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Abstract
PFAS is a class of emerging contaminants, and their exposure has been linked to many deleterious health effects which pose 
major threats to public health. Dietary intake has been recognized as the principal source of PFAS exposure to animals and 
humans while drinking water is the major route. Given the persistent nature of PFAS in water and the environment, this 
study was designed to provide effective and potentially scalable strategies to mitigate PFAS toxicity using organoclays. The 
study has been designed to investigate and characterize the adsorption behavior of four PFAS (PFOA, PFOS, PFBS, and 
GenX) onto active binding surfaces of four commercially available organoclay products called ENVIRO-TROL™ (ENT), 
ORGANO-TROL™ (OT2), and AGRI-TROL™ (ATB and ATM). This study evaluates key PFAS binding markers for these 
organoclays including Gibbs free energy (∆G), adsorption capacity, and binding affinity for PFAS. These parameters served 
as indicators for predicting the bioavailability of PFAS under the experimental settings. Additionally, the proof-of-concept 
for the protective role of the organoclay in PFAS-mediated toxicity was evaluated using living organisms (Hydra vulgaris 
and Lemna minor) as sensitive ecotoxicology models. The results showed varied adsorption behavior from pH 2 to 10. All 
the organoclays demonstrated the highest PFAS binding at pH 2. OT2 showed the highest adsorption for PFOA (78%), PFOS 
(47%), GenX (54%), and PFBS (66%), followed by ATM, while ATB and ENT showed slightly lower binding. Isotherm data 
indicated that all the binding followed a Freundlich model with high adsorption capacity. Moreover, they were all thermody-
namically favorable with ∆G values ranging from − /20.00/ to − /30.96/kJ/mol. In vivo data indicated severe toxicity of PFAS 
exposure to hydra vulgaris and Lemna minor; however, inclusion of the organoclays into the aqueous media of hydra and 
lemna resulted in over 90 to 100% protection from PFAS toxicity. This finding implies that these organoclays may be used 
in environmental remediation applications to adsorb PFAS from polluted water and bind and detain it in contaminated soil.
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Introduction

Poly- and perfluoroalkyl substances (PFAS) can penetrate 
the food chain, soil and plants via exposure to contaminated 
soil, drinking water, groundwater, wastewater, and industrial 

effluents (Mukhopadhyay et al. 2021). These substances repre-
sent an extensive class of more than 5000 thermally stable com-
pounds recognized for their persistence in the environment and 
globally dispersed as persistent organic pollutants (POPs), with 
many applications across various industrial fields (Buck et al. 
2011; Liu et al. 2019). PFAS are commonly found in products 
designed to resist water, dirt, and grease, including firefight-
ing foam, personal care products, cosmetics, food packaging 
materials, and fabrics (Bolan et al. 2021). The levels of PFAS 
contamination vary significantly across different water environ-
ments such as drinking water, groundwater, stormwater, seas, 
rivers, and lakes (Kabore et al. 2018). Due to their extensive 
use and unintentional discharge, PFAS continue to be a major 
contributor to groundwater and soil pollution (EPA 2021).

PFAS molecules exhibit a range of carbon chain lengths, 
and in the case of poly- and perfluoroalkyl acids, hydrogen 
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atoms along the backbone are substituted with fluorine atoms 
(Buck et al. 2011). Importantly, these compounds also have 
ionizable functional groups such as sulfonic and carboxylic 
acid moieties. Based on the number of carbon atoms in their 
molecular structure, PFAS are generally classified as short-
chain (≤ 5 carbon atoms) and long-chain (≥ 6 carbon atoms) 
(OECD/UNEP 2013). Short-chain PFAS tend to be more 
water-soluble and mobile in aqueous environments compared 
to their long-chain counterparts, thus making their elimination 
from the environment very difficult (Gagliano, et al. 2020). 
Upon their release into the environment, these substances can 
migrate through water and soil where they are taken up by 
animals (Navarro et al. 2016; Zhang et al. 2019), and plants 
(Costello and Lee 2020). Consequently, this uptake results in 
their bioaccumulation and biomagnification through the food 
web, which often reach high concentrations in top predators 
and humans (Garg et al. 2020; Liew et al. 2018; Sunderland 
et al. 2019). Long-chain PFAS, particularly PFOS with 8 car-
bon atoms, demonstrate a greater potential for biomagnifica-
tion than short-chain PFAS. However, due to higher solubility, 
short-chain PFAS are more widely dispersed in environmental 
matrices (Sunderland et al. 2019; Wang et al. 2015).

Human and animal exposure to PFAS (with biological 
half-lives of approximately 2.7–5.3 years) occurs primarily 
through ingestion of contaminated water and drinking water 
(Li et al. 2018; Domingo and Nadal 2019). Important routes 
to this exposure include consumption of contaminated sea-
food, and fish as well as agricultural products like vegeta-
bles, soy, corn, and wheat, along with PFAS-polluted potable 
water supplies (Christensen et al. 2017; Ghisi et al. 2019). 
Drinking water is often the main pathway of PFAS exposure 
to local populations that have proximity to contamination 
sites. This is largely due to the limited capacity of the conven-
tional wastewater treatment systems to effectively eliminate 
these substances (Arvaniti and Stasinakis 2015; Sunderland 
et al. 2019). The removal of PFAS, regardless of their chain 
length, is essential given their ability to bioaccumulate and 
cause deleterious health effects in animals and humans.

Epidemiological studies have linked specific PFAS com-
pounds such as perfluorooctane sulfonate (PFOS) and per-
fluorooctanoic acid (PFOA) to disease conditions such as 
cancer, hypertension, high cholesterol, and thyroid problems 
in humans (Crawford et al. 2017). Numerous remediation 
technologies have been investigated to clean up PFAS-con-
taminated water including photo-reductive destruction under 
UV irradiation (Chen et al. 2020), reverse osmosis, adsorp-
tion (Sorengård et al. 2020), biological degradation (aerobic 
and anaerobic), and advanced oxidation processes. However, 
these methods often face substantial setbacks stemming from 
intensive energy requirement, high operational cost, and dif-
ficulty for field scale application (Lee et al. 2012). Among 
the available techniques, adsorption has emerged as a prom-
ising and cost-effective approach, owing to its efficiency and 

selectivity in removing PFAS from water at large-scale field 
applications (Schroder et al. 2010).

Clay minerals have garnered significant attention in envi-
ronmental remediation research due to their natural abun-
dance throughout continents, eco-friendliness, and cost-
effectiveness (Sarkar et al. 2019; Oladele et al. 2024a, b; 
Oladele et al. 2025a). Despite these merits, unmodified clay 
minerals often demonstrate limited efficiency in removal of 
bulky contaminants from aqueous systems. Thus, to enhance 
their adsorption capacity, clays are often functionalized by 
either inorganic or organic materials, thereby improving their 
surface properties and functionality, selectivity, and overall 
adsorption performance (Sarkar et al. 2019; Wang et al. 
2021; Xenophontos et al. 2025; Oladele et al. 2024a; Oladele 
et al. 2025a, b). This study investigates four organoclays as 
PFAS binding clay-products containing different levels of 
a quaternary ammonium amine. The capacity of the clay-
based products to bind four common PFAS including PFOA 
(CF3(CF2)6COOH), PFOS (C8F17O3S), PFBS (perfluorobu-
tanesulfonic acid) (C4HF9O3S), and GenX (hexafluoropro-
pylene oxide dimer acid or HFPO-DA) (C6HF11O3) were 
investigated. PFOA and PFOS are long chain PFAS with 
eight carbon atoms each while PFBS and GenX have four and 
six carbon atoms respectively in their structures. Our overall 
objectives were to (1) determine the adsorption behavior of 
four PFAS onto the binding surfaces of organoclay at differ-
ent pHs; (2) measure isothermal adsorption of PFAS to the 
surfaces of the best hydrophobic clays and determine the best 
adsorption mode; (3) characterize the thermodynamics of 
the interaction of PFAS to the optimal organoclays; and (4) 
establish the proof-of-concept for the detoxification efficacy 
of the clays using Hydra vulgaris as a living model system.

Materials and methods

Organoclays and chemicals

The four organoclays are products of Bentonite Performance 
Mineral LLC, Halliburton (Houston, TX). The sodium benton-
ite is extracted from mines in Wyoming with an estimated cat-
ion exchange capacity equal to 75 cmol kg−1, external surface 
area of approximately 70 m2 g−1 and an average total surface 
area as high as 850 m2 g−1. The generic formula for these clays 
is (Na,Ca)0.3(Al,Mg)2Si4O10(OH)2·nH2O. The four organoclays 
are modified sodium bentonites manufactured by mixing a qua-
ternary amine with the clay resulting in hydrophobic materi-
als including ENVIRO-TROL™ (ENT), ORGANO-TROL™ 
(OT2), and AGRI-TROL™ (ATB and ATM)). Table S1 gives 
a summary of the physical properties of these organoclays. 
Ultrapure deionized water (18.2 MΩ) was used in this study 
and was produced with an Elga™ automated filtration sys-
tem (Woodridge, IL). High-pressure liquid chromatography 
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(HPLC)-grade acetonitrile and pH calibration buffers (4.0, 7.0, 
and 10.0) were sourced from VWR (Atlanta, GA, USA). PFAS 
(PFOA, GenX, PFBS, and PFOS) analytical standards were 
obtained from Sigma Aldrich (St. Louis, MO, USA).

Hydrophobicity index of the organoclays

The hydrophobicity index by n-heptane-water vapor adsorption 
of the organoclays was evaluated using previous protocols (dos 
Reis et al. 2016; Rivenbark et al. 2022). Briefly, the organoclays 
were dried at 100 °C for 24 h, 300 mg of each organoclay dis-
pensed into dry 10-mL beakers. Thereafter, they were placed 
in a sealed jar containing 60 mL of either n-heptane or water. 
After 24 h, the samples were taken out of the jar and weighed 
to calculate the mass absorption of n-heptane or water.

Chemical analysis

Quantitative analysis of the four PFAS compounds was 
performed using a Waters Acquity Ultra Performance Liq-
uid Chromatography system coupled with a tandem mass 

spectrometer (UPLC-MS/MS) equipped with a triple quad-
rupole detector following a previously established protocol 
(Wang et al. 2021; Oladele et al. 2025a, b; Xenophontos 
et  al. 2025). Chromatographic separation was accom-
plished by an Acquity BEH C18 column (2.1 × 50 mm, 
1.7 μm), which was maintained at a constant temperature 
(40 °C). The mobile phase was 20 mM ammonium acetate 
(eluent A) and acetonitrile (eluent B) carried at a flow rate 
of 0.30 mL/min using a gradient elution program: 10% elu-
ent B (initial), 10–55% (0–1 min), 55–99% (1–9 min), 99% 
(9–10 min), and 99–10% (10–13 min) over a 13-min run 
time. Each injection contained 50 µL of each sample solu-
tion. Mass spectrometric detection was carried out with an 
electrospray ionization (ESI) source operated at negative 
mode and temperature source of 450 °C, with stray voltage 
of 4.5 kV. Analyte-specific precursor-to-product ion transi-
tions (m/z) were monitored under multiple reaction moni-
toring (MRM) mode: 413 → 369 for PFOA, 499 → 80 for 
PFOA, 285 → 168.9 for GenX, and 298.9 → 80 for PFBS. 
Argon was utilized as both heater and nebulizer gas, while 
nitrogen served as the collision and curtain gas. System 
control for LC–MS/MS and data acquisition were done 
with Empower analyst software.

Table 1   Adsorption of 
four PFAS onto surfaces of 
organoclays at different pHs

ENT, ENVIRO-TROL; ATB, AGRI-TROL B; ATM, AGRI-TROL M; OT2, ORGANO-TROL; SB, sodium 
bentonite clay
∗ Indicates a significant difference (p < 0.05) compared to SB

Organoclays pH 2 pH 5 pH 7 pH 10

PFOA (percentage adsorbed (%)
ENT 50.37 ± 7.60 50.99 ± 8.81 54.88 ± 10.91 18.81 ± 1.14
ATB 57.46 ± 8.71* 52.25 ± 3.60 61.19 ± 13.13 29.11 ± 7.77
ATM 69.96 ± 7.10* 54.56 ± 4.02 54.31 ± 2.38* 47.03 ± 3.47*
OT2 78.47 ± 7.12* 54.10 ± 0.88 68.01 ± 12.59 49.01 ± 2.40*
SB 40.06 ± 4.69 41.64 ± 11.03 42.06 ± 5.37 24.80 ± 7.24
PFOS (percentage adsorbed (%)
ENT 32.30 ± 8.38 34.17 ± 7.60* 16.21 ± 3.68 30.81 ± 1.78*
ATB 37.12 ± 7.36* 30.37 ± 1.50* 21.08 ± 5.85 22.60 ± 2.21*
ATM 43.73 ± 6.34* 32.74 ± 1.36* 26.74 ± 6.93 18.44 ± 4.78*
OT2 47.30 ± 7.72* 33.06 ± 1.46* 32.91 ± 6.20 20.43 ± 1.78*
SB 25.16 ± 1.17 18.79 ± 2.49 17.31 ± 2.94 3.96 ± 0.39
GenX (percentage adsorbed (%)
ENT 30.28 ± 7.70 33.48 ± 7.98* 15.82 ± 7.63 11.95 ± 4.15*
ATB 37.60 ± 5.09* 27.74 ± 1.46 15.45 ± 5.55 32.48 ± 4.06*
ATM 43.23 ± 9.52* 32.14 ± 4.87* 13.67 ± 2.95 28.39 ± 2.20*
OT2 53.75 ± 9.42* 37.63 ± 8.27* 26.41 ± 10.47 30.76 ± 4.11*
SB 24.69 ± 6.45 21.53 ± 4.51 9.72 ± 2.09 8.45 ± 1.89
PFBS (percentage adsorbed (%)
ENT 25.43 ± 1.72 23.25 ± 2.17* 18.55 ± 4.32 17.28 ± 0.86*
ATB 25.27 ± 6.80 17.05 ± 3.33 21.55 ± 6.53 32.42 ± 7.86*
ATM 40.34 ± 8.00* 20.19 ± 1.57* 20.94 ± 5.04 33.95 ± 0.04*
OT2 50.54 ± 10.86* 22.72 ± 2.78* 25.48 ± 7.04 33.15 ± 1.52*
SB 19.85 ± 5.96 15.60 ± 2.34 17.45 ± 3.21 11.63 ± 3.05
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Adsorption of PFAS at different pHs

In this study, adsorption behavior of the four PFAS 
(PFOA, GenX, PFBS, and PFOS) onto binding surfaces 
of the four organoclays and parent clay were examined 
at four different pH conditions (pH 2, 5, 7, 10) to mimic 
real-world pH ranges such as tap water (~ 7.5), bottled 
and distilled water (~ 5 to ~ 7), ocean, and freshwater 
(rivers, lakes, streams) (~ 6.5 to ~ 9.0) (USEPA 2025; 
WHO 2022; USGS n.d.). Briefly, stock solutions con-
taining 10 ppm of each PFAS compound were prepared 
in ultrapure water which was adjusted to each pH con-
dition. Subsequently, each organoclay was tested at 
0.0005% (w/v) of 1 mL of PFAS solution. All samples 
were subjected to mechanical agitation at 1000 rpm 
for 2 h using an IKA® electric shaker (VIBRAX VXR 
basic, Werke, Germany) in a 37 °C incubator. After that, 
all samples were centrifuged for 5 min at 2000 × g to 
separate the adsorbent/PFAS complex from the solution. 
Supernatants of the controls and samples were analyzed 
using LC–MS/MS.

Sorption isotherms at pH 2 and 7

The adsorption isotherms were carried out using a previ-
ously established protocol (Oladele et al. 2025a, b; Xen-
ophontos et al. 2025). Briefly, each organoclay was added 
to a gradient solution of PFAS concentration ranging from 
5 to 100%, at 0.0005% (w/v) of 1 mL of 10 ppm PFAS solu-
tion in pH 2 or 7. Controls included 1 mL of each sorbent 
solution, PFAS, and ultrapure water (either pH 2 or 7) as 
blank. All samples were subjected to mechanical agitation 
at 1000 rpm for 2 h using IKA® electric shaker (VIBRAX 
VXR basic, Werke, Germany) in a 37 °C incubator. After 
this, all samples were centrifuged for 5 min at 2000 × g and 
the supernatants were analyzed using a LC–MS/MS.

Data analysis, calculations, and curve fitting

After the amount of unbound PFAS (PFOA, GenX, PFBS, 
and PFOS) in the solution was determined using LC-M/MS, 
the amount adsorbed by the sorbent materials was calculated 

Fig. 1   Freundlich isotherms showing adsorption of PFOA onto bind-
ing surfaces of organoclays at pH 2 (A & B) and pH 7 (C & D). ENT, 
ENVIRO-TROL; ATB, AGRI-TROL B; ATM, AGRI-TROL M; OT2, 

ORGANO-TROL; SB, sodium bentonite clay; The solid lines rep-
resent the adsorption isotherm plots based on the Langmuir model, 
while the dashed lines represent the 95% confidence band
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as the difference between the test sample and the respec-
tive PFAS controls. The resulting data were expressed as 
mol/kg and plotted as isotherm plots using Table-curve 2D 
V. 5.01 (Systat Software, Inc., Palo Alto, CA, USA) and 
R programming language to evaluate the adsorption data 
and parameters (Yan et al. 2015; Gong and Rshiny 2020). 
This included the calculation of variables through non-linear 
regression analysis, and the selection of the best-fit adsorp-
tion model was based on the correlation coefficients (r2) and 
the distribution of the residuals from triplicate studies. The 
experimental data were interpreted using established adsorp-
tion isotherm models (Freundlich and Langmuir) (Grant and 
Phillips, 1998).

The Freundlich isotherm was used to describe the adsorp-
tion characteristics for a heterogeneous surface. The Fre-
undlich model was represented by the following equation:

Kf = Freundlich distribution constant, 1/n = degree of 
heterogenicity.

(1)Freundlich model q = KfC
1∕n
w

The Langmuir equation and functions:

where Cw = equilibrium concentration of PFAS (mol L−1), 
Kd = Langmuir distribution constant, Qmax = maximum 
binding capacity (mol kg−1), and q = the amount of PFAS 
adsorbed (mol kg−1).

The following equation was applied to determine Ke° 
from Kd:

here, [adsorbate]° was the standard concentration of 
the adsorbate = 1 mol/L, Ke° was the thermodynamic 
equilibrium constant, and γ was the coefficient of 
activity.

The free energy (ΔG°) and enthalpy (ΔH) for the adsorp-
tion process were calculated using the van’t Hoff and Gibbs 
free energy equations:

(2)Langmuir model q = Qmax

KdCw

1 + KdCw

(3)K
o

e

Kd[adsorbate]
o

�

Table 2   Parameters and 
correlation coefficients from 
adsorption isotherms for the 
four PFAS

ENT, ENVIRO-TROL; ATB, AGRI-TROL B; ATM, AGRI-TROL M; OT2, ORGANO-TROL; SB, sodium 
bentonite clay; Kf, Freundlich distribution constant; 1/n, degree of heterogenicity; ∆G, Gibbs free energy 
(kJ/mol); r2, correlation coefficients

Organoclays Adsorption parameters @ pH 2 Adsorption parameters @ pH 7

1/n Kf ∆G r2 1/n Kf ∆G r2

PFOA
ENT 1.33 1.84 × 103  − 26.43 0.92 1.56 6.16 × 102  − 26.85 0.93
ATB 0.85 4.89 × 105  − 28.74 0.92 1.48 1.49 × 103  − 28.30 0.94
ATM 1.14 1.69 × 104  − 29.03 0.90 1.53 1.99 × 103  − 29.40 0.97
OT2 1.35 6.87 × 103  − 30.23 0.96 1.08 3.18 × 104  − 29.22 0.91
SB 1.17 2.84 × 104  − 25.87 0.91 1.75 7.04 × 102  − 29.50 0.91
PFOS
ENT 0.77 6.81 × 105  − 26.33 0.95 0.83 2.86 × 105  − 26.34 0.93
ATB 1.25 2.33 × 103  − 25.80 0.90 0.71 2.83 × 106  − 26.51 0.96
ATM 0.69 4.14 × 106  − 26.68 0.91 0.65 3.38 × 106  − 23.73 0.93
OT2 0.78 2.07 × 106  − 29.31 0.95 1.30 1.09 × 103  − 24.48 0.90
SB 0.82 8.61 × 105  − 29.03 0.96 1.30 1.30 × 103  − 25.11 0.95
GenX
ENT 1.01 5.87 × 104  − 28.80 0.92 0.76 1.51 × 106  − 28.00 0.91
ATB 0.93 8.35 × 104  − 26.65 0.92 0.77 9.37 × 105  − 27.26 0.93
ATM 1.51 1.39 × 103  − 27.84 0.97 0.70 4.01 × 106  − 27.86 0.91
OT2 1.29 6.80 × 104  − 29.84 0.98 0.90 6.99 × 104  − 25.97 0.92
SB 1.96 4.52 × 102  − 29.31 0.93 2.76 2.50 × 100  − 25.49 0.92
PFBS
ENT 1.58 5.63 × 102  − 26.46 0.97 0.77 1.81 × 105  − 23.28 0.91
ATB 1.47 1.15 × 103  − 26.77 0.97 0.67 1.78 × 106  − 23.99 0.95
ATM 0.85 4.10 × 105  − 28.39 0.90 0.65 1.12 × 106  − 21.95 0.94
OT2 0.87 5.34 × 105  − 29.64 0.92 0.68 2.26 × 106  − 25.18 0.91
SB 0.88 3.96 × 105  − 29.66 0.95 0.75 6.04 × 105  − 25.43 0.98
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where R (gas constant) = 8.314 J/mol/K, and T (absolute tem-
perature) = 273 + t (°C). When ΔG is negative, the adsorp-
tion process is spontaneous and enhanced thermodynami-
cally, thus proceeding in the forward direction (Ke° > 1). 
However, when it is positive, the adsorption process is not 
energetically favorable (Ke° < 1) and ΔG will be zero for an 
adsorption system at equilibrium.

Ecotoxicological bioassay (Hydra vulgaris)

The Hydra vulgaris model reported by Oladele et  al. 
(2025a, b) has been well established in our laboratory as 
a highly sensitive in vivo assay for environmental chemi-
cals including PFAS. This living organism was used to 
investigate the detoxification efficacy of the organoclays 
in this study. Briefly, Hydra vulgaris obtained from 

(4)△H =
−RIn(

K
d2

K
d1

)

(

1

T
2

)

− (
1

T
1

)

(5)ΔG = ΔG◦ + RTInKe◦

Environmental Canada in Montreal were kept under 
controlled laboratory conditions at 18 °C. A detailed 
morphological scoring system on a scale of 1 to 10 was 
used to evaluate the various degrees of toxicity resulting 
from PFAS exposure. Hydra vulgaris were exposed to 
25 ppm of PFAS and organoclays (individually) at three 
inclusion rates (0.1%, 0.2%, and 0.5%). Each experiment 
was carried out in three independent replicates from two 
independent hydra colonies. Morphological scores were 
recorded at intervals of 0, 4, 20, 28, 44, 68, and 92 h to 
monitor the progression of PFAS-mediated toxicity and 
to evaluate the protective effect offered by each of the 
organoclays.

Lemna minor 

Extensive earlier research has demonstrated that Lemna 
minor serves as an effective model organism for investi-
gating toxicity of PFAS, pesticides, and other environ-
mental contaminants (EPA 2012; Oladele et al. 2025a, b). 
In this study, Lemna minor were obtained from AquaHabit 
(England) and cultivated under controlled laboratory 

Fig. 2   Freundlich isotherms showing adsorption of PFOS onto bind-
ing surfaces of organoclays at pH 2 (A & B) and pH 7 (C & D). ENT, 
ENVIRO-TROL; ATB, AGRI-TROL B; ATM, AGRI-TROL M; OT2, 

ORGANO-TROL; SB, sodium bentonite clay; The solid lines rep-
resent the adsorption isotherm plots based on the Langmuir model, 
while the dashed lines represent the 95% confidence band
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conditions. Plant growth was supported using a prepared 
Steinberg nutrient medium containing 0.66 mM KH2PO4, 
3.46 mM KNO3, 4.03 μM EDTA, 1.94 μM H3BO3, 0.63 
μM ZnSO4, 0.18 μM Na2MoO4, 0.41 mM MgSO4, 0.072 
mM K2HPO4, 1.25 mM Ca(NO3)2, 2.81 μM FeCl3, and 
0.91 μM MnCl2, adjusted to a pH of 5.5 ± 0.2 (Drost et al., 
2007). Illumination was provided by cool white, fluo-
rescent lamps delivering approximately 400 ft-c of light 
intensity, while the ambient temperature was maintained 
at 25 °C.

Two colonies of Lemna minor, each containing four 
fronds, were randomly selected and placed into individual 
wells of 24-well culture plates. The plates were incubated 
for 7 days with lids slightly loosened to allow gas exchange. 
For detoxification assessments, plants were subjected to 40 
ppm PFAS and inclusion of SB and organoclays at 0.1 to 
0.5% (w/v) for 7 days. Daily monitoring of frond number 
and surface area was carried out using NIH ImageJ soft-
ware (Bethesda, MD). At the end of the exposure period, 
chlorophyll extraction was performed by homogenizing the 
plant material in 1.5 mL of 80% acetone. Following a 48-h 
incubation at − 4 °C, chlorophyll content was quantified 
using a UV–Vis scanning spectrophotometer (Shimadzu 
UV-1800, Kyoto, Japan).

Statistical analysis

All experiments, including negative and blank controls, were 
performed in triplicate. Statistical analysis was conducted 
using a one-way ANOVA followed by Tukey’s post hoc test 
to evaluate differences between treatment groups. Results 
with p < 0.05 were considered statistically significant.

Results

Adsorption of PFOA at different pHs

The adsorption efficacy of PFOA onto surfaces of the organo-
clays: ENVIRO-TROL™ (ENT), ORGANO-TROL™ (OT2), 
and AGRI-TROL™ (ATB and ATM) was evaluated at various 
pH 2, pH 5, pH 7, and pH 10 to mimic environmental vari-
abilities as shown in Table 1. Adsorption was highest at pH 2 
with all the tested organoclays. OT2 demonstrated the maximum 
adsorption (78%) under acidic conditions, indicating favorable 
interactions and surface affinity at low pH. This high adsorp-
tion may be due to the high hydrophobicity of OT2 (Table S2). 
As pH increased to pH 5, there is a slight decrease in adsorp-
tion. At pH 7, adsorption varied markedly between the tested 

Fig. 3   Freundlich isotherms showing adsorption of GenX onto bind-
ing surfaces of organoclays at pH 2 (A & B) and pH 7 (C & D). ENT, 
ENVIRO-TROL; ATB, AGRI-TROL B; ATM, AGRI-TROL M; OT2, 

ORGANO-TROL; SB, sodium bentonite clay; The solid lines rep-
resent the adsorption isotherm plots based on the Langmuir model, 
while the dashed lines represent the 95% confidence band



4019Environmental Science and Pollution Research (2026) 33:4012–4027	

materials (organoclays and parent clay). OT2 demonstrated the 
highest binding capacity of 68%, followed by ATB with binding 
capacity of 61%; ET and ATM showed similar binding capac-
ity (54%) while SB demonstrated the least binding (42%). At 
pH 10, adsorption performance significantly decreased in all 
tested materials. OT2 maintained the highest binding capacity 
of 49%, followed by ATM (47%), ENT, and ATB which showed 
the lowest binding capacity < 30%. All the organoclays showed 
good pH resilience between pH 2 and 7. Furthermore, all the 
organoclays demonstrated higher binding capacity than the par-
ent clay at all pHs. In Fig. 1, adsorption isotherms were fitted to 
a Freundlich model with high correlation (r2 ≥ 0.90) indicating a 
good fit (Table 2). At pH 2 (Fig. 1 A and B), all tested materials 
exhibited a moderately high adsorption capacity for PFOA as 
shown by a Freundlich constant Kf with a magnitude of 103 to 
105. ATB exhibited the highest capacity (4.89 × 105 mol/kg). The 
∆G values for all test materials ranged from − 25.87 to − 30.96 
kJ/mol indicating that the adsorption of PFOA to the surface was 
spontaneous and in the forward direction. At pH 7 (Fig. 1 C and 
D), the adsorption behavior remained favorable across all sorb-
ents with r2 values ranging from 0.91 to 0.97. OT2 demonstrated 
the highest Kf of 3.18 × 104 followed by ATM (1.99 × 103) and 
ATB (1.49 × 103). The adsorption remained spontaneous with 
∆G values ranging from − 26.85 to − 29.50 kJ/mol.

Adsorption of PFOS at different pHs

At pH 2, OT2 exhibited the highest PFOS adsorption with 
approximately 47% adsorption. ATM followed by 44%, 
whereas ATB and ENT showed moderate adsorption (37% 
and 32% respectively). SB demonstrated the least adsorption 
(25%) (Table 1). At pH 5, PFOS adsorption was reduced in 
all tested materials except with ENT. All the organoclays 
demonstrated similar PFOS binding capacities ranging from 
30 to 34%. Again, SB showed the least adsorption (19%). 
At neutral pH, all the organoclays showed adsorption rang-
ing from 16 to 32%. At alkaline conditions (pH 10), PFOS 
adsorption ranged from 18 to 31%. The organoclays (espe-
cially OT2 and ATM) demonstrated higher PFOS adsorp-
tion than SB across all pHs, indicating that the amendment 
enhanced their binding capacity. The adsorption isotherms 
for PFOS binding onto the surfaces of the organoclays at pH 
2 and pH 7, respectively, are depicted in Fig. 2. The PFOS 
isotherms for all the tested materials followed a Freundlich 
model with high correlation (r2 ≥ 0.90) indicating a good fit 
(Table 2). At pH 2 (Fig. 2 A and B), the tested materials 
showed favorable adsorption behavior (1/n < 1) suggest-
ing that as the concentration increases, the adsorption also 
increases. This also indicated a heterogeneous surface and 

Fig. 4   Freundlich isotherms showing adsorption of PFBS onto bind-
ing surfaces of organoclays at pH 2 (A & B) and pH 7 (C & D). ENT, 
ENVIRO-TROL; ATB, AGRI-TROL B; ATM, AGRI-TROL M; OT2, 

ORGANO-TROL; SB, sodium bentonite clay; The solid lines rep-
resent the adsorption isotherm plots based on the Langmuir model, 
while the dashed lines represent the 95% confidence band
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strong PFOS-sorbent interactions. The organoclays exhib-
ited high Kf in the magnitude of 103 to 106. ATM and OT2 
exhibited the highest capacity of 4.14 × 106 and 2.07 × 106 
mol/kg respectively. The ∆G values (− 25.80 to − 29.31 kJ/
mol) indicate that the adsorption of PFOS was spontaneous 
at pH 2. Furthermore, at pH 7 (Fig. 2 C and D), the adsorp-
tion behavior remained favorable across all sorbents with 1/n 
values ranging between 0.67 and 1.30. Also, r2 values were 
between 0.90 and 0.96. ATM demonstrated the highest Kf of 

3.38 × 106, followed closely by ATB (2.83 × 106). The sponta-
neity of PFOS adsorption was maintained and the ∆G values 
ranged from − 25.11 to − 27.24 kJ/mol.

Adsorption of GenX at different pHs

The result of the adsorption capacity of each of the organoclays 
for GenX was assessed across four pH levels and is presented in 
Table 1. At pH 2, among the tested organoclays, OT2 exhibited 

Fig. 5   Protective effect of organoclays on PFAS-induced toxicity in Hydra vulgaris. A ENT, B ATB, C ATM, D OT2, and E SB clays. ENT, 
ENVIRO-TROL; ATB, AGRI-TROL B; ATM, AGRI-TROL M; OT2, ORGANO-TROL; SB, sodium bentonite clay
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the highest adsorption capacity (54%), followed by ATM (43%), 
ATB (38%), and ENT (30%), compared with parent clay SB 
(25%). As the pH increased to 5, adsorption efficiencies declined 
across all the sorbent materials. OT2 maintained the highest 
level (38%) and the remaining organoclays ranged between 28 
and 33%. At neutral pH (7) and alkaline pH (10), all organoclays 
exhibited reduced adsorption. Adsorption percentages across 
all materials fell between 12 and 33%. Under acidic conditions 
(Fig. 3 A and B), ATB and OT2 emerged as the most effective 
organoclay with highest Kf of 8.35 × 104 and 6.89 × 104 respec-
tively, followed by ENT (5.87 × 104). The ∆G values (− 26.65 
to − 29.84 kJ/mol) showed that the adsorption of GenX is ther-
modynamically favorable. SB showed the least Kf of 4.52 × 102 
suggesting high affinity but limited capacity. At neutral pH con-
dition (Fig. 3 C and D), the adsorption performance shifted. All 
the organoclays demonstrated favorable adsorption behavior 
(1/n < 1). ATM exhibited the highest Kf (4.01 × 106), followed 
by ENT (1.51 × 106). Negative ∆G values for all the sorbents 
indicated that adsorption was spontaneous.

Adsorption of PFBS at different pHs

Table 1 shows results of the adsorption of PFBS onto 
the surfaces of the tested sorbent materials. At acidic 

conditions (pH 2), OT2 exhibited the highest adsorp-
tion capacity (51%), followed by ATM (40%) while 
ENT and ATB exhibited similar adsorption capacity of 
25%. SB showed the least adsorption (20%). As the pH 
increased to 5, adsorption declined across all the organo-
clays ranging from 17 to 23%. The range of adsorption 
capacities observed at pH 7 was similar to that of pH 5; 
however, OT2 had the highest adsorption (25%). Interest-
ingly, all the organoclays demonstrated higher adsorp-
tion capacity for PFBS at pH 10 versus pH 5 and pH 7, 
except ENT. They showed adsorption capacity of 33% 
each. At pH 2 (Fig. 4 A and B), among the organoclays, 
OT2 demonstrated the highest adsorption capacity with 
Kf of 5.34 × 105 followed by ATM (4.10 × 105), and 
ATB (1.15 × 103). OT2, ATM, and SB showed favora-
ble adsorption behavior with 1/n ranging between 0.85 
and 0.88. The ∆G values (− 26.46 to − 29.66 kJ/mol) 
suggested strong spontaneity. At pH 7 (Fig. 4 C and D), 
all sorbent materials exhibited favorable adsorption with 
1/n values less than 1. OT2 emerged as the best sorbent 
with Kf of 2.26 × 106 followed by ATB (1.78 × 106), and 
ATM (1.12 × 106). The ∆G values (− 21.95 to − 25.43 kJ/
mol) suggested that they retained strong thermodynamic 
spontaneity.

Fig. 6   Protection of Lemna minor from PFAS toxicity by ENVIRO-TROL (ENT) based on surface area (A), frond number (B), growth rate at 
day 7 (C), and chlorophyll content (D). * indicates a significant difference (p < 0.05) compared to the vehicle control group
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Toxic effects of PFAS on Hydra vulgaris 
and the protective role of organoclays

The data for the in vivo assessment of PFAS toxicity in Hydra 
vulgaris and the protection offered by the organoclays are pre-
sented in Fig. 5. PFAS (25 ppm mixture of PFOA, PFOS, PFBS, 
and GenX) caused 90% morphological damage to the hydra 
after 28 h of exposure and its toxicity increased to 100% dam-
age after 44 h of exposure. The hydra were completely disinte-
grated and dead after 68 h of exposure. However, inclusion of 
the organoclays demonstrated significant protection at the vari-
ous inclusion rates (0.1 to 0.5%) used in this study (Fig. 5A–D). 
At only 0.1% inclusion, the organoclays resulted in 95 to 100% 
protection. Remarkably, all of the organoclays resulted in com-
plete protection at the 0.2% inclusion rate. In contrast, the parent 
clay only demonstrated limited protection at the same inclusion 
rates (Fig. 5E), and this observation showed the advantage of the 
organoclays over the parent bentonite.

Toxic effects of PFAS on Lemna minor 
and the protective role of organoclays

Figures 6, 7, 8, 9 and 10 show both the toxicological impact of 
PFAS exposure on Lemna minor and the protection offered by the 

organoclays. At 40 µg/mL, PFAS significantly inhibited Lemna 
minor growth compared to the control group, resulting in reduc-
tions of approximately 86%, 100%, 100%, and 66% in surface 
area (Fig. 6 A), frond number (Fig. 6 B), growth rate (logarith-
mic rate; Fig. 6 C), and chlorophyll content (Fig. 6 D), respec-
tively. However, treatment with the four organoclays markedly 
prevented PFAS-induced toxicities. At 0.2% and 0.5% inclusion, 
ENT offered 60 to 100% protection (Fig. 6 A through D). ATB, 
ATM, and OT2 demonstrated 80 to 100% protection (Figs. 7, 8, 
9). In contrast, the parent clay only showed protection at the high-
est inclusion rate (0.5%) (Fig. 10). This observation confirms the 
efficacy of the organoclays over the parent bentonite.

Discussion

This study examined the adsorption efficacy of four PFAS 
onto the binding surfaces of four commercially available 
organoclays with the aim of characterizing the most effective 
PFAS binders. The data from this study demonstrated a clear 
pH-dependent pattern in adsorption efficiency, where acidic 
conditions (pH 2 and pH 5) supported higher PFAS (PFOA, 
PFOS, PFBS, and GenX) adsorption across all tested materi-
als. This observation aligns with our earlier findings which 

Fig. 7   Protection of Lemna minor from PFAS toxicity by AGRI-TROL B (ATB) based on surface area (A), frond number (B), growth rate at day 
7 (C), and chlorophyll content (D). * indicates a significant difference (p < 0.05) compared to the vehicle control group
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suggested an enhanced electrostatic attraction between pro-
tonated clay surfaces (at acidic pH) and those surfaces that 
had been previously modified with positively charged qua-
ternary amines that react electrostatically with the negatively 
charged head-groups of PFAS (Wang et al. 2021). OT2 and 
ATM consistently exhibited strong adsorption capacity 
among the tested organoclays under acidic, neutral, and alka-
line conditions. This indicates that OT2 and ATM possess 
important hydrophobic functional groups, high surface area, 
and favorable charge distribution that enhanced PFAS bind-
ing. OT2 maintained high adsorption performance across 
all pH levels, suggesting the clay’s potential robustness in 
variable environmental conditions. Importantly, unmodified 
SB consistently demonstrated the least amount of adsorp-
tion of all the four PFAS (PFOA, GenX, PFBS, and PFOS), 
which underscores limited capacity for PFAS removal and 
the importance of enhanced hydrophobicity and positively 
charged clay surfaces for optimal efficacy.

These findings are relevant for environmental applications 
of organoclays in PFAS-contaminated water and soil. OT2 
and ATM, which maintain high adsorption capacity for all 
four PFAS across a wide range of pH, may offer sustainable 
applications as PFAS adsorbents in rural, urban, and agri-
cultural zones.

Additionally, the use of isothermal adsorption models 
in this investigation provided a mechanistic framework for 
predicting PFAS binding behavior which can help with the 
future design of tailored sorbents with enhanced capacity and 
selectivity. The adsorption isotherms for PFOA and PFOS 
showed strong affinity and capacity principally at acidic pH. 
All the organoclays, particularly OT2 and ATM demonstrated 
high adsorption capacities and favorable thermodynamics at 
both pH 2 and pH 7. This is consistent with PFOS’s strong 
surface activity and hydrophobicity (Fatima et al. 2025). Ani-
onic PFAS, including PFOS and PFOA which have –SO3H 
and –COOH functional groups, respectively have been 
reported to bind surfaces of sorbents via anion and ligand 
exchange mechanisms (Wang et al. 2012). Furthermore, 
PFAS adsorption in soil is boosted through the formation of 
complexes between the hydroxyl bonds of aluminum and iron 
(hydro) oxides present in soils (Li et al. 2019).

The strong adsorption behavior of both PFOA and PFOS 
could be due to hydrophobic interactions with the lipophilic 
components in the organoclays. This aligns with the previ-
ous reports that long-chain PFAS (such as PFOS and PFOA) 
are principally adsorbed through hydrophobic interactions 
(Gagliano et al. 2020). Likewise, sorbents with amine groups 
have shown to typically have higher adsorption capabilities 

Fig. 8   Protection of Lemna minor from PFAS toxicity by AGRI-TROL M (ATM) based on surface area (A), frond number (B), growth rate at 
day 7 (C), and chlorophyll content (D). * indicates a significant difference (p < 0.05) compared to the vehicle control group
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for PFOS and PFOA (Du et  al. 2014). The shift in the 
adsorption performance of the organoclays across the pH 
conditions in this study further demonstrated the impact of 
electrostatic interactions in the adsorption process. Accord-
ing to Du et al. (2014), anionic PFAS interacts electrostati-
cally with positively charged sorbent materials.

The short-chain PFAS (PFBS and GenX) showed variable 
and lower adsorption compared to the long-chained PFAS. 
GenX, a replacement for PFOA, has presented unique chal-
lenges for adsorption due to its lower hydrophobicity and 
smaller molecular size. Studies have shown that GenX is 
not as effectively adsorbed by activated carbon compared 
to PFOA with very low removal efficacy (Zhu et al. 2022). 
Importantly, all the tested materials in this study showed 
enhanced GenX adsorption at acidic conditions. Similarly, 
PFBS has also been reported to have low adsorption due to 
shorter chain length and reduced hydrophobicity. However, 
in this study, PFBS was effectively adsorbed by OT2 and 
ATM.

Interestingly, the adsorption isotherms for the four PFAS 
onto the organoclays and parent clay demonstrated Gibbs 
free energy (∆G) values ≥  − 20 kJ/mol. This suggested that 
the adsorption reaction was energetically favorable. The 
values fall within a range classically connected to strong 

physisorption or weak chemisorption, which indicate the 
possibility of specific interactions such as electrostatic inter-
actions and ion exchange. This is further supported by the 
presence of a positively charged functional group (-NR+

4) 
on the modified surfaces of the organoclays. These are sta-
ble to pH change and capable of participating in significant 
interactions with PFAS.

Hydra vulgaris have been well established as toxin-sensi-
tive living organisms and used as an in vivo model to (a) con-
firm the toxicity of a wide range of environmental chemicals 
including PFAS; (b) validate in vitro results; and (c) confirm 
the safety of new adsorbent materials and their ability to pro-
tect against the toxicity of diverse chemicals. In this study, 
hydra exposed to 25 ppm of PFAS exhibited a range of toxic 
responses which led to severe and irreversible morphologi-
cal damage and ultimately death. This finding was consist-
ent with previous reports by Oladele et al. (2025a, b) which 
documented complete disintegration of Hydra vulgaris fol-
lowing exposure to PFAS mixtures at concentrations greater 
than 20 ppm. Importantly, the inclusion of the parent clay and 
organoclays did not cause significant toxicity to hydra. The 
organoclays provided remarkable protection from PFAS tox-
icity. In particular, all of the organoclays demonstrated com-
plete protection at low inclusion rates. This protection against 

Fig. 9   Protection of Lemna minor from PFAS toxicity by ORGANO-TROL (OT2) based on surface area (A), frond number (B), growth rate at 
day 7 (C), and chlorophyll content (D). * indicates a significant difference (p < 0.05) compared to the vehicle control group



4025Environmental Science and Pollution Research (2026) 33:4012–4027	

PFAS toxicity was offered over the 92 h exposure period used 
in this study. The model provides valuable insight into PFAS 
binding and supports the potential of these organoclays to 
serve as toxin binders in water and soil.

Furthermore, Lemna minor is an aquatic plant which 
serves as a model organism for assessing waterborne con-
taminants due to its rapid growth and sensitivity to toxic 
pollutants (EPA 2012). PFAS exposure to Lemna minor in 
this study showed a significant reduction in growth rate, 
chlorophyll content, and fond number. This agreed with the 
previous findings of Noori et al. (2025) who reported that 
PFOA exposure to Lemna minor for 14 days resulted in sig-
nificant chlorosis and a reduction in chlorophyll pigment 
indicating impaired photosynthetic capacity. Furthermore, 
they reported significant increase in nuclear size, while 
essential nutrient concentrations such as potassium, copper, 
and iron were decreased, potentially disrupting metabolic 
processes (Noori et al. 2025). Similarly, PFAS exposure 
induced oxidative stress in Lemna minor (Gonzales, et al. 
2023; Zhang and Liang 2021). The protective effect from 
toxicity observed in L. minor can be attributed to the high 
affinity of the organoclays for PFAS. The organoclays pos-
sess modified interlayer spaces and surface functionalities 
that enhance adsorption of the four PFAS, thereby reducing 

their concentration in the aqueous phase (Oladele et al. 
2025a, b). This mechanism likely explains the improved 
physiological parameters in Lemna minor exposed to PFAS 
in the presence of organoclays, such as restoring chlorophyll 
levels and preserving frond integrity. These findings align 
with prior studies on clay-based sorbents for organic pollut-
ants, extending their applicability to persistent fluorinated 
contaminants (Wang et al. 2021; Oladele et al. 2024a, b).

Conclusion

Data from this study showed that all the organoclays effec-
tively adsorbed the two classes of PFAS (short and long 
chain) at both normal and extreme environmental pH condi-
tions. Mechanisms for this adsorption are most likely associ-
ated with strong interactions of PFAS at organophilic bind-
ing sites containing hydrophobic side chains, electrostatic 
interactions with the quaternary amine functional group, and 
formation of stable complexes. This study also established 
that the adsorption processes followed the Freundlich model 
and were thermodynamically favored. The organoclays signifi-
cantly neutralized PFAS-induced toxicity in sensitive Hydra 
vulgaris and Lemna minor and reduced the PFAS level in their 

Fig. 10   Protection of Lemna minor from PFAS toxicity by sodium bentonite (SB) based on surface area (A), frond number (B), growth rate at 
day 7 (C), and chlorophyll content (D). * indicates a significant difference (p < 0.05) compared to the vehicle control group
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aqueous media. This implied that these organoclays can be 
packed into permeable reactive barriers (PRBs) to trap PFAS 
during groundwater treatment or as in situ capping materi-
als for sediment remediation in lakes and rivers to sequester 
PFAS. Moreover, these organoclays can be incorporated into 
filtration systems for removal of PFAS during wastewater 
treatment. Embedding these organoclays into landfill liners, 
caps to prevent off-gassing, or polymer membranes could 
also facilitate selective sorption of PFAS and prevent toxic 
leachates into the urban, rural, and agricultural environment.
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