
Bentonite-based barrier systems for the control of PFAS-contaminated leachates 

Nicolò Guarena, Andrea Dominijanni, Mario Manassero 
Department of Structural, Geotechnical and Building Engineering, Polytechnic University of Turin, Italy, 
nicolo.guarena@polito.it 

Andriy Yaroshchuk 
ICREA & Department of Chemical Engineering, Polytechnic University of Catalonia, Spain 

ABSTRACT: The widespread presence of per- and poly-fluoroalkyl substances (PFAS) in waste disposal facilities has raised concerns 
about the effectiveness of landfill lining systems in limiting the migration of such a class of emerging contaminants to the groundwater, 
with particular regard to engineered bentonite-based barriers that are increasingly being accepted as a replacement of traditional 
compacted clay liners. With the aim to cover the current knowledge gap on the relation between the semipermeable membrane behavior 
of bentonites and the transport of PFAS, this paper illustrates the experimental evidence that emerged from a multi-stage membrane 
test, conducted on a natural Wyoming bentonite in equilibrium with aqueous solutions of sodium chloride (NaCl) and sodium 
perfluorooctanoate (C8F15NaO2). NaCl was used as the background (dominant) salt, and its concentration at the contaminated-solution 
side of the bentonite specimen was varied stepwise in the 1 to 100 mM range, in such a way simulating a broad spectrum of ionic 
strengths that may be encountered in field scenarios. In contrast, the C8F15NaO2 concentration at the contaminated-solution side was 
kept constantly equal to 0.1 mM, which was low enough for C8F15NaO2 to be regarded as a tracer contaminant and the ionic selectivity 
of the tested bentonite specimen to be only controlled by the NaCl concentration. The hydraulic head difference, which built up across 
the bentonite specimen under closed-system boundary conditions, was measured in parallel with the concentrations of sodium, chloride, 
and perfluorooctanoate ions in the liquid samples, which were regularly collected from the outlet reservoir. The obtained test results 
highlighted a correlation between the reflection coefficient, which was calculated as a function of the measured hydraulic head 
difference, and the mass flux of perfluorooctanoate ions through the bentonite specimen, with a change in the latter mass flux of almost 
one order of magnitude for the investigated NaCl concentration range. 
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1 INTRODUCTION 

Per- and poly-fluoroalkyl substances (PFAS) are a group of 
emerging contaminants, which include more than 4,000 
fluorinated organic compounds that have been extensively 
used, since the middle of the past century, for the production of 
a large variety of consumer goods due to their hydrophobic and 
oleophobic properties, their ability to behave as surfactants, and 
their exceptional resistance to decomposition by heat and 
chemical attack. Due to the growing awareness of the adverse 
effects of PFAS on human health and ecosystems, 
manufacturing of certain classes of PFAS has started to be 
banned or restricted in many jurisdictions since the late 1990s, 
and in parallel the scientific community has been called to 
develop remediation strategies for the reclamation of PFAS-
contaminated sites, most notably military bases, airports, fire-
fighting training facilities, wastewater treatment plants, and 
industrial plants where these chemicals were synthesized or 
used as processing aids. 

Well established in-situ remediation techniques for the 
removal of water-miscible contaminants (e.g., pump and treat) 
were found not to be effective in the case of soils contaminated 
by PFAS, due to the extremely slow kinetics of desorption 
associated with the hydrophobic interaction of such compounds 
with the organic matter of soils (Kato et al. 2025). Additional 
phenomena undermining the effectiveness of in-situ 
remediation techniques are the preferential accumulation of 
PFAS at the air-water interface in the vadose zone (Das et al. 
2024; Stults et al. 2024; Alam & Farid 2025), which is 
responsible for the peak in the PFAS leaching that is commonly 
observed in response to fluctuations of the water table, and the 
retention at the oil-water interface (Silva et al. 2019), which can 
be of concern in multi-phase systems characterized by the 
presence of water-immiscible organic liquids. 

As an alternative to in-situ remediation, a number of ex-
situ remediation strategies have been proposed in the recent past 
(Barth et al. 2021; Quinnan et al. 2022), involving excavation 

of the PFAS-contaminated soil and treatment to reduce the 
concentration of these harmful chemicals (e.g., soil washing, 
bioremediation, thermal treatment, and phytoremediation) or to 
restrict their mobility through addition of binding and/or 
sorbing agents. In the context of ex-situ remediation, permeable 
geocomposites amended with activated carbon or ion exchange 
resins, which have recently been introduced in the 
geosynthetics industry, are a promising solution for the reuse of 
PFAS-contaminated soils to construct earthen dams, road 
embankments, or any other geotechnical structures (Kato et al. 
2023; Niewerth et al. 2023). 

Despite its attractiveness for the implementation of more 
sustainable practices in civil engineering, the ex-situ treatment 
or reuse of the excavated soil is unfeasible in most cases due to 
possible conflicts with the environmental legislation in force, 
risks for the operators involved in the management of the 
contaminated matrix, time constraints, as well as limitations 
associated with the high costs and energy demand of these 
technical solutions. Therefore, landfilling has been the most 
widely adopted practice so far to manage PFAS-contaminated 
soils. Besides the disposal of contaminated materials resulting 
from the remediation activities, landfills have been for decades 
the final repository of consumer goods (e.g., stain-resistant 
coatings and food packaging) and industrial byproducts 
containing PFAS, so that the measured concentration of these 
emerging contaminants in landfill leachates is typically higher 
than that measured in other environmental media (Bouazza, 
2021; Zhang et al. 2023). 

Since waste disposal facilities are recognized as potential 
sources of PFAS contamination for surface water and 
groundwater, concerns are being raised by landfill owners, 
regulators, and geoenvironmental engineers about the ability of 
landfill lining systems, which comprise a low-permeability 
mineral layer overlain by a polymeric geomembrane, to restrict 
the migration of PFAS towards the environmental receptors 
(Rowe & Barakat 2021). Linear low-density polyethylene (Di 
Battista et al. 2020), thermoplastic polyurethane and polyvinyl 
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chloride alloyed with ketone ethylene ester (Rowe et al. 2023), 
and high-density polyethylene geomembranes (Ahmad et al. 
2024) were found to be excellent barriers against PFAS 
migration when devoid of defects because of the very low 
values of the diffusion coefficient, typically from three to five 
orders of magnitude lower compared to other volatile organic 
compounds of concern (e.g., benzene and toluene). The 
preferential migration pathways of PFAS through landfill 
composite liners are therefore the geomembrane defects (e.g., 
punctures, tears, and defective seams), which are generated 
during the construction of the lining system and the landfilling 
operations (Guarena et al. 2023, 2024). Under such conditions, 
the ability of the underlying mineral layer to maintain both a 
low hydraulic conductivity and a high attenuation capacity 
when permeated with PFAS-contaminated leachates is of the 
utmost importance, and accordingly this latter issue has already 
been the subject of experimental research (Li et al. 2015; 
Barakat et al. 2024; Mikhael et al. 2025a, 2025b). 

The use of engineered bentonite-based barriers (e.g., 
geosynthetic clay liners and bentonite-amended soil liners) in 
place of traditional compacted clay liners can further enhance 
the containment performance of landfill lining systems as a 
result of the semipermeable membrane behavior of the 
bentonite component, which is able to partially exclude charged 
(ionic) solutes from pores that are freely accessible to the water 
molecules (Tang et al. 2014, 2015; Malusis et al. 2015, 2020; 
Musso et al. 2017; Dominijanni et al. 2018; Sample-Lord & 
Shackelford 2018; Shackelford et al. 2019; Manassero, 2020; 
Guarena et al. 2022, 2025a; Mazzieri & Bernardo 2023; Fritz et 
al. 2025). The potential benefit associated with the ionic 
selectivity of engineered bentonite-based barriers is expected to 
be particularly relevant in the case of perfluoroalkyl acids 
(PFAA), which almost entirely dissociate into their constituent 
ions under near-neutral pH conditions and, for such a reason, 
are greatly affected by the electrostatic interactions with the 
negatively charged mineral phase. 

Since there is currently a lack of evidence on the relation 
between the semipermeable membrane behavior of bentonites 
and the transport of PFAA, this paper aims to present the results 
of a multi-stage membrane test, which was conducted on a 
natural Wyoming bentonite in equilibrium with aqueous 
solutions of sodium chloride (NaCl) and sodium 
perfluorooctanoate (C8F15NaO2). The NaCl concentration at the 
contaminated-solution side was increased stepwise during the 
test, so as to progressively diminish the extent of ionic 
selectivity of the bentonite specimen, while the C8F15NaO2 
concentration, which was low enough for C8F15NaO2 to be 
regarded as a tracer contaminant, was kept constant. The 
obtained test results, which highlight a remarkable dependence 
of the mass flux of perfluorooctanoate ions on the reflection 
coefficient of the tested bentonite, allow for a more informed 
use of bentonite-based containment barriers by engineering 
practitioners. 

2 MATERIALS AND METHODS 

2.1 Bentonite and salt solutions 

The powdered bentonite tested in this study, which is 
distributed by The Clay Minerals Society (Chantilly, Virginia, 
USA) under the name “Na-rich montmorillonite”, belongs to 
the geological formation of the Newcastle (County of Crook, 
Wyoming, USA), comprising shales, marls, and argillaceous 
sandstones (Moll, 2001). Interpretation of the X-ray diffraction 
patterns, recorded on the “as-shipped” material, yielded a 
mineralogical composition primarily consisting of smectite 
(75%), with feldspar (16%) and quartz (8%) being present as 
the main impurities (Chipera & Bish 2001). The cation 

exchange capacity, which was measured through the ammonia-
electrode method, resulted to be equal to 85 meq/100g (Borden 
& Giese 2001). 

The salt solutions were prepared with sodium chloride 
(ACS reagent, purity ≥ 99%, purchased from Merck KGaA, 
Darmstadt, Germany) and sodium perfluorooctanoate (purity ≥ 
97%, purchased from Santa Cruz Biotechnology, Heidelberg, 
Germany), which is the sodium salt of perfluorooctanoic acid 
(PFOA). The choice of C8F15NaO2 as a representative 
compound of the PFAA class was motivated by the widespread 
presence of PFOA in landfill leachates, the availability of 
literature studies on the basic physico-chemical properties of 
PFOA (e.g., critical micelle concentration and aqueous-phase 
diffusion coefficient), and the possibility to measure the 
aqueous-phase concentration of PFOA with a level of accuracy 
and precision that is adequate for the experimental activity. 
Distilled water, which was obtained by boiling tap water and 
condensing the steam into a sterilized container (water distiller 
DESA 0081, produced by Vidrio Industrial Pobel, Madrid, 
Spain), was used as both the solvent for the preparation of the 
testing solutions and the dialysate for the bentonite purification. 
The concentrations of sodium (Na+), potassium (K+), calcium 
(Ca2+), and magnesium ions (Mg2+) in the liquid samples that 
were collected during the multi-stage membrane test were 
measured using the inductively coupled plasma mass 
spectrometry (U.S. EPA, 2014), whereas the concentrations of 
chloride ions (Cl-) were measured using the ion 
chromatography (U.S. EPA, 2007). High-performance liquid 
chromatography, coupled with triple quadrupole mass 
spectrometry, was adopted to measure the concentrations of 
perfluorooctanoate ions (C8F15O2

-). 

2.2 Testing apparatus 

The impact of the ionic selectivity of the natural Wyoming 
bentonite on the transport of PFOA was investigated by means 
of the laboratory apparatus developed by Dominijanni et al. 
(2018). The primary components of the testing apparatus 
include an osmotic cell, three pressure transducers, a flow-
pump accumulator, and a displacement transducer (i.e., a linear 
variable differential transformer, LVDT). 

The osmotic cell consists of a stainless steel oedometer 
(70-mm inner diameter), where the top piston and the bottom 
pedestal are endowed with three drainage lines. The two 
peripheral lines allow different salt solutions to circulate at the 
boundaries of the clay specimen, so that an electro-chemical 
potential gradient is established across the specimen and is 
maintained constant throughout the testing stages. The central 
line is connected to the differential pressure transducer (UNIK 
5000 Silicon Pressure Sensor, accuracy ± 0.1% FS BSL, 
produced by GE Measurement & Control, Billerica, Mass., 
USA), which enables the difference in hydraulic head to be 
measured across the specimen. The hydraulic head in the 
circulation loops through the top piston and bottom pedestal is 
monitored by two additional relative pressure transducers. The 
flow-pump accumulator consists of a dual-carriage syringe 
pump (Model 33 Twin Syringe Pump, produced by Harvard, 
Holliston, Mass., USA) and two stainless steel actuators (ADN-
50-200-A-P-A-S2, produced by Festo, Assago, Italy), which 
simultaneously inject and withdraw the same volume of 
solution from both the top and bottom boundaries to prevent 
any liquid flux from occurring through the specimen. The 
displacement transducer (Series TR-0025, repeatability 0.002 
mm, produced by Novotechnik, Southborough, Mass., USA) 
allows the specimen height to be monitored during both the 
preliminary stage (i.e., compaction-swelling stage) and the 
membrane testing stages, when the specimen volume is 
maintained constant. 
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The 6-mm-thick, porous ceramic filters, which were 
originally used by Dominijanni et al. (2018) in a sandwich-type 
arrangement (i.e., filter-clay-filter) to confine the tested 
specimen, were replaced by porous stainless-steel filters 
(stainless steel 316 L, avg. pore size 5 m, disc diameter 69.85 
mm, thickness 0.71 mm, produced by Mott Corporation, 
Farmington, Conn., USA). In such a way, the diffusive 
resistance of the filters was negligible compared to that of the 
clay specimen, and therefore the mass-transfer limitations 
associated with the filters could be ignored in the interpretation 
of the membrane test results (Glaus et al. 2008; Yaroshchuk & 
Van Loon 2008; Yaroshchuk et al. 2008, 2009; Sample-Lord & 
Shackelford 2018; Guarena et al. 2025a). 

2.3 Specimen preparation 

Prior to membrane testing, the natural Wyoming bentonite was 
subjected to the dialysis procedure, which was described by 
Sample-Lord & Shackelford (2016) and further developed by 
Guarena et al. (2025b), to remove the excess soluble salts that 
are naturally contained in the bentonite pores, and ultimately to 
prevent them from interfering with the experiment. According 
to such a conditioning procedure, a total amount of 60 g (oven-
dried mass) of powdered bentonite was uniformly distributed 
inside four different dialysis tubes, which were made of 
regenerated cellulose (flat width 76 mm, MWCO 14 kDa, 
purchased from Merck KGaA, Darmstadt, Germany), sealed 
via clamps at both ends of the tubes, and then placed inside a 
glass jar, which was filled with 7 L of the dialysate (i.e., distilled 
water). The dialysate was continuously stirred and replaced 
daily with fresh distilled water, in order to maintain a solute 
concentration gradient across the membrane tubing. The 
dialysis procedure, which lasted 34 days, was interrupted when 
the incremental change in the dialysate electrical conductivity 
between two consecutive replacements was negligible, and the 
dialyzed bentonite, after oven-drying at 105 °C, was gently 
ground and sifted through an ASTM No. 200 mesh sieve. 

A known amount of treated material (dry mass equal to 
23.61 g) was dusted inside the oedometer ring, the top piston 
was brought into contact with the upper face of the specimen, 
and distilled water was supplied from the bottom pedestal to 
saturate the bentonite. During the saturation stage, which was 
conducted under a controlled hydraulic gradient of 1000, the 
specimen was allowed to swell freely in the axial direction to a 
specified height (10.2 mm), which corresponded to a void ratio, 
e, equal to 3.396 and a water content, w, equal to 128.4%. After 
reaching the desired height, the top piston was locked in place 
to prevent any further volumetric strain from occurring, and 
saturation was continued for a period of 52 day, corresponding 
to approximately 16 Pore Volumes of Flow, to obtain a steady-
state value of the hydraulic conductivity, k (k ∼ 2ꞏ10-11 ÷ 3ꞏ10-

11 m/s). Upon completion of the bentonite saturation, the 
drainage lines were connected to the ports of the osmotic cell 
and a NaCl solution with a concentration of 1 mM was 
continuously infused at both the top and bottom specimen 
boundaries for a period of 10 days. 

2.4 Testing procedures 

The multi-stage membrane test was carried out by circulating 
different salt solutions through the top and bottom porous filters 
at a circulation rate of 0.05 mL/min, which was recognized to 
be sufficiently fast for perfect-flushing boundary conditions to 
be hypothesized in the interpretation of the test results and, at 
the same time, sufficiently slow for the ionic mass fluxes to be 
measured through the bentonite specimen (Dominijanni et al. 
2018; Guarena et al. 2025a). The C8F15NaO2 concentration of 
the solution injected into the top boundary and the NaCl 
concentration of the solution injected into the bottom boundary 
were maintained constantly equal to 0.1 and 1 mM, 
respectively, for the entire duration of the membrane test, while 
the NaCl concentration of the solution injected into the top 
boundary was increased stepwise from 1 to 100 mM (Table 1). 

 

Table 1. Values of the measured concentration of C8F15O2
- ions, calculated mass flux of C8F15O2

- ions, measured hydraulic head difference, imposed 
osmotic pressure difference, and calculated global reflection coefficient for the multi-stage membrane test conducted on the natural bentonite. 

  Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage 6 Stage 7 

NaCl,Tc  (mM) 1 2 5 10 20 50 100 

NaPFO,Tc  (mM) 0.1 0.1 0.1 0.1 0.1 0.1 0.1 

NaCl,Bc  (mM) 1 1 1 1 1 1 1 

NaPFO,Bc  (mM) 0 0 0 0 0 0 0 

 PFO,
exit

B ss
c  (M) 0.38 0.57 0.84 0.97 1.28 1.50 1.57 

 PFO ss
J  (×10-10 molꞏm-2ꞏs-1) 0.823 1.234 1.819 2.100 2.772 3.248 3.400 

 Δ
ss

h  (m) - 0.25 0.5 0.75 1.15 1.55 2.3 

Δ  (kPa) 0.50 5.45 20.33 45.11 94.69 243.42 491.30 

g  (-) - 0.450 0.241 0.163 0.119 0.062 0.046 

Note: NaCl,Tc  and NaCl,Bc , NaCl concentrations of the solutions injected into the top and bottom boundaries, respectively; NaPFO,Tc  and NaPFO,Bc , 

C8F15NaO2 concentrations of the solutions injected into the top and bottom boundaries, respectively;  PFO,
exit

B ss
c , steady-state concentration of C8F15O2

- 

ions of the solutions withdrawn from the bottom boundary;  PFO ss
J , steady-state mass flux of C8F15O2

- ions through the bentonite specimen;  Δ
ss

h , 

steady-state hydraulic head difference across the bentonite specimen; Δ , osmotic pressure difference across the bentonite specimen; g , global 

reflection coefficient at steady state. 
 
While the hydraulic head difference, h, induced across 

the specimen was continuously monitored at time increments of 
120 s, samples of the solutions exiting from the bottom 
specimen boundary were collected for the measurement of the 
concentrations of Na+, K+, Ca2+, Mg2+, Cl-, and C8F15O2

- ions 
when the flow-pump system was briefly halted to refill the 

hydraulic actuators, which have a runtime of 72 h before the 
plunger barrel reaches the end of the actuator housing at a 
circulation rate of 0.05 mL/min. 

When steady-state conditions were deemed to be achieved 
for each testing stage, the global reflection coefficient, g, was 
calculated as follows: 
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 Δ

Δ





 w ss

g

h
 (1) 

where w is the water unit weight (w = 9.81 kN/m3),  Δ
ss

h  is 

the difference in hydraulic head, which is measured across the 
specimen under steady-state conditions, and  is the 
difference in osmotic pressure of the external bulk solutions, 
which are in thermodynamic equilibrium with the porous 
medium at its boundaries. 

The steady-state mass flux of C8F15O2
- ions,  PFO ss

J , 

through the bentonite specimen was determined for each testing 
stage as follows: 

   PFO PFO,
exitw

Bss ss

v
J c

A
   (2) 

where vw is the circulation rate imposed by the flow-pump 
system (vw = 0.05 mL/min), A is the inner cross-sectional area 

of the oedometer cell (A = 38.48 cm2), and  PFO,
exit

B ss
c  is the 

steady-state concentration of C8F15O2
- ions of the solutions 

withdrawn from the bottom specimen boundary. 

3 RESULTS AND DISCUSSION 

The hydraulic head difference, which was measured across the 
bentonite specimen, and the concentration of C8F15O2

- ions of 
the solutions exiting from the bottom specimen boundary, 
which were collected during the refilling phases of the 
hydraulic actuators, are shown in Figure 1 and Figure 2, 
respectively, as a function of time. 

 
 

 

 

Figure 1. Hydraulic head difference, h, as a function of time during the multi-stage membrane test conducted on the natural Wyoming bentonite. 
 

 

Figure 2. Concentration of C8F15O2
- ions of the solutions exiting from the bottom specimen boundary, PFO,

exit
Bc , as a function of time during the multi-

stage membrane test conducted on the natural Wyoming bentonite. 
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The estimation of the steady-state values of both h and 

PFO,
exit

Bc , which are reported in Table 1, was based on the 

observation of the overall experimental trends over time, 
whereby steady-state conditions were found to be achieved 
after approximately two-three weeks from the beginning of 
each testing stage. Stage No. 7 was the only exception, since the 
measured hydraulic head difference steadily increased without 
tending to a distinct horizontal asymptote, and therefore the 
value of g for Stage No. 7 should be regarded as potentially 
affected by an estimation error. 

The obtained test results allow the impact of the 
semipermeable membrane behavior of the bentonite specimen 
on the transport of C8F15O2

- ions to be appreciated. Upon an 
increase in the concentration of NaCl as the dominant salt at the 
contaminated-solution side, the extent of ionic partitioning in 
the bentonite pores is diminished and, accordingly, the 
measured global reflection coefficient decreases to negligibly 
small values at the highest concentrations of the dominant salt. 
Such a decrease in the exclusion of anionic (negatively charged) 
species from the bentonite pores correlates with a reduced 
ability of the bentonite specimen to restrict the diffusive 
transport of C8F15O2

- ions (Shackelford & Moore 2013; Malusis 
et al. 2015), which reflects on the increase in the measured mass 
flux of C8F15O2

- ions under the same concentration gradient of 
the tracer contaminant (C8F15NaO2). The evidence emerged 
from the experimental activity is further stressed in Figure 3, 
which highlights the inverse correlation between the mass flux 
of C8F15O2

- ions and the global reflection coefficient. 
 

 

Figure 3. Steady-state mass flux of C8F15O2
- ions,  PFO ss

J , through the 

bentonite specimen as a function of the global reflection coefficient, g. 

4 CONCLUSIONS 

A multi-stage membrane test was carried out on a natural 
Wyoming bentonite, preliminarily treated via dialysis for the 
removal of the excess soluble salts, with a view to 
characterizing the coupling between the ionic selectivity of the 
tested specimen, which was controlled by the concentration of 
NaCl as the dominant salt in the testing solutions, and the 
transport of C8F15NaO2 at tracer concentrations. Indeed, 
considering the high values of the acid dissociation constant 
(i.e., low values of pKa), chemical compounds belonging to the 
PFAA class mostly dissociate into their constituent ions under 

pH conditions of environmental concern (pH = 5.0 – 9.0), 
giving rise to anions that interact with the mineral phase 
through repulsive electrostatic forces. While these repulsive 
forces undermine the ability of containment barriers comprising 
natural bentonites to retard the breakthrough of PFAA (Li et al. 
2015; Barakat et al. 2024), the semipermeable properties arising 
from the anion exclusion mechanism in the bentonite pores 
potentially restrict the steady-state diffusive transport of PFAA 
to a greater extent than barriers comprising non-active clays. 

The concentration gradient of C8F15NaO2 across the 
bentonite specimen was kept constant throughout the multi-
stage membrane test, which lasted 156 days, whereas the 
concentration of NaCl at the contaminated-solution side was 
increased stepwise in the 1 to 100 mM range. Upon an increase 
in the NaCl concentration, the measured global reflection 
coefficient decreased from a maximum value of 0.450 to a 
minimum value of 0.046. In parallel with the decrease in the 
reflection coefficient, the measured mass flux of C8F15O2

- ions 
increased from 0.823ꞏ10-10 to 3.400ꞏ10-10 molꞏm-2ꞏs-1, thus 
providing the first experimental evidence, at the time of writing, 
of the influence of the semipermeable membrane behavior of 
engineered bentonite-based barriers on the transport of PFAA 
at tracer concentrations. 

The obtained evidence further suggests caution in the use 
of additives (e.g., activated carbon, ion exchange resin, and 
quaternary ammonium) aimed at enhancing the adsorption 
capacity of bentonites towards PFAS. Although mixing with 
additives, which are able to bond with PFAS, improves the 
retention of such a group of emerging contaminants by 
bentonites (Khodabakhshloo et al. 2021; Wang et al. 2021; 
Mikhael et al. 2025b), the bentonite modification can promote 
a flocculation of the microstructure, a reduction in the fraction 
of the specific surface area that electrostatically interacts with 
the ionic species in the pore solution, and eventually a loss of 
the long-term benefits associated with the semipermeable 
membrane behavior (Mazzieri et al. 2010). 
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