limit. In these cases, we concluded that desorption is fast and
kinetic sorption effects are negligible. This aligns with other results (4, 20, 46) indicating that short-chain
PFAS such as PFBA, PFBS and PFHxA often approach linear equilibrium adsorption behavior, especially
at low concentrations.

For all short-chain PFAS, retardation factors close to a value of 1 are expected. Given the missing
sampling points between 1 PV and 3 PV, we can only conclude that the linear retardation coefficient R
is < 3 for PFHxA and PFBA in both tests, as well as for PFBS in the water test and PFOA in the rhamnolipid
test. For those PFAS that exhibited non-zero concentrations throughout the entire test (PFHxS for both
tests, PFOA for the water, and PFBS for the rhamnolipid test), the retardation factors of approximately
R = 2 determined by the two-site adsorption model confirm the rapid equilibrium desorption (Table 1).

Per- and polyfluoroalkyl compounds other than PFOS show similar desorption behavior with water and
with a rhamnolipid biosurfactant. This is because the short-chained PFAS compounds PFBA, PFBS, PFHXA,
PFHxS, and long-chained PFOA are not retarded as much as PFOS overall (2, 20, 24, 35, 42). The
calculated fraction of sites at equilibrium f also verify this result with f values between 0.59 and 0.88
being much higher than those for PFOS (Table 1). With a higher fraction of equilibrium adsorption sites,
the short-chain PFAS will desorb more quickly from soil than PFAS with a low fraction of equilibrium
adsorption sites. This confirms the expected result that short-chain PFAS will have greater mobility and
be less retarded in the subsurface.

3.3.3. Comparison to other Studies

Our retardation values (R) for saturated PFOS transport (R, = 22.3 and R, = 9.76) are higher overall
than reported in other column studies. In fact, these values fall within the range of R = 2.10-18.47 for
unsaturated conditions in previous studies (2, 5, 6, 7, 31, 38, 39). The same applies for the retardation
factors (R) of PFOA. While values reported in literature for saturated PFOA transport range from R =
1.06-1.68, our results of (R =~ 2) are more consistent with those observed under unsaturated conditions
(R=12-3.18) (2, 4, 5, 7, 31, 38, 39, 62). This may be because our experiment used soil from the
environment rather than clean quartz sand. Retardation of PFOS in the field is calculated to be much
higher (R = 16-1355) (21, 24). The soil used here has a high organic carbon content of 3.4% compared
to other surface soils or the Accusand typically used in column tests. Per- and polyfluoroalkyl compounds
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tend to adsorb to the organic fraction of soil (13, 16, 29, 31, 46, 49). Additionally, the high clay content
of our soil may result in slower desorption (1). Negatively charged clay particles in soil tend to increase
PFAS adsorption, especially for long-chained PFAS compounds such as PFOS (37).

Our results are well in line with other studies on the effect of (traditional) surfactants on PFAS flushing.
The R-values of PFOS obtained from rhamnolipid and water flushing (R,, = 22.3 compared to R, = 9.76)
show similar patterns to the calculated R-values from batch testing reported by Guelfo and Higgins (18),
where PFOS R-values are substantially lower in the presence of the hydrocarbon surfactant SDS (R =
9.08 compared to R = 18.47). Guelfo and Higgins (18) reported that R-values for the other PFAS
compounds remain largely the same or even increase with the addition of SDS as we also see with
rhamnolipid in our study. Ji et al. (31) also saw a slight increase in retardation with SDS for PFOA in both
saturated and unsaturated conditions. Encouragingly, the similarities between PFOS and PFOA R-values
using a hydrocarbon surfactant SDS and a rhamnolipid biosurfactant supports our hypothesis that
rhamnolipid behaves much like traditional anionic surfactants in terms of reducing retardation of PFAS
in the subsurface.

4. SUMMARY AND CONCLUSION

This study is the first to both explore the feasibility of using a biosurfactant to mobilize PFAS in saturated
soil and to use a soil characteristic of delta areas to perform PFAS transport experiments. The flushing
of PFOS with the biosurfactant rhamnolipid was more efficient than with water alone; 91% of PFOS mass
was eluted by the rhamnolipid solution in the first 12 pore volumes, with water taking twice as much
time. Similarities between phosphate and PFOS desorption behavior indicate that competitive
electrostatic adsorption by the rhamnolipid biosurfactant may be acting to increase desorption of PFOS
and speed up removal from soil. Modeled retardation values for PFOS confirm this result; R-values are
2.3 times lower when the column is flushed by the rhamnolipid solution than by water.

Analysis of PFOS breakthrough curves exhibit the need to account for different adsorption sites,
including a fast (equilibrium) and a slow (kinetic) adsorption mechanism. We link the fast adsorption,
quantified by the retardation factor (R) to electrostatic desorption accelerated by anionic surfactants
producing negative zeta potentials. The mechanisms of the slow adsorption process require more in
depth study of the physical situation. It is potentially the result of rate-limited desorption from the
contaminated clayish soil which was mixed with sand for the column tests.

For several short chain PFAS, we measured concentrations that significantly exceeded the expected
determined from duplicate soil samples. We attribute this primarily to precursor transformation, which
is a known effect for AFFF contaminated soil. For future studies, we recommend PFAS concentration
measurements at different times to track precursor transformation for PFAS components PFBS and
PFHXS.

While it is well known that PFAS sorb to the air-water interface in unsaturated soils, our study confirmed
that transport of PFOS is also strongly impacted by sorption in saturated porous media. In contrast, short
chain PFAS and PFOA are only moderately retarded. However, we expect other PFAS—specifically linear
sulfonated PFAS with carbon chain lengths longer than €8—to exhibit behavior to that of PFOS.

Among the various sorption mechanisms, the electrostatic (de-)sorption of PFAS in soils remains poorly
understood. Because PFAS are predominantly negatively charged, they are expected to sorb more
strongly to positively charged soils, where soil acidity plays a role. We use anionic surfactants to produce
negative zeta potentials and thereby promote PFAS desorption from soil particles in our proof-of-
principle tests, which primarily employed clays. Future research should include testing this method on
sandy soils, which are usually more acidic and therefore more positively charged, which makes it
potentially harder to influence the desorption mechanism.

While our column study is useful to identify hydrogeochemical parameters and physico-chemical
processes involved, it does not reflect field conditions. Injection rates were high, putting constraints to
the applicable soil regarding hydraulic conductivity. Redesigning the columns to perform long-term
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flushing in low conductivity soils is an option to test applicability of biosurfactants. However, we doubt
that field-scale soil flushing will be a feasible strategy for low hydraulic conductivity clay-rich soils. In this
line, we conclude that flushing is a potential strategy for permeable (sandy) soils with hydraulic
conductivities of at least 1m/d. However, applicability to sandy soils must be tested given their difference
in charge compared to clays.

Our column tests show promising first results for developing biosurfactant flushing methods for
sustainable PFOS remediation. Implications of our work for soil-water practitioners lie in potential
remediation strategy design, also for unsaturated soil, e.g. considering soil saturation as part of the
operation. Flushing PFOS from soil is feasible when the soil is saturated with a biodegradable surfactant,
making this a promising strategy for optimization. Follow-up work is needed to test varying
concentrations of PFAS, investigate optimal concentrations of bio-surfactant, test different flow velocities
in different soil types, and test flushing in unsaturated PFAS-contaminated soil. This can eventually
confirm the viability of a rhamnolipid biosurfactant for use in a flushing remediation strategy for AFFF-
contaminated sites.

STATEMENTS AND DECLARATIONS

Supplementary Material

The following material is available online as a single pdf available: Laboratory reports and figures from
the April 2023 soil sampling event; Batch testing methodology and summary of results; PFAS laboratory
analysis methodology details and quality assurance/quality control; Fitted breakthrough curves in CXTFIT
of preliminary tracer tests and water/rhamnolipid flushing tests; Log-scale PFAS elution curve figures for
both water and rhamnolipid flushing tests; CXTFIT input parameters used for the fitting model; Complete
PFAS and phosphorous eluate concentration results from the water and rhamnolipid flushing tests; Fitted
PFAS elution curves from one-dimensional CXTFIT model; Log-scale fitted PFAS elution curves from one-
dimensional CXTFIT model; Hydrogeological parameters calculated from one-dimensional model fitting
results.
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