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Ali Batikh a,b,c,*, Stéfan Colombano a, Maxime Cochennec a, Dorian Davarzani a,  
Arnault Perrault c, Julie Lions a, Julien Grandclément c, Dominique Guyonnet a, Anne Togola a,  
Clément Zornig a, Nicolas Devau a, Fabien Lion a, Amir Alamooti a, Sébastien Bristeau a,  
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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Ethanol (50 % v/v) did not impact the 
shear-thinning behavior of xanthan gum 
solutions.

• A positive correlation was observed be
tween PFAS sorption and octanol-water 
coefficient.

• Overshoot in PFAS concentrations was 
observed after flushing with ethanol 
(50 % v/v) and xanthan-ethanol mixture 
(in 1D column experiments).

• More than 93 % of different PFASs were 
recovered after flushing by xanthan- 
ethanol mixture.

• Numerical modeling successfully re
produces breakthrough curves.
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A B S T R A C T

Remediating soils contaminated by per- and polyfluoroalkyl substances (PFAS) is a challenging task due to the 
unique properties of these compounds, such as variable solubility and resistance to degradation. In-situ soil 
flushing with solvents has been considered as a remediation technique for PFAS-contaminated soils. The use of 
non-Newtonian fluids, displaying variable viscosity depending on the applied shear rate, can offer certain ad
vantages in improving the efficiency of the process, particularly in heterogeneous porous media. In this work, the 
efficacy of ethanol/xanthan mixture (XE) in the recovery of a mixture of perfluorooctane sulfonate (PFOS), 
perfluorooctanoic acid (PFOA), perfluorohexane sulfonate (PFHxS), and perfluorobutane sulfonate (PFBS) from 
soil has been tested at lab-scale. XE’s non-Newtonian behavior was examined through rheological measurements, 
confirming that ethanol did not affect xanthan gum’s (XG) shear-thinning behavior. The recovery of PFAS in 
batch-desorption exceeded 95 % in ethanol, and 99 % in XE, except for PFBS which reached 94 %. 1D-column 
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experiments revealed overshoots in PFAS breakthrough curves during ethanol and XE injection, due to over- 
solubilization. XE, (XG 0.05 % w/w) could recover 99 % PFOA, 98 % PFBS, 97 % PFHxS, and 92 % PFOS. 
Numerical modeling successfully reproduces breakthrough curves for PFOA, PFHxS, and PFBS with the 
convection-dispersion-sorption equation and Langmuir sorption isotherm.

1. Introduction

Per- and polyfluoroalkyl (PFAS) substances have recently attracted a 
lot of attention because of their ubiquitous presence in the environment 
and potential effects on human health [1,2]. PFAS are widely present in 
the air, water, and soil as a result of their widespread use in a variety of 
industrial and consumer items, such as water-resistant textiles, aqueous 
fire-fighting foam (AFFF), and non-stick cookware [3]. Their 
fluor-carbon bounds provide them exceptional chemical and thermal 
resistance, as well as a highly stable nature in the environment [4,5]. 
PFAS are characterized by their environmental persistence which has 
led to the label “Forever chemicals”. Concerns regarding the long-term 
impacts of PFAS exposure on human health and ecosystems have been 
raised due to their persistence and bio-accumulative nature [6,7].

In the current decade, concentrations of various PFAS have been 
determined in groundwater in the range of < 0.03 ng.L-1 to 6.75 mg.L-1 

for perfluorooctanoic acid (PFOA), 0.01 ng.L-1 to 4.6 mg.L-1 for per
fluorooctane sulfonate (PFOS), 0.01 ng.L-1 to 2.38 mg.L-1 for per
fluorohexane sulfonate (PFHxS), and 0.01 ng.L-1 to 0.822 mg.L-1 for 
perfluorobutane sulfonate (PFBS) [8], in surface water system, reaching 
levels of up to 100 ng.L-1 [9] and in drinking water, exceeding. 500 ng. 
L-1 (Dixit et al., 2021). These concentrations exceed the drinking water 
threshold set by the U.S. Environmental Protection Agency 4 ng.L-1 for 
PFOS and PFOA and 10 ng.L-1 for PFHxS [10], and those set by the 
Europe Union 100 ng.L-1 for the sum of 20 PFAS (including PFOA and 
PFOS) and 500 ng.L-1 for all total PFAS [11], posing substantial health 
risks to humans, including renal toxicity, hepatotoxicity, and carcino
genicity [12,13].

Soil has been identified as a prominent and persistent source of PFAS 
pollution at contaminated sites [14]. The occurrence of soil and sedi
ments contaminated by PFAS results from various sources, such as the 
use of bio-solids in agriculture (soil amendments) [15], leachates from 
landfills [16], discharges from fluoropolymer manufacturing plants 
[17], and notably, the widespread use of aqueous fire-fighting foam 
(AFFF) in military sites and airports [18,19]. Global soil PFAS concen
trations have been reported in the range of tens of ng.g-1 by several 
studies in China, the United States, Korea, Norway, and Belgium 
[20-22]. Brusseau et al. [23] revealed that soils in numerous military 
installations in the USA contained significant concentrations of PFOA at 
50,000 ng.g-1 and PFOS at 373,000 ng.g-1. In France, for instance, per
fluorinated carboxylic acids (PFCA) were found in soil sampled from a 
fluoro-telomere production site at concentrations of 655 ng.g-1 [24], 
while firefighter training sites had a maximum of different PFAS com
pounds (mainly PFOS) of 357.46 ng.g-1, according to Dauchy et al. [25]. 
These values highlight the wide range of PFAS contamination and its 
possible global environmental impact. Considering the rising concen
trations of PFAS in soils and the associated risks to ecosystems and 
human health due to potential exposure through groundwater, there is a 
critical need to develop effective technology for the recovery of PFAS 
from soil and groundwater systems.

Remediation of PFAS-contaminated soils represents a challenging 
task due to the unique chemical properties of these substances [26]. 
Several remediation technologies have been tested for the remediation 
of PFAS including ex-situ methods such as bioremediation technology 
[27], oxidation/reduction processes [28,29], thermal processes [5], soil 
vitrification [30] and soil washing method using an in-situ approach 
[31] and an ex-situ one [32]. However, these methods showed various 
limitations and challenges such as high cost due to excavation, trans
portation, and energy requirements [33,34]. Compared to the 

previously mentioned remediation technologies, the in-situ soil flushing 
method has become a reliable and efficient method for the remediation 
of soil that has been contaminated by organic pollutants such as Poly
chlorinated biphenyl (PCB), Polycyclic Aromatic Hydrocarbons (PAHs), 
and different chlorinated hydrocarbons. This remediation technology 
has several advantages including the remediation of a large contami
nated zone with minimized excavation and transport, negligible 
disturbance of soil structure, a small requirement of area for the 
equipment, and applications in both the saturated and the unsaturated 
zones [35]. Different additives can be injected into the soil, such as 
organic polymers [36] and co-solvents [37].

Solvents such as alcohol have been used for decades as a flushing 
solution for mobilizing and solubilizing different organic contaminants 
[38,39]. To date, solvents such as methanol, ethanol, and propanol have 
been used in the regeneration of various sorbents contaminated with 
PFAS. This application has been investigated in both batch and column 
PFAS regeneration studies involving granular and powdered activated 
carbon (GAC, PAC, respectively) as well as resin [40-42]. For batch-scale 
investigations, ethanol 50% volume fraction (v/v) has been consistently 
confirmed to be the best removal and regenerator solvent for PFAS, in 
particular PFOS and PFOA, from soils and sorbent materials [43,44]. 
This choice stems from its demonstrated advantages, including lower 
toxicity than methanol [45] and superior efficiency than propanol [35]. 
Moreover, column-scale studies have expanded on this by simulating 
more realistic conditions, where removal solutions flow through the 
porous medium (soil, sorbent materials). Siriwardena et al. [46] con
ducted a study on the efficacy of ethanol in regenerating a GAC column, 
revealing a removal efficiency of 64% for PFOS and 93% for PFOA. 
Senevirathna et al. [35] carried out experiments in columns. They re
ported removal of 98% for PFOS after injection of five bed-volumes of 
ethanol (50% v/v). Shaikh et al. [47] found comparable outcomes, 
ethanol (50% v/v) achieved a remarkable 89% regeneration of PFOA 
from the activated carbon column after injection of eight bed-volumes.

Despite ethanol’s advantage over PFAS recovery, heterogeneous 
permeability in subsurface soil may pose challenges in uniformly 
distributing removal solutions during in-situ soil flushing. This is due to 
the formation of preferential pathways, resulting in significant non- 
swept areas within low-permeability layers. Additionally, the perme
ability could be reduced resulting from the reduction of soil porosity due 
to the sorption of PFAS to soil particles, which could decrease the 
effectiveness and reliability of soil flushing [35]. The use of 
non-Newtonian fluid (bio-polymer solution) can present advantages for 
improving the homogeneity of the injection of additives in heteroge
neous soils. The most recent improvements in in-situ soil flushing 
technologies involve the injection of non-Newtonian fluids such as 
polymer (xanthan gum, guar gum) [48,49] and foam [50,51]. The shear 
thinning behavior of polymers improves the mobility of flushing solu
tion and the sweeping in porous media especially in lower permeability 
zones [52]. According to Gauthier and Kueper [53], a flushing solution 
consisting of xanthan gum and two distinct alcohols (ethanol and 
n-propanol) was able to remove 94% of PolyChloroBiphenyls from sand 
in a 2D tank system. Other studies, demonstrated that xanthan gum 
could improve the sweeping efficiency in heterogeneous sandbox ex
periments [54].

In addition, the experimental data are used to calibrate a numerical 
model for sorbed solute transport in soil columns. Several models have 
been proposed and tested in the literature [55,56]. Most of them focus 
on the transport of diluted PFAS in groundwater/soil, either under 
water-saturated or unsaturated [57], vadose zone conditions. For 
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saturated soils, the options include (1) a convection-dispersion equation 
with an additional equilibrium non-linear term for adsorption (e.g., 
Langmuir isotherm, or a lumped term to include different sorption 
phenomena), [58], (2) modification of the convection-dispersion equa
tion to include two adsorption sites (one instantaneous and one is 
rate-limited), namely the two-site model (TSM) [59-61] and (3) more 
complex models that can reproduce anomalous transport (deviating 
from Fick’s diffusion) due to, for example, soil heterogeneity, 
rate-limited solid adsorption, etc. [62,63]. While the literature indicates 
that the two-site model is the most commonly used, it appears that the 
observation of non-equilibrium sorption phenomena during 1D trans
port of PFAS in sand columns is mostly observed for PFOS, while the 
breakthrough curves for PFOA and PFHxS, for example, are often 
compatible with equilibrium (non-linear) sorption model [60]. On the 
other hand, to the best of our knowledge, no work has yet applied any of 
the above models to reproduce desorption experiments using a fluid 
other than the one used during contamination, whereas this situation 
mimics a widely used family of remediation technology, as discussed 
above.

The objective of this study is to evaluate the effectiveness of the 
polymer-alcohol mixture in removing four PFAS including PFOS, PFOA, 
PFHxS, and PFBS from contaminated soil. The first phase involved 
assessing the rheological behavior of the xanthan-ethanol mixture at 
various concentrations of polymer in the bulk. Subsequently, a series of 
batch sorption and desorption experiments were conducted to under
stand the sorption behavior of these compounds as well as the efficiency 
of ethanol with and without xanthan gum on the recovery of PFAS. In 
addition to these experiments, a series of 1D porous column experiments 
were conducted to assess the efficacy of the introduced polymer in 
ethanol solutions for PFAS recovery. Additionally, the simulation part of 
this work is to compare the experimental data with the convection- 
dispersion-sorption model, using an equilibrium, non-linear, approach 
for sorption, applied to adsorption and desorption with the background 
solution free of PFAS and other fluids (polymer, ethanol). Considering 
the paucity of investigations regarding the efficiency of non-Newtonian 
fluids as mixture partners for the recovery of PFAS-contaminated soil, 
our study proposes an analysis of the potential benefits of combining a 
solubilizing agent and a non-Newtonian agent.

2. Materials and methods

2.1. Materials

Four PFAS representatives including, PFOS (CAS# 1763–23-1, Sigma 
Aldrich, 99.8% purity), PFBS (CAS# 375–73-5, Sigma Aldrich, 99.8% 
purity), PFHxS (CAS# 3871–99-6, Sigma Aldrich, 99.9% purity) and 
PFOA (CAS# 335–67-1, Sigma Aldrich, 99% purity) were used in 
sorption and desorption experiments. Ultrapure water was used from the 
Milli-Q purification system. Different solvents for chromatography 
including water, ammonium acetate, and glacial acetic acid (Reagent
Plus grade ≥99%) were supplied by Sigma-Aldrich. Calcium chloride 
(CaCl2) for enhancing the ionic strength of the PFAS solution was pro
vided by Acros Organics. Ethanol (99%), and high-performance liquid 
chromatography (HPLC) grade methanol were obtained from Fischer 
Scientific. Bio-polymer xanthan gum was provided by Sigma-Aldrich.

2.2. Methods

2.2.1. Soil preparation
The soil or porous media used in this study was man-made soil, 

which contains 92% quartz sand, 5% mineral clay, and 3% organic 
matter. The soil pH was measured in CaCl2 supernatants using a VWR pH 
meter (pH 1100 H). The supernatant was collected from a suspension of 
soil (soil/solution = 1/5) in 0.01 mol.L-1 of CaCl2 solution according to 
ISO protocol (ISO 10390:2021) (Table 1). The soil was mixed manually 
by hand, using the quartering method, for approximately 4 h for all the 
experiments presented in this study. The sand was initially sieved to 
achieve a particle size of 0.8–1.25 mm and rinsed to eliminate any 
debris. The clay consisted of various minerals including 12.9% smectite, 
10.4% illite, 7.2% goethite, and predominantly 45.4% kaolinite. 
Organic matter sourced from compost was used for several advantages 
such as high organic content, accessibility, and cost-effectiveness The 
Total Organic Carbon (TOC) in the soil was measured using the TOC 
Shimadzu device. The TOC in the man-made soil is 1.14%, given a bulk 
density of 1.6 g.cm-3. The clay and organic matter were crushed and 
sieved to a particle size smaller than 1.25 mm before mixing with the 
sand. This man-made soil ensures a homogeneous distribution of organic 
matter and clay in the blend. In order to maintain homogeneity, the soil 
was first prepared by thoroughly mixing sand and clay. After that, 
organic matter was progressively added and mixed until the soil was 
completely covered. Water was added gradually while mixing in order to 
achieve a constant texture and moisture content. This reconstituted soil 
is representative of classic French alluvial soils [64,65].

2.2.2. Rheological behavior of polymer-ethanol solutions
Xanthan gum was selected based on various factors, such as biode

gradability, non-Newtonian behavior, ecological compatibility, and 
market accessibility. The polymer solution was acquired by dissolving a 
specified quantity of xanthan gum powder in purified water under 
gentle agitation using a top-mounted stirrer (IKA RW14) at 250–400 
rpm for 3 h. Ethanol (ETOH) was prepared by diluting alcohol in water 
for the corresponding ratio (1:1). Xanthan/ethanol mixture (XE) was 
prepared by introducing ETOH (50% v/v) to xanthan gum solution 
while gently stirring to prevent ethanol from evaporating.

The rheological behavior of all solutions prepared was analyzed 
using a controlled rheometer Haake Mars 60 Thermo Fisher (equipped 
with cone-plate geometry) in order to understand the effect of ethanol 
on the non-Newtonian behavior of xanthan gum. Each concentration of 
xanthan gum solution with and without ethanol was examined in trip
licate. The shear rate was measured over time with the specified force. 
The applied shear stress ranged from 0.01 to 100 s-1.

2.2.3. Batch sorption and desorption experiments
All batch experiments were carried out in 50 mL polypropylene (PP) 

centrifuge tubes. A mixture of PFAS solution was used during each 
experiment. The concentration of each substance was equal to 5 mg.L-1. 
The PFAS concentration chosen represents the average concentration of 
PFOS and PFOA in the groundwater of different sites such as fire- 
training areas and manufacturing plants [8]. This concentration was 
achieved by diluting each PFAS stock solution in a volume of Milli-Q 
water containing CaCl2 at 10 mM. The concentration of CaCl2 was 
chosen to enhance the sorption rate of PFAS onto the soil [66]. Sorption 
tubes, each containing 11.25 g of soil to 25 mL of PFAS solution (L/S =
2.22) were prepared in triplicate. The tubes were subsequently mixed 
horizontally in an orbital shaker to optimize the interaction between the 
soil and the PFAS solution at different time intervals (0.5 h, 2 h, 6 h, and 
24 h) at a speed of 160 rpm while maintaining a temperature of 22 ◦C. 
The suspension was periodically centrifuged at 10000 rpm for 10 min. 
Following that, an aliquot of the supernatant was collected and analyzed 
by Liquid chromatography-tandem-mass spectrometry (LC-MS/MS).

Table 1 
Physical and chemical properties of the soil used in the experiments.

Soil Sand (%) Clay (%) Organic matter (%) Soil pH TOC (%) Permeability k (m2) Porosity (%) Pore volume PV (mL)

Sandy soil 92 5 3 6.5 1.14 93.10− 12 39 150
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For the desorption experiments, the residual wet soil from sorption 
tests was utilized. PFAS-free solutions consisting of ethanol (50% v/v) 
with and without xanthan gum at several concentrations (0.5, 1 and 2 g. 
L-1) were introduced to the wet soil using the same L/S ratio as in the 
sorption test. Subsequently, the suspensions were mixed, centrifuged, 
and analyzed using the same procedure as that used for sorption.

2.2.4. Column experiments
A sequence of 1D column experiments was conducted to determine 

the sorption of the investigated PFAS onto the soil and the desorption 
rate for the flushing solutions. The visual representation of the experi
mental setup used for the 1D column experiment is presented in Fig. 1. 
We used a borosilicate glass column with dimensions of 4 cm inner 
diameter (ID) × 30 cm (length). Two metallic grids (mesh) with a pore 
size of 150 µm were installed on both sides of the column to hold the soil. 
Pharmed BPT tubes were used to limit PFAS sorption. The influent of the 
column was connected to an Ismatec Reglo ICC digital peristaltic pump 
with four channels. An Emerson differential pressure transducer was 
connected to both ends of the column to gauge the pressure variation 
during the experiments. A mass balance was placed under the injected 
solution to verify the mass of the influent.

The columns were filled vertically with soil in 2 cm layers, and the 
boundary between accretions was delicately mixed with a spatula to 
reduce stratification. Once the packing was completed, a leak test was 
conducted to verify the column’s airtightness by introducing 1 bar of gas 
pressure. Following this, the column underwent a 30-minute CO2 
flushing process to enhance water saturation, as CO2 gas exhibits high 
solubility in water. Subsequently, four pore volumes (PV) of deminer
alized water were injected vertically upward into the column at a rate of 
1 mL.min-1. The column weight was measured both before and after the 
water saturation process to calculate the PV and porosity. After 
achieving full water saturation, the permeability test was conducted 
horizontally and was determined by measuring the pressure drop cor
responding with several flow rates introduced according to Darcy’s law. 
A nonreactive tracer experiment was conducted by introducing 5 PV of 
KBr (5 g.L-1) to quantify the dispersivity and flow conditions of the 
porous media. Exhaust samples were collected by a sample collector in 
PP tubes at a volume of 25 mL. To examine the sorption behavior of all 
PFAS studied, 5 PV of an aqueous PFAS solution with a concentration of 
5 mg.L-1 was injected in a vertical upward direction at a flow rate of 
2 mL.min-1 to ensure a gravity-stable displacement. Once the sorption 
injection was finished, a flush injection was carried out by introducing 
horizontally 5 PV of PFAS-free solution. Effluent breakthrough curves 
for tracer and PFAS were graphed as the ratio of the relative concen
tration (C0) to the initial concentration (C) as a function of the injected 
PV.

2.3. Analysis

2.3.1. Sample analysis
Water samples (20 mL) were collected in 50 mL PP tubes as a blank 

control (containing 20 mL of HPLC water). After any dilution with 
water, the samples were mixed with 50% of methanol, except for the 
experiment with xanthan gum for which a maximum of 30% of meth
anol can be used to avoid xanthan gum precipitation. 0.44 mL volume of 
the previous preparation is transferred to a PP vial/cap and spiked with 
acid acetic (5%) and 50 μL of the internal standard solution (2 μg.L-1 in 
methanol) and vortexed, resulting in a surrogate concentration of 
200 ng.L-1 and 0.1% acid acetic in the diluted solution. Samples were 
analyzed by LC-MS/MS. To avoid cross-contamination, methanolic 
blanks are injected between high-concentration samples and water 
samples are analyzed to check that there is no contamination.

PFAS analyses were carried out using a Waters TQXS system coupled 
to a Waters UHPLC system equipped with an Acquity BEH C18 Column 
(1.7 µm particle size, 100 × 2.1 mm, Waters) heated at 35 ◦C and a 
delay C18 column (isolator column 50 × 2.1 mm, Waters) to avoid PFAS 
contamination from the chromatographic system. The injection volume 
was 10 μL and the mobile phase was a mixture of 2 mM Ammonium 
Acetate in H2O (A) and 2 mM Ammonium Acetate in MEOH (B) at a 
0.3 mL.min-1 flow. The gradient elution started with 95% A and grad
ually changed up to 95% B within 6.5 min. This ratio was kept for 
0.5 min and then reversed into the initial conditions for 3 min. MS 
analysis was performed with the TQXS mass spectrometer, which 
operated in negative Electrospray Ionization mode (ESI). The source 
conditions were set as the following: desolvation temperature 500 ◦C, 
desolvation gas flow 1100 L.hr-1, cone gas flow 150 L.hr-1, capillary 
voltage − 1000 V. The chromatograms were processed with the Target
Lynx software. PFAS quantification was based on 9-point calibration 
curves (10 to 5000 ng.L-1) having R2 > 0.99 for all compounds. In these 
conditions, LQ was estimated to be 20 ng.L-1 (without consideration of 
sample dilution) regardless of the nature of the samples. Mass spectral 
parameters used for PFAS analysis are presented in Table S1 in supple
mentary materials.

2.3.2. Data analysis

2.3.2.1. Transport flow in porous media and modeling. The one- 
dimensional fluid flow in porous media is often described using Darcy 
velocity, U (m.s-1), which can be expressed as follows [67]: 

U =
Q
S
=

K ΔP
μL

(1) 

where Q (m3.s-1) is the flow rate, S (m2) is the surface area of the porous 
media, K (m2) is the permeability, ΔP (Pa) is the pressure drop, L (m) is 

Fig. 1. Schematic representation of the experimental setups employed in this study.
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the length of the porous media, and μ (Pa.s) is the dynamic viscosity.
For Newtonian fluid, the dynamic viscosity is the ratio of the shear 

stress τ (Pa) and the shear rate γ (s-1): 

μ =
τ
γ

(2) 

Regarding the modeling of the 1D column transport experiments, the 
convection/dispersion equation is used to obtain the longitudinal dis
persivity, and the same equation is then used in combination with the 
Langmuir sorption isotherm to reproduce the PFAS transport in the 
saturated column, either for adsorption or desorption. The convection/ 
dispersion/sorption equation reads [68]: 

ϕ
∂C
∂t

+ ρ ∂Cs

∂t
+ u

∂C
∂x

− D∗∂
2C

∂x2 = 0 (3) 

where C is the PFAS concentration (mol.m-3), ρ is the dry bulk density of 
the porous medium (kg.m-3),

Cs is the concentration adsorbed to the solid (mol.kg-1), u = U/ϕ is 
the linear average velocity (m.s-1),

D∗ is the hydrodynamic dispersion coefficient (m2.s-1). The Langmuir 
sorption isotherm implies that [69]: 

Cs =
Cs,max KLC

1 + KLC
(4) 

where KL is the Langmuir constant (m3.mol-1) and Cs,max is the sorption 
maximum (mol.kg-1).

The convection/dispersion equation is then solved in COMSOL 
Multiphysics®, a finite element method-based software. The geometry is 
a 1D geometry of length 30 cm. The initial PFAS concentration is zero, 
and the inlet boundary condition is a constant concentration value based 
on the known concentration in the injected solution (Dirichlet condi
tion). The outlet boundary condition is a flux-boundary condition 
involving each time step (Cauchy condition). For desorption, the same 
approach is used, but the inlet concentration is zero, and the initial 
concentration is the same as at the end of the adsorption tests. The 
values for KL and Cs,max are found by solving a least-square minimization 
problem, for which the initial values are based on the literature, and the 
acceptable value range during optimization is more or less 100 times the 
initial value. The hydrodynamic dispersion coefficient was fitted based 
on the non-reactive tracer experiment.

2.3.2.2. Sorption and desorption batch parameters. The concentration of 
the PFAS compound sorbed in the soil after the sorption batch experi
ment Cs (mg.g-1), is determined according to Eq. 5 [70]: 

Cs =
(Cin − Cw) . V

msoil
(5) 

where Cin (mg.L-1) represents the initial PFAS concentration in the stock 
solution, Cw (mg.L-1) represents the PFAS concentration obtained from 
liquid chromatography analysis, V (mL) is the volume of PFAS solution 
used in batch sorption, and msoil (g) is the weight of dry soil.

Furthermore, the PFAS sorption percentage, S (%), was computed 
using the subsequent formula: 

S(%) =
Cs. msoil

Cin. V
100 (6) 

The desorption percentage D (%) was calculated by dividing the 
amount of PFAS removed by the one present in the soil used for the 
desorption batch experiment, according to the following equation: 

D (%) =
Cw,des . V

Cin,des . msoil
100 (7) 

where, Cw, des (mg.L-1) is the concentration of PFAS after desorption 
analysis, and V (mL) and msoil (g), are the volume of removal solution 

and the mass of dry soil used in desorption tests. Cin, des (mg.g-1) rep
resents the initial concentration of PFAS in the residual soil from sorp
tion tests. To better quantify this concentration, the amount of PFAS in 
residual water from the sorption test was taken into account following 
Eq. 8: 

Cin,des = Cs +
Cw. Vres

msoil
(8) 

2.3.2.3. 1D column sorption and desorption parameters. The break
through curve explains the loading behavior of PFAS to be sorbed and 
desorbed from the soil. It is the plot of the relative concentration (C0) to 
the initial concentration (C) as a function of the total pore volume 
injected (PV) [71]. The mass of PFAS sorbed (mPFAssorbed; mg) on the soil 
is a function of the total flow rate (Q; mL.min-1) injected and the area 
under sorption breakthrough curve (A) as expressed in the following 
equation: 

mPFAS sorbed =
QA

1000
(9) 

A =

∫ t= ttotal

t=0
Ceffluentdt (10) 

where Ceffluent (mg.L-1) is the concentration of PFAS produced during the 
sorption process.

The mass of total PFAS injected is calculated via the equation: 

mTotal PFAS injected =
QC0 ttotal

1000
(11) 

where C0 (mg.L-1) is the inlet concentration of PFAS, and ttotal (min) is 
the total time of PFAS injection.

The sorption yield (%) of PFAS in the soil is expressed as the 
following equation: 

PFAS sorption(%) =
mPFAS sorbed

mTotal PFAS injected
100 (12) 

The percent PFAS recovery is calculated according to the equation 
below: 

PFAS removed(%) =
mPFAS effluent after desorption

m PFAS sorbed
100 (13) 

3. Results and discussion

3.1. Rheological behavior of xanthan-ethanol mixture

Xanthan gum rheological behavior at different concentrations with 
and without ethanol was measured at ambient temperature. The steady 
shear viscosity as a function of different shear rates for the three con
centrations of xanthan gum with and without ethanol 50% (v/v) is 
presented in Fig. 2. Experimental viscosity data was fitted by the Car
reau model (Eq. 14) [72]. 

μ − μinf

μ0 − μinf
=

[
1 + (λγ)2]

n− 1
2 (14) 

where, zero and infinity shear rates viscosities (Pa.s) are denoted as 
µ0 and µinf, λ (s) is the relaxation time, γ (s-1) is the shear rate, and n (-) is 
the dimensionless power index. Carreau model fitting parameters are 
presented in Table S2 in supplementary materials. The fitting exceeds 
98% confidence for xanthan gum Fig. 2 models due to its ability to 
accurately represent rheological behavior at very low shear rates [73,48, 
74].

According to the results represented in Fig. 2a, the steady shear 
viscosity of xanthan solutions increases while increasing the concen
tration. Experimental data indicates that doubling the concentration 
results in a noticeable decrease in the Newtonian region within the low 
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shear rates range (0.01–0.026 1/s). Additionally, a robust behavior of 
shear thinning was observed within the range of 0.05 to 100 (1/s), 
regardless of the polymer concentration being tested. This significant 
non-Newtonian behavior was caused by the alteration of the arrange
ment of the polymer chains in fragmented order at high shear rates re
gion [73].

Fig. 2b, illustrates the influence of ethanol (50% v/v) on the rheo
logical behavior of xanthan gum for different polymer concentrations. 
Three sets of measurements were conducted for every concentration of 
xanthan gum in the presence of ethanol (50% v/v) by extracting samples 
from the upper, middle, and lower sections of the mixture. Error bars are 
computed by finding the mean (average) of the data points and the 
standard deviation. The upper end of the error bar is positioned at the 
mean plus the standard deviation, while the lower end is positioned at 
the mean minus the standard deviation. For all concentrations of xan
than, a homogeneity was observed in the mixture with ethanol (50% v/ 
v), which is consistent with the rheological measurements as well as 
observations reported by Flahive et al. [75].

As depicted in Fig. 2, the consistent shear thinning behavior was 
maintained for all concentrations of xanthan gum in the presence of 
ethanol (50% v/v). Furthermore, the addition of ethanol has not led to 
substantial changes in the rheological characteristics of xanthan gum.

Given that the addition of ethanol did not affect the non-Newtonian 
properties of the polymer, it follows that all of these mixtures examined 
in rheology will subsequently be examined in batch scale to determine 
whether the polymer as well as its concentration, impact the PFAS re
covery by ethanol.

3.2. Sorption batch experiments

The percentage of PFOS, PFOA, PFHxS, and PFBS sorption from 
aqueous solution onto soil was examined in this study. Fig. 3 shows the 
sorption percentage of various PFAS at different contact time intervals 
(0–0.5 h, 0.5–2 h, 2–6 h, and 6–24 h). The samples were taken exactly at 
the specified time points (0.5 h, 2 h, 6 h, and 24 h). However, for clarity 
in presenting the sorption behavior over time, the results are shown as 
cumulative intervals (0–0.5 h, 0.5–2 h, 2–6 h, and 6–24 h). This 
approach allows for a clearer depiction of the sorption process over these 

specific periods, highlighting any incremental changes in sorption 
within each interval.

One can see that each PFAS component exhibited its highest sorption 
percentage within the initial half hour (48.6% ± 1.5% for PFOS, 10.8% 
± 1.6% for PFOA, 11.5% ± 2% for PFHxS, and 2.8% ± 0.8% for PFBS). 
It can be seen that the sorption equilibrium of PFHxS and PFBS was 2 h 
faster than PFOS and PFOA which required 24 h. Though the initial 
aqueous concentration of PFAS studied was the same (5 mg.L-1), the 
equilibrium concentration of PFOS was the lowest one in comparison to 
other PFAS studied. For instance, the concentration of PFOS sorbed to 
soil was (4.83 ± 0.4 mg.kg-1) much higher than PFOA (1.11 ± 0.1 mg. 
kg-1), PFHxS (0.91 ± 0.2 mg.kg-1) and PFBS (0.37 ± 0.1 mg.kg-1) sug
gesting the strong affinity of PFOS to be sorbed onto soil than the other 
PFAS. These findings align with previous studies. Li et al. [76] tested the 
sorption of PFOS, PFOA, and PFBS on different soils with TOC ranging 
from 0.25 to 3.28%. They reported that the highest concentration of 
PFAS sorbed was 2.25 mg.kg-1 for PFOS, 1 mg.kg-1 for PFOA and 
0.45 mg.kg-1 for PFBS. Furthermore, Chen et al. [66] studied the sorp
tion of PFOA and PFOS onto various soil compositions and found that 
the equilibrium sorption time of PFAS was reached within 10–12 h. The 
distribution coefficient (Kd) values for PFAS varied with the length of the 
perfluorinated carbon chain [77]. Specifically, the Kd for PFOS, at 
2.85 L.kg-1 was approximately 10 times greater than the Kd values for 
PFOA and PFHxS (0.32 and 0.27 L.kg-1, respectively), and over 70 times 
higher than that of PFBS (0.05 L.kg-1). These results align with previous 
research. Hubert et al. [78] reported Kd values of 2.51 and 0.44 L.kg-1 

for PFOS and PFOA, respectively, in soils with grain size of 0.5 to 2 mm 
and organic content of almost 1.5%. Similarly, Oliver et al. [79] found 
comparable values for PFOA, PFOS, and PFHxS in soils with organic 
content ranging from 0.9 to 1.3%. The results additionally demonstrate 
that the sorption percentage of the PFAS examined onto the soil followed 
the order of (PFOS > PFOA > PFHxS > PFBS). The order of sorption 
percentage of the PFAS studied was consistent with the solubility and 
the octanol-water coefficient (log Kow) of each compound (Table S3). 
Therefore, as PFOS is the most hydrophobic and least soluble in water, 
the percentage of sorption reached 56%. However, this percentage re
duces by over four times for PFOA (13.8%) and PFHxS (12%) and by 
more than ten times for PFBS (3.3%). The significant sorption of PFOS 
compared to PFOA is due to the presence of additional carbon in the 
hydrophobic chain. Even though the PFHxS perfluorinated chain is 
shorter than PFOA, the log Kow values are very comparable, (4.34 to 
4.59) leading to a slight variation in sorption percentage. PFBS showed 
the lowest sorption percentage because of its shorter perfluorinated 
chain, which explains its lesser hydrophobic nature on the one hand and 
its greater water solubility on the other hand. Given the TOC content 
(1.14%), the main mechanism of PFAS sorption onto soil was the 

Fig. 2. Bulk viscosity of xanthan gum solution at different concentrations (0.5, 
1, and 2 g.L-1) without ethanol (a) and with ethanol (b) as a function of shear 
rate. Notes: CM = Carreau Model; XG = Xanthan Gum. Each data point and 
error bar are means and standard deviations of triplicates, respectively.

Fig. 3. Variation of sorption percentage versus time interval for different PFAS 
on the tested soil. The L/S ratio was 2.22 and the initial concentration of each 
PFAS was 5 mg.L-1. Each data point and error bars are means and standard 
deviations of triplicates, respectively.
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interaction between the hydrophobic tail and the soil organic matter, as 
has been demonstrated in several studies [80,66,81,70,82]. In terms of 
head groups, sulfonates exhibited notably greater sorption affinity 
compared to their carboxylate analogs with equivalent -CF2- chain 
length which is also consistent with previous studies [76,83].

Several other factors can influence the sorption of PFAS such as the 
pH, the clay mineral (kaolinite), and the ionic strengths of inorganic 
salts such as CaCl2. The effect of cations will be discussed in detail in the 
following section. The measured pH of the soil was 6.5, indicating 
slightly acidic conditions. In this pH range, less negatively charged soil 
enhances the attraction between PFAS and soil particles leading to an 
increase in PFAS sorption [77,83]. As noted by Vierke et al. [84], the 
pKa values for the 4 PFAS tested in this study are relatively low (typi
cally < 3.5), which indicates that these compounds predominantly 
existed in their deprotonated state [85]. According to Loganathan and 
Wilson [86], long-chain perfluoro sulfonic acids (PFSA) and perfluoro 
carboxylic acids (PFCA) have an affinity to be strongly sorbed on the 
hydroxylated kaolinite surface, as a result of the direct coordination 
occurring between the hydroxyl groups on the surface and the per
fluoroalkyl acids (PFAA).

3.3. Effect of cations on PFAS sorption/desorption behavior

Given its complex chemical structure, PFAS may interact with soils 
through a variety of sorption mechanisms in the presence of cations such 
as Ca2+. Electrostatic interactions with mineral and organic adsorbent 
surfaces, along with hydrophobic effects with organic carbon (OC) in 
soil are primarily responsible for these immobilization mechanisms [59, 
76]. Several mechanisms contribute to the enhancement of PFAS sorp
tion on soil in the presence of CaCl2 as presented by Cai et al. [85] such 
as (1) salting-out effect, (2) cation bridging, (3) reduction of repulsive 
forces among PFAS molecules as well as between PFAS and negatively 
charged surfaces and (4) enhancing the hydrophobic interaction of PFAS 
tail with organic matter [83].

The salting-out effect (SEO) [87] and the Ca-bridging effect [88] may 
contribute to both the reduction in PFAS desorption and the enhance
ment of PFAS sorption in the presence of CaCl2 solution. Organic matter 
in the soil may become glassier due to the activity of Ca2+ ions in the 
solution, which may serve as cross-linking agents [89]. Thus, while 
concurrently decreasing the desorption of PFAS, this process increases 
irreversibility. Several studies demonstrated that the presence of cations 
such as Ca2+ raises the sorption rate of PFAS onto soil by the cation 
bridge mechanism [85,77,88,90]. The sorption behavior of different 
organic pollutants can be affected by the presence of salt in water due to 
the modification of the electrical state of the sorbent surface and the 
reduction of the activity of water [89]. Salt ions, on the other hand, may 
electrostatically interact with water molecules, leading to a decrease in 
the activity of water and consequently to lower solubility of organic 
pollutants via the SEO mechanism [91,92]. It has been reported that 
PFOS solubility decreases from 570 mg.L-1 in pure water to 25 mg.L-1 in 
filtered seawater [93] and to 307 mg.L-1 in 0.005 mol.L-1 CaCl2 solution 
[88].

Electrostatic forces and hydrophobic interactions further influence 
PFAS behavior at the soil interface [94]. Even in the absence of poly
valent cations, hydrophobic forces significantly contribute to PFAS 
sorption, particularly for longer-chain PFAS and in soils richer in OC 
[95]. However, the presence of cations like Ca2+ enhances sorption by 
reducing electrostatic repulsion among PFAS molecules and between 
PFAS and soil surfaces, allowing for better orientation and packing of 
PFAS molecules [59,96]. This effect is particularly pronounced for 
long-chain PFAS, which exhibit stronger hydrophobic interactions and 
greater sorption in the presence of Ca2+. In contrast, short-chain PFAS 
experience a smaller increase in sorption with rising ionic strength 
because the suppression of repulsive forces by Ca2+ is insufficient to 
significantly enhance their hydrophobicity and, therefore, their sorp
tion. For instance, Cai et al. [85] found that short-chain PFSA and PFCA 

exhibited very low sorption percentages even in the presence of high 
ionic strength. Furthermore, Chen et al. [66] reported that the addition 
of 10 mM CaCl2 to a PFAS solution reduces the negative charge of the 
soil, thereby enhancing the sorption of PFOS and PFOA.

3.4. Desorption batch experiments

To examine the effectiveness of various recovery solutions, a batch- 
scale experiment was conducted using water with and without CaCl2, 
and ethanol (50% v/v) with and without XG solutions at varying con
centrations. Fig. 4 depicts the recovery percentage of PFOA, PFOS, 
PFHxS, and PFBS at different time intervals. For each recovery solution, 
the desorption kinetics are fast during the first 30 min, then remain very 
slow until equilibrium after 24 h of agitation. PFAS desorption from soil 
was a result of a competition between the anionic head and the hydro
phobic tail. The presence of organic matter has a major influence on the 
mobility of PFAS from soil to the aqueous phase and subsequently de
creases PFAS desorption [97]. Following a 24-hour of agitation in water, 
the percentage of PFAS desorbed was 44.5 ± 2%, 79 ± 6%, 82 ± 7%, 
and 100 ± 11% for PFOS, PFOA, PFHxS and PFBS, respectively. Both 
PFOA and PFOS have 8 carbons, but the eighth carbon in PFOA’s 
functional group shortens the chain, making it less hydrophobic and 
more mobile. These features result in higher PFOA mobilization than 
PFOS. Although PFOA is two times more soluble than PFHxS, their 
similar log Kow and Kd values as discussed in previous sections, lead to 
comparable desorption percentages. The lowest sorption of PFBS and its 
highest solubility explained the desorption percentage obtained.

As illustrated in Fig. 4, mixing water with ethanol at the same ratio 
(1:1) led to a major enhancement in PFAS recovery especially for PFOS, 
as its desorption percentage increased two times to reach 95.5 ± 2.5%. 
The effect of ethanol in enhancing other PFAS desorption was minor, as 
PFOA and PFHxS removals increased by 15% to reach 97.5 ± 4.5%, and 
97.9 ± 1.5%. This shows that the solubility of PFAS in ethanol (50% v/ 
v) is higher than that of pure water. These results were comparable to 
the literature. Deng et al. [43], used ethanol (50% v/v) for the regen
eration of activated carbon contaminated by PFOS and discovered that 
after 24 h, ethanol was capable of removing over 98% of PFOS. Similar 
results were also reported by Wang et al. [98], as (50% v/v) ethanol was 
able to regenerate over 85% of PFOS from GAC and anion-exchange 
resins.

Adding three different concentrations of xanthan gum into (50% v/ 
v) ethanol resulted in an additional 3% increase in recovery, achieving 
99 ± 2% efficiency for PFOS, PFOA, and PFHxS. The slight decrease in 
the recovery percentage of PFBS 4 to 8% is attributed to minimal 
sorption on the soil. These findings suggest that the concentration of 
xanthan gum has negligible impact on the effectiveness of 50% ethanol 
in PFAS desorption, as the recovery percentage remains consistent 
across all samples.

In addition, we tested the effect of CaCl2 on the recovery of PFAS and 
found that increasing the ionic strength of the aqueous solution signif
icantly affects the desorption of the shortest PFAS in this study (C4). This 
resulted in a reduction in PFBS recovery of 35%, 15% for PFOA and 
PFHxS, and 4% for PFOS. The observed reduction in PFAS desorption 
percentages with changes in ionic strength can be attributed to the 
distinct mechanisms influencing PFAS sorption, as discussed in Section 
3.3. The pH of the soil remained relatively unchanged after the injection 
of various flushing solutions, suggesting that the observed results were 
not influenced by fluctuations in pH.

The mixture investigated for PFAS desorption in the 1D column 
experiment is the mixture of xanthan and ethanol (XE), where, xanthan 
(XG) is presented at its lowest concentration of 0.05% w/w. This choice 
was based on previous evidence indicating that ethanol did not affect the 
shear thinning behavior of the xanthan gum solution. Additionally, it 
has been found that the addition of different concentrations of XG to 
ethanol solutions enhanced the recovery percentage of the PFAS.
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3.5. 1D column sorption and desorption experiments

3.5.1. Sorption experiments
The sorption and desorption experiments of the mixture of PFAS at a 

concentration of 5 mg.L-1 were conducted at a 1D decimetric scale. To 
highlight the effect of adding ethanol (50% v/v) to water and subse
quently the polymer on the PFAS recovery, each single PFAS break
through curve (BTC) is presented in Fig. 5 alone as a function of pore 
volume injected (PV). The transition from PFAS injection to PFAS-free 
solution flushing is represented by the black dotted line for the four 
graphs. The tails of the BTCs for individual PFAS overlapped well for 
every column, which demonstrated the accurate repeatability of the 
experiments (standard deviation lower than 4%). The percentage of 
PFAS sorption is presented in Fig. S1 in supplementary materials. 
Following the experimental outcomes, PFBS was the most rapidly eluted 
compound at 0.6 PV. Its fast breakthrough confirmed that this com
pound was the last sorbed. PFHxS and PFOA had a simultaneous 
breakthrough at 0.75 PV. The retardation to achieve the complete 
breakthrough at 3.3 PV for PFOA compared to 2.8 PV for PFHxS in
dicates higher sorption in the porous media. PFOS was the most sorbed 
compound, in terms of BTC tail, time, and stabilization as its elution was 
at 2.5 PV, and showed no complete breakthrough after 5.2 PV of in
jection (C/C0 = 0.4). These findings correlated with the physio-chemical 
properties of each PFAS and were consistent with batch sorption tests. 
PFBS’s high water solubility and low hydrophobicity explained its lower 
sorption in soil (26 ± 3%). The simultaneous breakthrough of PFOA and 
PFHxS was due to the higher water solubility of PFOA, which facilitated 
its mobilization. Although it remains more hydrophobic than PFHxS (C8 
to C6), their sorption percentages were comparable at equilibrium (40 
± 2% to 36 ± 4%) as demonstrated in batch sorption (Section 3.2). 
PFOS’s long carbon chain and lower water solubility enable it to be 
strongly retained by the porous medium, resulting in a slower break
through and a strong sorption percentage (89 ± 3%). The high sorption 
is attributed to the variation in PFAS chain lengths, which results in 
differing levels of hydrophobicity [83]. Other factors that may influence 

the sorption behavior of each PFAS include the functional group of the 
head, with the sulfonate head group leading to stronger sorption 
compared to the carboxylic group [99], and the presence of Ca2⁺ in the 
solution, as previously discussed. The breakthrough curve indicates how 
PFBS behaves in environmental matrices, as its shorter chain length (C4) 
gives it a percolating capacity that makes it more mobile in groundwater 
compared to longer-chain PFAS.

3.5.2. Desorption experiments
Various flushing solutions, comprising ethanol with and without 

xanthan gum, pure water, and water with CaCl2, underwent examina
tion to assess their effectiveness in removing PFAS after sorption ex
periments. As shown in Fig. 5, PFAS delayed for approximately 1PV has 
a response for the desorption solutions used. A similar trend of break
through behavior for PFAS was noticed for all solutions except salty 
water.

The rate of decrease in PFAS concentration during the injection of 
water with CaCl2 was influenced by the hydrophobicity of each com
pound. For instance, PFBS exhibited a more rapid decrease in concen
trations. The relative concentration of PFOS required the entire injection 
period to decline to 20% of its initial sorption level. The time required 
for PFOA to reach C/C0 nearly zero was higher than PFHxS for more than 
1PV. Zhang et al. [100] demonstrated that the presence of divalent 
cations such as Ca2+ significantly enhances the sorption and retardation 
of PFOA in soil compared to monovalent cations like Na+. This suggests 
that the presence of CaCl2 in water reduces the solubility of PFAS mol
ecules through the salting-out effect, thereby enhancing their sorption 
onto soil particles due to the cation bridging effect and reduction in 
repulsive forces. As discussed in Section 3.3, this process influences the 
transport of PFAS molecules in the porous medium leading to more 
effective retention and reduced mobility.

However, an increase in concentrations (peak) for long-chain PFAS 
after their breakthrough was noticed in water and ethanol with and 
without XG. The intensity and the area of the peak obtained after 
flushing with water became lower and tighter while the carbon chain 

Fig. 4. Recovery percentage of (a) PFOS, (b) PFOA, (c) PFHxS, and (d) PFBS at different time intervals and recovery solutions. Notes: ETOH = Ethanol; XG 
= Xanthan Gum; XE = xanthan-ethanol mixture. Each data point and error bars are means and standard deviations of triplicates, respectively.
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and hydrophobicity of PFAS decreased (Table S4 in Supplementary 
materials). This issue is addressed in section 3.5.3. Furthermore, the 
effluent concentration of PFOS did not reach zero after complete water 
injection, which was not the case for other PFAS even if some of them 
delayed more than others to reach this value. The elution time of PFAS 
was faster in ethanol (50% v/v) with and without XG than in water. The 
effect of time elution was more noticeable for longer-chain PFAS (C ≥ 6). 
PFOS (C = 8) eluted for 0.3PV faster in ethanol solutions than in water. 
PFOA (C=8) and PFHxS (C=6) showed a synchronous breakthrough in 
ethanol solutions which was faster than in water for 0.2PV and 0.25 PV. 
This faster breakthrough suggested that adding ethanol (50% v/v) to 
water increases the solubility of PFAS, and enhances solubility forces 
versus hydrophobic forces. Lauwers et al. [101] showed that PFAS’s 
hydrophobic tail can be solvated by organic solvents such as ethanol, 
making the hydrophobic interaction weaker. When comparing the peaks 
of long-chain compounds obtained after flushing with ethanol (red 
color) and ethanol-polymer mixture (blue color), the concentrations of 
PFOS and PFHxS in ethanol–polymer eluent were 20% to those in 
ethanol. In the case of PFOA, the ratio was almost 40%. These results 
indicate that transport of the carboxylic functional group was twice 

more enhanced than sulfonate groups. This difference is due to the 
weaker electrostatic interaction between carboxylate PFAS and the 
sorbent, leading to a lower sorption affinity for PFCA compared to PFSA 
[102].

One of the main issues in groundwater remediation is density-driven 
flow. Overridden flow occurs when a less dense fluid displaces a denser 
fluid, while under ridden flow happens when a denser fluid displaces a 
less dense fluid. Taylor et al. [103] in a series of two-dimensional ex
periments, observed that even a minor density difference (0.008 g/mL) 
between an injecting ethanol-surfactant mixture and water near a 
perchloroethylene (PCE)-contaminated zone can result in 
density-overridden flow. Grubb and Sitar, [104], during ethanol injec
tion in two-dimensional uniform sand packs, observed ethanol gravity 
override with an increasing inclination angle of the ethanol front as 
invasion progressed. Alamooti et al. [105] demonstrated that to avoid 
density-driven issues during the displacement of dense non-aqueous 
phase liquid (DNAPL) in an unconfined aquifer, it is necessary to 
nullify gravity forces by balancing the density of the polymer and 
DNAPL. Although densifying the ethanol-water solution to match the 
water density could cancel out gravity forces, the addition of xanthan 
can increase viscous forces, thereby overcoming gravity-overridden flow 
[105] To avoid density-overridden flow during the remediation of 
PFAS-saturated soil, xanthan was added to an ethanol-water mixture.

To understand the density-driven flow, gravity number analysis can 
be used [105]. The gravity number is defined as the ratio of buoyancy 
forces to viscous forces, indicating the balance between them and 
determining the flow direction. It can be expressed as [106]. 

NG =
Δρgk

vμ (15) 

where Δρ is the density difference (kg.m− 3), g is the gravitational ac
celeration (m.s− 2), k is the intrinsic permeability (m2), v is the velocity 
magnitude of the invading phase (m.s-1), μ is the viscosity of the 
invading phase (Pa.s). Alamooti et al. [105] demonstrated that to 
counteract gravity forces during the remediation of saturated soil, it is 
necessary to maintain the gravity number close to zero. In the context of 
ethanol mixture injection for PFAS mobilization, gravity number anal
ysis shows that without polymer, the gravity number is approximately 
− 3.62, indicating an overriding flow. However, when xanthan is added 
to the mixture, this value increases to around − 0.009, which is near 
zero, representing an ideal condition for avoiding density-driven flow.

The PFAS recovery percentages were calculated according to Eq. 13. 
As depicted in Fig. 6, the recovery of PFAS increased proportionally with 
the addition of ethanol and polymer to a pure water solution. The 
presence of 50% v/v ethanol in water solution increased the recovery 
percentage by almost 20% to reach 94% for PFOA, 85% for PFHxS, and 
84% for PFOS except for PFBS, as discussed earlier regarding its 
increased solubility. These results confirm the reported high recovery of 
PFOS and PFOA using ethanol to regenerate activated carbon [43,46]. 
The presence of xanthan gum in ethanol (50% v/v) enhanced the 

Fig. 5. Column breakthrough curves for (a) PFOS, (b) PFOA, (c) PFHxS, and (d) 
PFBS in soil. The transition from PFAS injection to PFAS-free solution flushing is 
represented by the vertical black dotted line. Each data point and error bars are 
means and standard deviations of triplicates, respectively.

Fig. 6. Total PFAS recovery percentages after using different solutions in the 
1D column.
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recovery percentage to reach more than 92% for all PFAS, and this 
mixture represented a promising solution for in situ PFAS flushing. In 
addition, the presence of CaCl2 in aqueous solution significantly reduces 
the desorption of PFSA compounds more compared to PFCA ones with 
PFOS showing a 28% reduction in recovery versus 4% for PFOA. This 
difference is attributed to the stronger Ca-bridging interactions between 
sulfonate groups and soil particles, as sulfonate possesses a higher 
negative charge density than carboxylate groups [107]. Similarly, Zhao 
et al. [108], reported that PFOA exhibited much lower sorption than 
PFOS due to the weaker Ca-bridging of PFCA with soil than PFSA.

3.6. 1D column modeling

The experimental and modeled (optimized) breakthrough curves 
(BTCs) of non-reactive tracer KBr are shown in the supplementary ma
terials Fig. S2. The longitudinal dispersion coefficient is obtained by 
fitting the 1D convection-dispersion equation to the experimental result. 
The optimization problem and the convection-dispersion equation were 
solved using COMSOL Multiphysics. The optimized longitudinal dis
persivity is αL = 6.89 × 10− 3 m. As seen, the measured breakthrough 
curve shows a non-negligible long-time tail, which is often due to the 
presence of a low-velocity zone created during the packing.

We first examine the modeling of sorption tests. Then, desorption 
tests using water with CaCl2 and XE mixture are simulated. This 
modeling work aims to (i) validate the use of the traditional convection- 
dispersion equation supplemented by a common sorption isotherm 
relation to reproduce the sorption tests, (ii) propose and validate a 
model to reproduce the desorption of PFAS using various fluids, 
including the ethanol/xanthan mixture.

3.6.1. Sorption in 1D column
Fig. 7 shows the measured and modeled breakthrough curves during 

the sorption steps for the four PFAS. The modeled curves are given either 
assuming no sorption or assuming sorption using the well-known 
Langmuir sorption isotherm model. In the case of sorption, the param
eters required for the Langmuir sorption isotherm model are found by 
solving an optimization problem, taking into account the experimental 
data as the objective function, and the output of the convection- 
dispersion-adsorption model as the variable to be optimized.

Among the four studied PFAS, the PFBS is the only one for which the 
measured elution curve can be accurately reproduced by neglecting the 
sorption to the solid particles. This is consistent with the batch results, as 
well as with the previous discussion of the 1D column experiments. The 
Langmuir sorption isotherm model allows an acceptable reproduction of 
three of the four experimentally obtained breakthrough curves, using 
the parameter values summarized in Table S5 in supplementary mate
rials. Indeed, the PFOS breakthrough curve could not be reproduced, at 
least using a set of parameter values in line with the work of [109]. This 
finding indicates that the hypothesis of instantaneous partitioning of the 
solute between aqueous and solid phases might not be appropriate (i.e., 
non-equilibrium sorption should be favored), regarding PFOS transport 
in our system, which is also in line with observation from the literature 
[60]. PFOS is known to exhibit nonlinear, rate-limited, and extended 
long-tail breakthrough curves [62]. Consequently, modeling approaches 
such as the two-domain or the continuous distribution of sorption do
mains are more appropriate, as demonstrated by the authors of the 
above reference.

Significantly, the fact that no competition was observed between the 
PFAS on the sorption sites meant that the breakthrough curves obtained 
by the model were able to reproduce the observations well, even though 
the model was run for each individual PFAS, unlike the experiments, 
which were carried out by injecting the 4 PFAS together. In summary, 
breakthrough curves obtained during the experiments can be numeri
cally reproduced using the convection-dispersion-sorption equation, 
using the Langmuir sorption isotherm, except for PFOS. The parameter 
values for the Langmuir isotherm, obtained by optimization, are in line 

with values in the literature [109].

3.6.2. Desorption in 1D column using water with CaCl2
We first model the desorption tests using the same background so

lution as for the sorption tests, i.e., ultrapure water with CaCl2. The same 
model is applied (convection-dispersion-sorption equation), again using 
the Langmuir sorption isotherm. Doing so, two options are possible, i.e., 
assuming no sorption hysteresis and using the same parameters as in 
Table S4, or solving again the optimization problem to find the best set 
of parameter values. Both solutions have been applied, as shown in 
Fig. 8, which shows measured and modeled (either with the same 
parameter values or with optimized ones) desorption curves for all three 
PFAS (PFOA, PFHxS, and PFBS). As for the sorption models, the PFOS 
breakthrough curves cannot be reproduced using physically meaningful 
parameter values.

As shown, little sorption hysteresis is observed as the optimized and 
non-optimized breakthrough curves are similar. As with the modeling of 
the sorption tests, the convection-dispersion-sorption equation, using 
Langmuir sorption isotherm, can reproduce the data satisfactorily.

water + CaCl2 (same fluid used as background fluid for the sorption 
tests). Modeled elution curves are presented with and without optimi
zation, i.e., using the same parameter values as with the sorption tests 
(no optimization), or by solving again the optimization problem. The 
Langmuir sorption isotherm model is used. The accuracy of fitting (re
sidual standard error RSE) is presented in Fig. S3 (Supplementary ma
terials) for optimized runs.

3.6.3. Desorption in 1D column using ETOH (50% v/v) and XE mixture
As previously discussed, the experimental desorption breakthrough 

Fig. 7. Measured and modeled breakthrough curves during 1D column sorption 
tests. Modeled breakthrough curves are presented with and without taking into 
account sorption. When sorption is considered, the Langmuir sorption isotherm 
model is used. The two parameters from the Langmuir isotherm are obtained by 
solving the optimization problem based on the experimental data. The accuracy 
of fitting (residual standard error RSE) is presented in Fig. S3 (Supplementary 
materials) for optimized runs.
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curves show a concentration overshoot (C/C0 > 1), except for the PFBS, 
during desorption using ETOH (50% v/v) and XE mixture. A concen
tration overshoot is sometimes observed during the sorption stage, due 
to competitive behavior in multicomponent solute transport. However, 
the observed overshoot is not suitable for modeling using a competitive 
sorption model because the excess mass of solute comes from PFAS 
solubility contrast between different fluid phases, namely the back
ground sorption solution (water with CaCl2) that is still present as sorbed 
water and is loaded with PFAS, and the PFAS solubility in the desorption 
solutions especially those involving ethanol. It is thus not related to 
competition for sorption sites between PFAS themselves or between 
PFAS and ethanol.

Given this and the lack of knowledge of the mass of adsorbed water 
and its spatial distribution, the proposed ad-hoc model is both 
phenomenological and empirical. Specifically, we acknowledge that the 
presence of ethanol is the main driver of enhanced solubilization by 
introducing the ethanol concentration as a primary variable to be 
solved. The transport of ethanol obeys the convection-dispersion equa
tion, and sorption phenomena are neglected. A source term proportional 
to the gradient of the ethanol concentration is then added to the PFAS 
transport equation. The rationale for this is that the breakthrough curves 
with overshoot show that the excess mass of PFAS is concentrated 
around the front of the injected/displaced fluid (the overshoot occurred 
during 0.5 PV or less).

Fig. 9a shows the elution curves (modeled and measured) which 
exhibit a concentration overshoot during desorption by ethanol (50% v/ 
v). These are PFHxS (left panel), and PFOA (right panel). PFBS showed 
no concentration overshoot and can therefore be modeled with the same 
approach used for water with CaCl2 desorption, but the Langmuir pa
rameters are different. As for the sorption tests, PFOS cannot be 
modeled, at least with parameter values in the range found in the 
literature. As shown, it is possible to satisfactorily reproduce the 
measured data, including the overshoot part, with the proposed ad hoc 

model. To do so, the magnitude of the factor in the mass source term 
should be adjusted (optimized), and its value directly controls the 
magnitude of the overshoot peak. Langmuir parameters are also control 
variables for the optimization problem, as for previous cases. One can 
observe a delay in the arrival of the peak compared with the measure
ments, which may be explained by the fact that only the convective 
displacement of the ethanol is taken into account (no delay and insig
nificant dispersion), in order to reproduce the piston-like displacement.

Finally, Fig. 9b shows the measured and modeled elution curves for 
the PFAS during desorption by XE mixture. Compared to the previous 
case (ETOH desorption), we also plot the modeled elution curves ob
tained using the Langmuir sorption isotherm only (with optimization of 
the parameter values – dashed lines); i.e., without mass source term in 
the PFAS transport equation. The proposed ad-hoc model successfully 
captured the overshoot, unlike the basic model. Again, the delay in peak 
arrival between modeled and measured data can be observed. However, 
unlike the previous case with ETOH, the model cannot reproduce a sharp 
decrease in the normalized concentration after the peak is reached. It 
means that the mixing zone when the excess mass of PFAS is located is 
even thinner than during the ETOH desorption. However, as dispersivity 
is already insignificant for this latter, it is not possible here to reproduce 
an even thinner front.

4. Considerations for a real-world application of PFAS soil 
flushing technique

The remediation efficacy of PFAS-contaminated soils is affected by 
several influencing factors including contamination aging effect and soil 
composition. PFAS contamination aging can reduce the removal effi
ciency by flushing solutions due to reduced accessibility to the pollut
ants [110]. Soil composition is also concerned, as the higher the organic 
matter content the smother the beneficial efficacity of the flushing so
lutions. The introduction of ethanol as a flushing solution, to the soil 
ecosystems can modify microbial communities and soil properties. At 
moderate concentrations, ethanol enhances the biodegradation of other 
organic compounds, while serving as a carbon source, and promotes 
rapid activation of microbial respiration [111,112]. Furthermore, 
ethanol offers good remediation yields, but its injection as an aqueous 
solution can be inconsistent in heterogeneous field environments. Xan
than gum solution as a shear-thinning fluid ensures uniform ethanol 
distribution in varied soil conditions, thereby maintaining high reme
diation yields [113]. This biodegradable polymer can be effectively 
broken down in aerobic conditions by soil bacteria and fungi [114].

Although no large-scale application of polymer/ethanol injection for 
PFAS-contaminated soils has been reported, surfactant and solvent in
jections have been implemented for organic compound remediation 
[115]. Full-scale implementation would follow conventional flushing 
procedures, with injection and recovery wells handling viscous solu
tions. Effluents could be treated via distillation [116], membranes 
[117], or biological treatments [118]. PFAS in the effluent should be 
concentrated using membrane processes or activated carbon before 
destruction by incineration or advanced chemical treatments [119].

In this study, we evaluated the effectiveness of a mixture of ethanol 
and 0.5 g/L of xanthan gum solution, in desorbing and solubilizing a 
PFAS mixture from sandy soil, representative of alluvial French soil. The 
concentration of xanthan gum employed is lower than the typical range 
of 1–1.5% for soil treatment [120,121] further underscoring its cost 
efficiency. This soil type, with high permeability and porosity, allowed 
for effective simulation of the in-situ flushing method. Batch experi
ments showed rapid PFAS removal within the first 30 min. A flow rate of 
2 mL/min (equivalent to 2.3 m/day) efficiently desorbed and removed 
PFAS within less than two pore volumes of injection time, approximately 
five hours. Injection rates would need adjustment for soils with different 
compositions or lower permeability. The shear-thinning behavior of the 
non-Newtonian fluid in the flushing solution enhances flow, as shown in 
previous studies on organic contaminants [105]. Specialized pumps 

Fig. 8. Measured and modeled elution curves during 1D column desorption 
tests using ultrapure.
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would be necessary to handle the injection of the viscous solution in 
real-site applications. The injection and recovery of the solution can be 
performed using an in situ rinsing method, as described in the study by 
Maire et al. [122], similar to classical flushing on a real field scale.

5. Conclusion

This study aimed to assess the effectiveness of mixing xanthan gum, a 
bio-polymer with ethanol (50% v/v) to enhance the recovery of various 
PFAS carbon-chain compounds from soil. For this purpose, rheological 
experiments confirmed that ethanol did not affect the shear-thinning 
behavior of the polymer across different xanthan gum concentrations. 
Batch-scale experiments of PFAS sorption indicated a positive correla
tion between solubility and hydrophobicity properties and the achieved 
sorption percentages. Desorption batch experiments using ethanol (50% 
v/v) resulted in over 95% recovery of all four PFAS compounds, with a 
3% increase in desorption yield observed after incorporating the poly
mer, regardless of its concentration. Additionally, increasing the ionic 
strength (10 mM of CaCl2) of water decreased PFAS solubility and, 
consequently, removal percentages. The results facilitated the selection 
of the polymer concentration in the ethanol-xanthan gum mixture. The 
chosen mixture was tested in 1D column experiments, and its efficiency 
was compared to that of ethanol and water. Notably, the sorption 
magnitudes measured in the column experiments closely matched those 
obtained in the batch experiments. The breakthrough of long-chain 
PFAS occurred more rapidly in ethanol with and without XG 
compared to water, owing to the increased solubility of PFAS. The 
overshoot in PFAS concentrations (peak) observed after flushing with 
water was influenced by the hydrophobicity of each compound, whereas 
in the xanthan gum–ethanol mixture, long-chain PFAS peaks were 

higher than in ethanol alone, indicating stable displacement and uni
form ethanol transport in the soil. The addition of ethanol to water had a 
significant effect on the percentage of PFAS recovery as it reached 85% 
for PFOS and PFHxS, 94% for PFOA, and 96% for PFBS. The mixture of 
ethanol (50% v/v) with xanthan gum enhanced the recovery percentage 
to reach more than 97% for PFOA, PFBS, PFHxS, and 92% for PFOS.

Furthermore, numerical modeling shows that the convection- 
dispersion-sorption equation using the Langmuir sorption isotherm al
lows to reproduce the breakthrough curves of PFOA, PFHxS, and PFBS 
(the model is also satisfactory by neglecting sorption in this case), but 
not of PFOS. Although the experiments were performed with a mixture 
of all PFAS, the lack of competition for sorption sites allows the data to 
be reproduced by simulating the PFAS transport separately for each 
compound. We also proposed an ad-hoc model to reproduce the con
centration overshoot during the xanthan with ethanol desorption tests. 
The model is based on an additional transport equation for the ethanol 
concentration, and a source term proportional to the ethanol concen
tration gradient is added to the PFAS transport equation. Although the 
model is ad-hoc, it satisfactorily captures the concentration overshoot, 
as it is based on a hypothesis of the underlying physicochemical 
mechanism that causes the overshoot, i.e., the contrast in PFAS solubi
lity between the background solutions used for sorption tests, and the 
solution used for desorption with 50% ethanol.

Based on these findings, the in-situ flushing with the polymer- 
ethanol mixture presents a promising approach for efficient PFAS re
covery from soil, offering ease of application through subsurface injec
tion. Future research should explore the application of this mixture in 
multi-layer systems to better understand the impact of non-Newtonian 
properties on ethanol transport and, consequently, PFAS recovery 
efficiency.

Fig. 9. Measured and modeled elution curves showing a concentration overshoot during 1D column desorption tests using ETOH (50% v/v). Modeled elution curves 
are obtained by adding a source term that depends on the ethanol concentration gradient (a). Measured and modeled elution curves showing concentration overshoot 
during 1D column desorption tests using XE. Modeled elution curvesare presented with and without a source term, i.e., using Langmuir sorption isotherm only (no 
source term), or by adding a source term that depends on the ethanol concentration gradient (b).The accuracy of fitting (RSE) is presented in Figure S3 (supple
mentary materials).
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Environmental implication

The growing environmental concern regarding the contamination by 
per- and polyfluoroalkyl substances (PFAS), persistent synthetic chem
icals that can infiltrate soil and groundwater, is posing threats to eco
systems and human health. To address this concern, an in-situ 
remediation method was explored. Soil flushing is a remediation tech
nique designed to remove contaminants from soil by injecting a blend 
comprising biodegradable xanthan gum and ethanol to recover PFAS 
from polluted soils. Controlled column experiments were conducted, 
revealing improved PFAS desorption due to the homogeneous mobili
zation induced by the polymer in the ethanol solution. Therefore, soil 
flushing may significantly contribute to mitigating environmental risks.
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