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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  

• Magnetic modified clay (MMC) exhibits 
excellent PFAS adsorption performance. 

• MMC has good magnetic separation 
properties to avoid secondary pollution. 

• PFAS removal efficiency of MMC is 
better than that of PAC in the snowmelt 
metrics. 

• MC’ regenerability and reusability 
ensure practical applicability.  
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A B S T R A C T   

The extensive use of per- and polyfluoroalkyl substances (PFAS) in many industrial and consumer contexts, along 
with their persistent nature and possible health hazards, has led to their recognition as a prevalent environmental 
issue. While various PFAS removal methods exist, adsorption remains a promising, cost-effective approach. This 
study evaluated the PFAS adsorption performance of a surfactant-modified clay by comparing it with commercial 
clay-based adsorbents. Furthermore, the impact of environmental factors, including pH, ionic strength, and 
natural organic matter, on PFAS adsorption by the modified clay (MC) was evaluated. After proving that the MC 
was regenerable and reusable, magnetic modified clay (MMC) was synthesized, characterized, and tested for 
removing a wide range of PFAS in pure water and snowmelt. The MMC was found to have similar adsorption 
performance as the MC and was able to remove > 90% of the PFAS spiked to the snowmelt. The superior and 
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much better performance of the MMC than powdered activated carbon points to its potential use in removing 
PFAS from real water matrices at an industrial scale.   

1. Introduction 

Per- and polyfluoroalkyl substances (PFAS) encompass a vast array 
of synthetic organic compounds where the carbon backbones are either 
fully or partially fluorinated [1,2]. The distinctive characteristics of 
PFAS have facilitated their extensive utilization in various industrial 
operations and consumer goods, such as surfactants for mining and oil 
wells [3,4], coatings for textiles and food packaging [5,6], foams for 
aqueous film formation [7,8], cosmetics and personal care items [9], 
cleaning agents [10], and numerous other applications [11]. PFAS, 
which have been in production for more than six decades and are now 
widely detected, are recognized as posing high risks to human health 
and the environment [12–14]. Hence, innovative solutions for elimi
nating PFAS from the environment are of utmost importance. 

Several approaches have been examined for treating PFAS, encom
passing physical adsorption/filtration, chemical/electrochemical 
destruction, and biological degradation [15]. Adsorption is a 
cost-effective and efficient method for rapidly removing PFAS from 
polluted water sources. Adsorbents used for PFAS removal primarily 
consist of carbon-based materials [16,17], ion exchange resins [18,19], 
biosorbents [20–22], and clay-based materials [23,24]. Activated car
bons (ACs), such as granular and powdered AC (GAC and PAC), carbon 
nanotubes (CNTs), and biochar, are widely recognized as the primary 
carbon-based materials utilized for the adsorption of PFAS [20,25–27]. 
Among these materials, PAC and CNTs have demonstrated notable ef
ficacy in adsorption capacity [28,29]. The hydrophobic adsorption of 
PFAS is facilitated by the presence of non-polar functional groups in 
carbon-based adsorbents [30]. In contrast to long-chain PFAS, the 
adsorption of short-chain PFAS presents a distinct challenge due to their 
increased hydrophilicity and reduced affinity with adsorbents. 

Clay-based materials represent an additional classification of ad
sorbents for PFAS. Numerous investigations have been conducted on the 
adsorption of PFAS using a diverse range of naturally occurring clays, 
including montmorillonite (Mt) [24,31], kaolinite [24,31], alumina 
[32], boehmite [33], and hematite [24]. Nevertheless, the surfaces of 
natural clays exhibit hydrophilic properties due to the hydration of 
inorganic cations at the exchange sites. This hydration process leads to a 
negative charge on the clay surfaces, reducing their efficiency in 
adsorbing hydrophobic and anionic PFAS [30]. As a result, the adsorp
tion of PFAS is enhanced by modifying natural clays with surfactants, 
thereby converting the hydrophilic surface to a lipophilic one [34]. 
Generally, after modification by cationic surfactants, the positively 
charged surfaces tend to capture anionic PFAS due to electrostatic in
teractions [35,36]. Mt, belonging to the smectite group, exhibits a 
structural arrangement consisting of two tetrahedral silicate layers 
enclosing an aluminum oxide/hydroxide layer (referred to as a 2:1 
layered structure) [37]. This configuration facilitates a significant cation 
exchange capacity (CEC) and specific surface area [38,39]. Previous 
research has utilized quaternary ammonium compounds to modify the 
surface of Mt to enhance its ability to adsorb PFAS. In a study conducted 
by Zhou et al. [23], modifications to Mt using the cationic surfactant 
hexadecyltrimethylammonium bromide (HDTMAB) led to adsorption 
capacities of approximately 62 and 339 mg/g for perfluorooctanoic acid 
(PFOA) and perfluorooctanesulfonic acid (PFOS), respectively, when the 
HDTMAB to CEC ratio was 0.5. Wang et al. [40] modified Mt by 
incorporating quaternary ammonium compounds, specifically L-carni
tine and choline, to enhance the adsorption capacity for PFOA, PFOS, 
undecafluoro-2-methyl-3-oxahexanoic acid (GenX), and per
fluorobutane sulfonate (PFBS). Nevertheless, the complete separation of 
modified clay particles from an aqueous solution post-adsorption is 
challenging owing to their limited mechanical stability and pronounced 

dispersion. 
Magnetic adsorbents derived from clay minerals are of significant 

scientific interest due to their ability to combine distinctive adsorption 
properties with the cost-effectiveness of clays. Moreover, these adsor
bents offer the advantage of easy and fast separation from an aqueous 
suspension upon exposure to an external magnetic field. Numerous ar
ticles are dedicated to magnetic adsorbents with a matrix composed of 
bentonite, montmorillonite, kaolin, zeolite, and other clays, which are 
applied to remove dyes, heavy metals, and pharmaceuticals [41–44]. 
These adsorbents are generally produced through a coprecipitation 
technique [45,46]. Magnetite-based clay adsorbents have demonstrated 
a notable affinity and fast adsorption kinetics in the removal of haz
ardous metal ions [47]. Furthermore, these adsorbents have shown 
exceptional performance in engineering research and have been suc
cessfully employed in industrial and pilot-scale applications [48–50]. 

However, there has been a notable absence of research specifically 
addressing the use of magnetic modified clay (MMC) for the adsorption 
of PFAS mixtures in real-world environments. Therefore, this study aims 
to fill this gap by fabricating MMC from the MC we reported already. In 
our previous publication [34], the MC was shown to have fast removal of 
all short- and long-chain PFAS, including GenX and precursors, through 
hydrophobic and electrostatic interactions. Before we started the syn
thesis of MMC, in order to gain more confidence in the MC’s adsorption 
performance and capacity, the MC was tested against a few commer
cially available clay-based adsorbents. In addition, the effect of envi
ronmental parameters, such as pH, ionic strength, and natural organic 
matter, on MC’s adsorption behavior was evaluated as well. This is 
followed by assessing its regenerability and reusability. Only after we 
were fully convinced that the MC was a superior and robust adsorbent 
for PFAS did we embark on the synthesis of MMC, which is followed by 
structural characterization, understanding its adsorption performance in 
pure water, snowmelt, and against PAC. Results from this study indicate 
that the MMC is a much better adsorbent than PAC with regard to 
removing a range of PFAS in real water samples. 

2. Materials and methods 

2.1. Chemical reagents and snow samples 

The details about the chemical reagents used in this work are shown 
in Table S1. The physicochemical features of PFAS examined in this 
research are displayed in Table S2. The snow was collected from the 
University at Albany, State University of New York grounds in March 
2023 and stored at 4 ◦C. The composition of the snowmelt is listed in 
Table S3. 

2.2. Synthesis of modified clay and magnetic modified clay 

2.2.1. Synthesis of modified clay 
The detailed procedure for synthesizing the modified clay (MC) used 

in this study has been described in a previous publication [34]. Briefly, a 
two-step process was employed, starting with the addition of montmo
rillonite K10 (Alfa Aesar, Haverhill, MA, USA) to a Na2CO3 solution and 
stirring for 3 h. Then, a few drops of concentrated hydrochloric acid 
were added to the mixture, which was followed by rinsing with deion
ized (DI) water and drying overnight to generate the unmodified clay. 
The obtained solids were then mixed with a cetyltrimethylammonium 
chloride (CTAC) solution at an optimal CTAC/CEC ratio of 0.85 [34] and 
stirred at 80 ◦C for 2 h. This was followed by rinsing with DI water and 
drying overnight to produce the MC adsorbent. 
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2.2.2. Synthesis of magnetic modified clay 
The magnetic modified clay (MMC) was prepared in the following 

way. At first, 4.41 g FeCl3⋅6 H2O was dissolved in 200 mL DI water, to 
which 4.67 g MC was dispersed. The mixture was ultrasonicated for 10 
min. Then, 1.61 g FeCl2⋅4 H2O was dissolved in the obtained dispersion. 
After heating to 90 ◦C, the pH was adjusted to ~10 with an NH4OH 
solution (~28%) under stirring. The mixture was maintained under the 
same condition for another 1 h. The solids were then collected and 
rinsed carefully using DI water until the pH reached neutrality. The 
solids were dried at 90 ◦C overnight and stored for further use. The 
magnetic property of MMC can be seen in Videos S1 and S2. 

2.3. Adsorption experiments 

The adsorption studies were conducted in a batch manner and were 
replicated three times using 50-mL polypropylene centrifuge tubes 
(Corning Inc., Corning, NY, USA). To each tube, a PFAS mixture con
sisting of nine short- and long-chain perfluoroalkyl acids (PFAAs) (C6- 
C11 perfluorocarboxylic acids (PFCAs) and C4, C6, C8 perfluorosulfonic 
acids (PFSAs)), GenX, 6:2 fluorotelomer sulfonic acid (6:2 FTSA), and 2- 
N-ethyl perfluorooctane sulfonamido acetic acid (N-EtFOSAA) was 
added. The starting concentration for each PFAS was 10 µg/L, and the 
dose of each adsorbent was 100 mg/L. All tubes with or without an 
adsorbent were agitated at 150 rpm at room temperature. Subsamples 
were collected at seven time points: 0, 1, 2, 4, 8, 24, and 48 h. After 
centrifugation, the supernatant was filtered through 0.2 µm nylon sy
ringe filters, and PFAS were analyzed using an Agilent Technologies 
1290 Infinity II LC system paired with a 6470 Triple Quad Mass Spec
trometer (LC-MS/MS, Santa Clara, CA, USA). Additionally, the adsorp
tion of PFAS in snowmelt was investigated using a similar methodology, 
except that each PFAS was spiked at 1, 5, or 10 µg/L. Furthermore, a 
comparison of adsorption performance was conducted between the MC, 
MMC, and five commercially available adsorbents (Figure S1), namely 
FS, FS-F, MAT, MAT-P, and REMPAC (Calgon Carbon, Pittsburgh, PA, 
USA). The FS, FS-F, MAT, and MAT-P are clay-based adsorbents and 
REMPAC is powdered activated carbon. FS, FS-F, MAT, and MAT-P have 
wide particle size ranges, which were determined by the sieving method. 
The size distribution of these four adsorbents was provided in Table S4. 
REMPAC has a particle size of 10.21 ± 2.56 µm and an estimated surface 
area ranging from 600 to 800 m2/g based on the manufacturer’s infor
mation. The specific surface areas of MC, MMC, FS, FS-F, MAT, and 
MAT-P were determined as 13 [34], 48, 1, 4, 40, and 833 m2/g, 
respectively, by the Brunauer-Emmett-Teller (BET) method at an acti
vation temperatures of 100 ◦C. 

Moreover, the impacts of three environmental factors, including pH 
(2, 5, 7, 9, and 12), natural organic matter (NOM) (0, 2, 5, 10, 20, 50, 
and 100.mg/L humic acid), and ionic strength (0, 5, 10, 50, 100, and 
200.mM NaCl) were evaluated on the adsorption of PFAS by both un
modified and modified clays with an initial concentration of 100.µg/L 
for each PFAS mentioned above. The adsorption duration was 4.h. 

2.4. Isotherm modeling 

The adsorption isotherms of the magnetic modified clay were eval
uated using the PFAS mixture consisting of the nine PFAAs, GenX, 6:2 
FTSA, and N-EtFOSAA. PFAS solutions were prepared at five concen
trations, i.e., 10, 20, 50, 200, and 600.µg/L for each PFAS, in snowmelt 
without pH adjustment to simulate the natural environment of storm
water, in which the adsorption process of PFAS by MMC in stormwater 
was expected to be predicted by the obtained isotherm models. The dose 
of MMC was 100.mg/L. Samples were collected for PFAS analysis 
initially and at 48.h when the adsorption process reached equilibrium. 
Three commonly used isotherm models, i.e., Langmuir, Freundlich, and 
Sips, were applied to fit the adsorption data, as shown in Eqs. (1) - (3), 
respectively: 

Langmuir : qe = qmKLCe
/

(1 + KLCe) (1)  

Freundlich : qe = KFC1/m
e (2)  

Sips : qe = qm(KSCe)
1/n

/
(1 + (KSCe)

1/n
) (3)  

where qe and qm (mg/g) represent the equilibrated adsorbate amount 
and the theoretical adsorption capacity, respectively; Ce (μg/L) denotes 
the equilibrated adsorbate concentration in the aqueous phase; KL (L/ 
μg), KF (mg⋅L1/m/(g⋅μg1/m)), and KS (L/μg) are Langmuir, Freundlich, 
and Sips isotherm constants, respectively; m is a dimensionless coeffi
cient characterizing the favorability of the adsorption process; and n is a 
dimensionless parameter qualitatively accounting for the heterogeneity 
of the adsorbate-sorbent system. 

2.5. Regeneration and reuse 

In the regeneration step, 5 mL of methanol with 0.1 M NH4OH was 
added to the spent MC. The mixture was vortexed for 30 s, sonicated at 
35 ◦C for 30 min, and centrifuged at 4500 rpm for 10 min. The super
natant was then collected. The above extraction steps were repeated 
twice, and the extract for each round was 5 mL. The residual solids were 
rinsed using DI water thrice and dried at 90 ◦C overnight. The solids 
generated from the recovery step were mixed and reacted with a CTAC 
solution because of the loss of CTAC in the extraction steps, rinsed with 
DI water, and dried in an oven, as detailed above. The regenerated 
adsorbent was then used to remove a PFAS mixture according to the 
aforementioned steps to investigate its reusability performance. 

2.6. Characterization of adsorbents 

The Fourier transform infrared spectroscopy (FTIR; PerkinElmer 
Spectrum 100, Waltham, MA, USA) was used to analyze the functional 
groups in the adsorbent samples both before and after PFAS adsorption. 
The spectral data were collected within the 4000–650 cm−1 spectral 
region, with a resolution of 1 cm−1. To understand adsorbents’ surface 
morphology and elemental composition, a scanning electron microscope 
(SEM; Zeiss LEO 1550, Oberkochen, Germany) equipped with energy 
dispersive X-ray spectroscopy (EDS; Bruker Quantax XFlash 6, Billerica, 
MA, USA) was used. The spent MMC samples for FTIR and SEM-EDS 
analyses were generated following the adsorption of the 12 aforemen
tioned PFAS at a concentration of 2 mg/L, each with an adsorbent dose 
of 500 mg/L for 48 h. The crystal structure of the samples was examined 
using a powder X-ray diffractometer (XRD; Rigaku MiniFlex 6 G, Rigaku 
Corporation, Tokyo, Japan). The particle size distribution and zeta po
tential were quantified using a Malvern Zetasizer Nano-ZS analyzer 
(Malvern Panalytical Ltd, Malvern, UK) at a neutral pH and room 
temperature. 

2.7. Chemical analysis 

PFAS in the melted snow were quantified following EPA Method 
537.1. Briefly, a surrogate of 30 µL (30 ng, 1 mg/L) 13C-per
fluorohexanoic acid (PFHxA) was spiked to each sample of 400 mL. The 
spiked sample was then loaded into a Hypersep C18 cartridge condi
tioned by methanol and DI water. Following elution of the PFAS retained 
on the C18 cartridges and before measurement, the samples were sup
plemented with 13C-PFOS and 13C-PFOA as internal standards. Quanti
fication of the target PFAS in the prepared samples was performed using 
the Agilent LC-MS/MS. Supernatant samples derived from the adsorp
tion tests were subject to a similar analysis, except that the solid phase 
extraction (SPE) step was eliminated. Details on PFAS measurements 
using the LC-MS/MS were reported in the prior reports [13,16,51–53] 
and presented in Text S1 and Tables S5 and S6. 
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The anions in the snowmelt were analyzed using a 930 Compact IC 
Flex instrument (Metrohm, Herisau, Switzerland) equipped with a 
conductivity detector. Anions were separated using a Metrosep SUPP 5 
column (Metrohm). The elution process included the use of a 1:1 com
bination of 1.8 mM Na2CO3 and 1.7 mM NaHCO3 as the eluent, with a 
flow rate of 0.7 mL/min. Subsequently, a solution of H2SO4 with a 
concentration of 0.05 M was used as a regenerating agent to mitigate the 
conductivity. A standard mixture (Thermo Fisher Scientific Inc., USA) 
consisting of six anions, including Cl−, F−, Br−, SO4

2−, NO3
−, and PO4

3−

was employed to build calibration curves in the range of 1–500 µg/L. 
Total nitrogen (TN) was analyzed using a TNT 828 kit on a Hach spec
trophotometer (DR 3900, Loveland, CO, USA). Total organic carbon 
(TOC) was determined by a Shimadzu TOC-L analyzer (Columbia, MD, 
USA). 

3. Results and discussion 

3.1. Comparison of PFAS adsorption performance in pure water between 
modified clay and commercial clay-based adsorbents 

To compare the adsorption performance of MC with those of 
commercially available clay-based adsorbents, namely FS, FS-F, MAT, 
and MAT-P, PFAS concentrations in the subsamples collected at 1, 4, 8, 
and 48 h were measured, and PFAS’ removal efficiencies were calcu
lated as shown in Fig. 1. The main observation is that MC had excellent 
adsorption performance in terms of adsorption rate, i.e., almost 100% 
removal within 1 h for all 12 PFAS. No desorption occurred for MC, at 

least in the studied time interval of 1–48 h, confirming the strong 
binding of MC with all target PFAS compounds. In contrast, in addition 
to the low adsorption rate of the commercial clay adsorbents, desorption 
of some PFAS from all four commercial adsorbents occurred as time 
increased (Fig. 1). For instance, FS showed desorption for PFDA, per
fluoroundecanoic acid (PFUnA), PFOS, 6:2 FTSA, and N-EtFOSAA. The 
enhanced adsorption performance of MC compared to commercial ad
sorbents may be attributed to a combination of factors, including the 
unique two-step process with pretreatment of Mt and the specific use of 
CTAC at an optimal CTAC/CEC ratio of 0.85 for modification. The pri
mary objective of the pretreatment process of Mt with a Na2CO3 solution 
was to remove impurities and replace the dominant exchangeable metal 
ions, such as Al3+, Fe3+, and Ca2+ [54], with Na+. The Na-Mt was 
produced in this process with predominant exchangeable metal ions in 
the form of Na+. The rationale behind this process lies in the ease with 
which Na+ ions on the Na-Mt can be exchanged with the target inter
calatant, i.e., CTA+. The pretreatment served as a purification step, 
minimizing the interference of unwanted metal ions and enhancing the 
selectivity of the clay for CTA+. 

3.2. Impacts of environmental factors on adsorption of PFAS by modified 
clay 

For this purpose, PFAS each at 100 µg/L was tested given the 
consideration that no impact by different environmental factors may be 
captured if the concentration of each PFAS was 10 µg/L as shown in 
Fig. 1. 

Fig. 1. . Adsorption performance comparison among modified clay and commercially available clay-based adsorbents for PFAS at different contact times (1, 4, 8, and 
48 h). The initial concentration of each tested PFAS was 10 µg/L, and the dose of each adsorbent was 100 mg/L. The solution pH was unadjusted (~5.5). Error bars 
represent the standard deviations of triplicate measurements. 
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3.2.1. pH effect 
The impact of varying pH levels (2, 5, 7, 9, and 12) on the adsorption 

of PFAS by both unmodified clay and MC was explored. As shown in  
Fig. 2a and b, both clays displayed pH sensitivity in their adsorption 
behavior. The unmodified clay exhibited limited adsorption capabilities 
for all examined PFAS, suggesting that the clay’s intrinsic properties 
alone were not sufficient to effectively remove PFAS from aqueous so
lutions [34]. As pH changed, removal efficiencies remained low for most 
PFAS. In contrast, the modification of clay significantly enhanced its 
adsorption capacity for PFAS across all pH levels. Notably, at pH of 2 and 
5, MC achieved nearly complete removal for most PFAS. As pH 
increased, the removal efficiency showed a decreasing trend in general. 
This can be attributed to: 1) competition from anions. At pH of 9, the 
concentration of OH− was 0.01 mM. The molar concentration of PFAS at 
100 µg/L was much lower. In the case of PFOS, it was 0.0002 mM, 50 
times lower than that of OH−; and 2) the reduced surface charges of MC 
as pH increased [34]. In particular, the surface of MC became negatively 
charged as the pH rose to 10. The less positive and even negative surface 
charges of MC at high pH levels could significantly reduce the adsorp
tion of tested PFAS due to their negative charges. Previous studies have 
also shown that more positive surface charges of adsorbents were 
beneficial for PFAS adsorption [34,55,56]. The results also showed that 
the impacts of pH on PFAS adsorption were dependent on the chain 

length of PFAS, exhibiting a more significant impact on short-chain 
PFAS. Especially, as pH increased, removal efficiencies for short-chain 
PFAS, including PFHxA, perfluoroheptanoic acid (PFHpA), PFBS, and 
GenX, were dramatically reduced, while the impacts were slight for the 
adsorption of long-chain PFAS, such as perfluorononanoic acid (PFNA), 
perfluorodecanoic acid (PFDA), PFOS, and N-EtFOSAA. 

3.2.2. Ionic strength effect 
The influence of ionic strength on PFAS adsorption by both un

modified clay and MC was also investigated at varying NaCl levels 
(Fig. 2c and d). The ionic strength exhibited a generally negative effect 
on the adsorption of PFAS by both clays. For the unmodified clay, as the 
ionic strength increased, removal efficiencies of all PFAS decreased, 
even resulting in nearly no removal for some PFAS, such as PFOS and 
PFDA. This indicated the highly negative impact of ionic strength on the 
adsorption performance of unmodified clay for all PFAS, regardless of 
their chain lengths and functional groups. Conversely, the increasing 
ionic strength only affected the adsorption of short-chain PFAS, i.e., 
PFHxA, PFHpA, PFBS, and GenX for the modified clay. For the long- 
chain PFAS, no obvious impacts were observed. This resilience to 
ionic strength fluctuations underscored the potential of MC as a robust 
solution for efficient PFAS removal under diverse environmental con
ditions, with implications for practical remediation strategies. 

Fig. 2. Effects of environmental factors on adsorption of PFAS by unmodified and modified clays. The initial concentration of each tested PFAS was 100 µg/L, and the 
dose of each adsorbent was 100 mg/L. The solution pH was unadjusted (~5) in c-f. The adsorption duration was 4 h. Error bars represent the standard deviations of 
triplicate measurements. 

T. Jiang et al.                                                                                                                                                                                                                                    



Journal of Hazardous Materials 471 (2024) 134390

6

3.2.3. Natural organic matter effect 
NOM, represented by humic acid, showed an evident impact on the 

PFAS adsorption performance of both unmodified clay and MC (Fig. 2e 
and f). This phenomenon was more pronounced for the unmodified clay, 
where increasing humic acid generally led to reduced removal effi
ciencies for all PFAS, except N-EtFOSAA, suggesting competition be
tween humic acid and PFAS for adsorption sites on the unmodified clay 
surface. MC consistently demonstrated good adsorption performance 
across all tested humic acid doses. Even in the presence of high NOM 
levels, the MC maintained nearly complete removal of all long-chain 
PFAS. This suggested that the clay modification process enhanced its 
affinity for PFAS, allowing it to effectively compete with humic acid for 
adsorption sites. This finding suggested that the MC held promise for 
effective PFAS remediation in natural waters where NOM is commonly 
present. 

3.3. Regeneration and reuse of modified clay 

Despite the widespread use of adsorption processes for PFAS 
removal, one of their full-scale application’s main drawbacks is the 
difficulty of regenerating the spent materials when their adsorption 
capacity has been exhausted. Regeneration must allow the nearly 

complete removal of adsorbed PFAS to restore the adsorption capacity of 
the spent materials through technologies that have economic viability 
and environmental security [57]. For this purpose, this study conducted 
three rounds of extraction by basic methanol (0.1 M NH4OH) at room 
temperature. As shown in Fig. 3a, all adsorbed PFAS were recovered 
after three rounds of extraction with the first round recovering the 
majority. The regenerated MC was found to have similar adsorption 
performance as the original MC (Fig. 3b). Thus, the MC can be regen
erated and reused repeatedly. 

3.4. Adsorption of PFAS by magnetic modified clay in pure water 

Although MC has excellent and super-fast adsorption performance 
for all target PFAS, its powder form brings an issue of separation when it 
is used in suspension. To facilitate the separation of MC from water, 
MMC was synthesized by adding the magnetic property. Fig. 4a and 
Video S2 showed that MMC can be separated fast and easily in water by 
a magnetic bar. The adsorption of a mixture of 12 PFAS by MMC was 
tested in pure water. As shown in Fig. 4b, at an initial individual con
centration of 10 µg/L, the adsorption of all PFAS reached a high removal 
efficiency (> 89%) within 1 h. Specifically, for the four short-chain 
PFAS, i.e., PFHxA, PFHpA, PFBS, and GenX, removal efficiencies 

Fig. 3. (a) Recovery of MC and (b) Reuse MC for PFAS adsorption. The initial concentration of each tested PFAS was 10 µg/L, and the dose of adsorbent was 100 mg/ 
L. The solution pH was unadjusted (~5.5). Error bars represent the standard deviations of triplicate measurements. The numbers above the error bars are the residual 
concentrations in ng/L. The absence of a number indicates a residual concentration lower than the limit of detection for each PFAS shown in Tables S5 and S6. 
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ranged from 89.4% to 97.0% within 1 h and kept rising to nearly 100% 
as the contact time increased to 48 h. In comparison, for the six long- 
chain PFCAs (C8-C11) and PFSAs (C7-C8), as well as 6:2 FTSA and N- 
EtFOSAA, saturated adsorption was attained with almost 100% removal 
efficiency within the initial hour and no desorption was observed during 
the exposure duration of 48 h. These findings underscored the excellent 
adsorption performance of MMC for both short- and long-chain PFAS. 
Additionally, in comparison with previously documented magnetic 

PFAS adsorbents, the MMC exhibited comparable or better performance 
for PFAS adsorption, as shown in Table 1. This suggested that MMC 
could serve as a highly effective adsorbent for PFAS in water. 

3.5. Characterization of magnetic modified clay 

3.5.1. Morphological and physicochemical properties 
SEM-EDS was utilized to examine the morphology and elemental 

Fig. 4. (a) Photograph of MMC dispersion (left) and after magnetic separation for 30 s (right). (b) Adsorption performance of PFAS by MMC in pure water. The initial 
concentration of each tested PFAS was 10 µg/L, and the dose of adsorbent was 100 mg/L. The solution pH was unadjusted (~5.5). Error bars represent the standard 
deviations of triplicate measurements. The numbers above the error bars are the residual concentrations in ng/L. The absence of a number indicates a residual 
concentration lower than the limit of detection for each PFAS shown in Tables S5 and S6. 

Table 1 
Adsorption performance of the synthesized MmC in the present study with the magnetic PFAS adsorbents reported in the literature.  

Adsorbent Adsorbent 
dose 

Contact 
time (h) 

Initial concentration 
of each PFAS 

Tested PFAS and removal (%) Reference 

Magnetic ion-exchange 
resina 

4 mL/L  2 300 ng/L PFBA: ~20, PFPeA: ~25, PFHxA: ~44, PFHpA: ~62, PFOA: ~67, PFDA: 
~90, PFBS: ~78, PFOS: ~90, PFOS branched: ~91 

Park et al.,[58] 

Magnetic fluorinated 
polymera 

500 mg/L  24 100 µg/L PFBA: ~82, PFPeA: ~97, PFHxA: ~99, PFHpA: ~100, PFOA: ~100, 
PFNA: ~99, PFDA: ~99, PFBS: ~100, PFHxS: ~99, PFOS: ~99, GenX: 
~99 

Tan et al.,[59] 

Fe3O4-cyclodextrin-ionic 
liquid magnetic 
nanoparticles 

50 mg/L  24 50 µg/L PFOA: 93, PFOS: 99 Badruddoza 
et al.,[60] 

MMCb 100 mg/L  48 10 µg/L PFHxA: 97.84 ± 1.21, PFHpA: 99.66 ± 0.11, PFOA: ~100, PFNA: 
~100, PFDA: ~100, PFUnA: ~100, PFBS: 97.84 ± 0.51, PFHxS: ~100, 
PFOS: ~100, GenX: 97.87 ± 1.11, 6:2 FTSA: ~100, N-EtFOSAA: ~100 

This study 

Note: a: the PFAS removal (%) values were estimated from the figures in the references. b: the PFAS removal (%) values are average ± SD (standard deviation). 
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composition of the MMC before and after PFAS adsorption. The 
adsorption was performed for 12 PFAS each at 2 mg/L with an MMC 
dose of 500 mg/L for 48 h. As shown in Fig. 5a and b, before adsorption, 
sizable particles were agglomerated and possessed irregular shapes. The 
EDS analysis indicated that oxygen (O), iron (Fe), silicon (Si), and 
aluminum (Al) were the predominant elements, constituting more than 
90% of the overall elemental compositions. These findings aligned with 
previous research [61,62] regarding the structural formula of Mt. 

Following the adsorption process, the adsorbent surface became 
heterogeneous because of the hydraulic forces during the agitation and 
showed the presence of mineral and crystalline phases. The metallic 
elements Fe, Al, and Ti were present on the surface of the MMC, as seen 
in Fig. 5c and d. The presence of empty spaces inside the interparticle 
cavities among the smaller particles resulted in the formation of mac
roporous structures in the larger aggregated clay particles. These 
structures are believed to have a notable impact on the adsorption of 
PFAS by promoting the movement of the adsorbate through the cavities. 
Besides, the principal elements exhibited minor fluctuations due to the 
exchange of ions between PFAS compounds and water molecules coor
dinated with Fe [63]. Moreover, the existence of PFAS on the MMC can 
be seen based on the EDS spectrum, which identified the presence of 
fluorine (F) (3.99%) originating from the adsorbed PFAS, as shown in 
Fig. 5c and d. 

The surface of MC was positively charged [34], and the zeta potential 
of MMC was determined to be 11.13 mV. This observation suggested 
that the process of magnetic modification did not compromise the 
positively charged property of the adsorbent surface, which was 

beneficial for PFAS adsorption. Furthermore, it was observed that the 
particle size underwent a reduction after the magnetic modification 
process, with values of 5.40 ± 0.83 µm for MC and 3.59 ± 0.21 µm for 
MMC. In general, the physicochemical features of MMC indicated its 
suitability for use in environmental matrices where PFAS are often found 
to possess a negative charge. Previous research has also shown that 
adsorbents with a greater positive charge and smaller particle size have 
a greater affinity for adsorbing PFAS [55,56]. 

3.5.2. FTIR 
The functional groups of the pristine and spent MMC were investi

gated using FTIR. As shown in Fig. 6a, the FTIR spectra of MMC showed 
a minute band at 3391 cm−1 associated with the stretching vibration of 
the O-H (adsorbed water) in the CTAC and clay layer, while the bending 
vibrations of O-H were observed at 1644 cm−1 [64]. The strong 
stretching vibrations of Si-O functional groups of the MC in MMC 
appeared at 1019 cm−1 [65]. Next, the minute FTIR bands at 
580–560 cm−1 were attributed mainly to the stretching vibrations of 
Fe-O and are typical of magnetite [66,67]. The main observations in the 
FTIR spectra of PFAS-laden MMC were: 1) FTIR bands of MMC reap
peared with altered signals, and a few new bands appeared due to PFAS 
adsorption; 2) The stretching vibration of Fe-O almost disappeared after 
PFAS adsorption due to the interactions between Fe3+ and anionic head 
groups such as COO− and SO3

− of PFAS; 3) The FTIR band intensity in the 
stretching vibration of C-H hydrophobic segment of MMC at 2925 cm−1 

was affected slightly suggesting the minor hydrophobic interactions 
between MMC and PFAS molecules; 4) The new FTIR bands at 1365 and 

Fig. 5. Morphological and compositional analyses of MMC before adsorption (a, b) and after adsorption (c, d) by SEM-EDS. Elemental compositions are shown with 
normalized concentrations (wt%) and standard deviations (SD). 
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1216 cm−1 corresponded to the stretching vibrations of -CF2- and -CF3 
groups from organic fluorine [22,68], indicating the strong interactions 
of the PFAS compounds with MMC. 

3.5.3. XRD 
XRD analysis of the MC and MMC is illustrated in Fig. 6b. In the XRD 

pattern of MC, the main characteristic reflection peak of the montmo
rillonite crystalline structure was observed at 2θ = 8.87◦, corresponding 
to the inter-layer spacing (d) of 0.99 nm [69]. The same characteristic 
peak also appeared in the magnetite loaded MC (MMC) at 2θ = 8.95◦ (d 
= 0.98 nm). The interlayer space at 2θ = 9◦ was not affected by the 
magnetic particles. Several other XRD peaks attributed to different im
purities were detected in the MC and MMC diffractogram, which can be 
omitted. 

3.6. Adsorption of PFAS by magnetic modified clay in snowmelt 

To assess the efficacy of MMC more precisely in practical scenarios, 
experiments were conducted to evaluate its adsorption of PFAS in 
snowmelt. The findings indicated that a rapid adsorption process 
occurred during the first hour of contact time, as seen in Fig. 7. At the 
starting concentrations of 1 and 5 µg/L, the adsorption process reached 
its maximum within 1 h with removal efficiencies for all PFAS between 
90% and 100% (Fig. 7). With an initial concentration of 10 µg/L for each 
PFAS, the effect of carbon chain length on adsorption was observed. 
Notably, PFAS with longer carbon chains exhibited higher removal than 
their short-chain counterparts, which aligned with the results reported 
previously [70]. 

In snowmelt, the short-chain PFAS, including PFHxA, PFBS, and 
GenX, exhibited incomplete adsorption in 8 h and had removal effi
ciencies varying between 84% and 96%. The adsorption performance of 
the material was slightly lower than that in pure water, as seen in Fig. 4, 
with a range of 89.4% to 97%. This observation implied that the pres
ence of chemicals in snowmelt has a negative effect on the performance 
of the adsorbents. The chemical analysis of snowmelt indicated the 
presence of two types of anions, namely bromide at 64.43 ± 0.72 µg/L 
and phosphate at 17.72 ± 1.28 µg/L (Table S3). Besides, the studied 
snowmelt contained a higher content of TN (0.10 ± 0.10 mg/L) and 
TOC (31.34 ± 2.28 mg/L) compared to other types of precipitation, 
such as rainwater and stormwater [71,72]. The TOC, in particular, is 
much higher than the global mean content of TOC in lake water at 
5.578 mg/L [73]. Anions and TOC are known to compete for the 
adsorption sites with PFAS and negatively impact the effectiveness of 
adsorption [56,57]. Our findings, thus, exhibited a significant correla
tion with prior studies that have shown a reduced efficacy in the removal 
of PFAS in natural water [74,75]. Given the small decrease in removal 
efficiency of MMC for PFAS in snowmelt, the MMC reported in this study 

has great potential in capturing PFAS in aquatic environments. 
A comparative analysis was conducted to assess the adsorption effi

ciency of MMC in snowmelt, in parallel with PAC (REMPAC from Calgon 
Carbon), which is a commonly used commercial adsorbent in practical 
applications. According to Fig. 7, PAC exhibited lower adsorption per
formance than MMC for all PFAS at the lower concentration level (1 
ppb) in terms of both adsorption rate and efficiency during the 8-h 
contact period, while their performance was comparable at the higher 
concentration levels (5 and 10 ppb). Therefore, MMC would be a better 
option compared to PAC for removing PFAS in snowmelt, at least in 
suspension systems. Compared to other adsorbents, MMC was also 
proven superior in terms of PFAS removal from natural precipitation 
medium (Table 2). 

3.7. Isotherms of PFAS adsorption by magnetic modified clay 

To establish isotherm models of Langmuir, Freundlich, and Sips, the 
total qe and Ce values for all PFAS were calculated and applied, due to 
the low individual PFAS Ce values that were near or below the detection 
limit for lower concentration levels and long-chain PFAS, as well as the 
similar adsorption mechanism probably shared among all tested PFAS 
[34]. The Langmuir model accounts for dynamic adsorption-desorption 
equilibrium, the Freundlich model describes adsorption processes on 
heterogeneous surfaces, and the Sips model integrates both isotherms to 
predict adsorption in heterogeneous systems [61]. As depicted in Fig. 8, 
the Langmuir model demonstrated a good fit to the experimental 
adsorption data in the high concentration range and the Sips isotherm 
exhibited strong fits in the low range, while the Freundlich model 
accurately captured the entire range of data with the highest coefficient 
of determination (R2) (Table 3). The best fitting of the adsorption data to 
Freundlich isotherm suggested that hydrophobic interactions might be 
the dominant adsorption mechanism at both low and high concentra
tions, due to the strong association of Freundlich isotherm with hydro
phobic interactions [78]. This adsorption mechanism was different from 
that of MC, for which hydrophobic interactions and electrostatic in
teractions were probably governing mechanisms at low and high con
centrations, respectively [34]. This discrepancy was supported by the 
relatively lower positive surface charge of MMC than MC. 

4. Conclusions 

This study systematically examined the adsorption performance of 
MC for a diverse mixture of PFAS, demonstrating that MC exhibited 
exceptional adsorption capabilities, achieving nearly complete removal 
of PFAS within one hour. Importantly, MC maintained a relatively high 
adsorption performance, especially for long-chain PFAS, under various 
environmental conditions, including changes in pH, ionic strength, and 

Fig. 6. (a) FTIR spectra of pristine and spent MMC; (b) XRD pattern of pristine MC and pristine MMC.  
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Fig. 7. Adsorption of PFAS spiked in snowmelt by MMC and PAC. The spiked concentrations were 1, 5, or 10 µg/L for each PFAS. The removal efficiencies were 
calculated based on the measured concentrations which might be slightly different from the spiked ones. The dose of each adsorbent was 100 mg/L. The solution pH 
was unadjusted. Error bars represent the standard deviations of triplicate measurements. The numbers above the error bars are the residual concentrations in ng/L. 
The absence of a number indicates a residual concentration lower than the limit of detection for each PFAS shown in Tables S5 and S6. 
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the presence of natural organic matter. This robustness positioned MC as 
a reliable solution for PFAS removal across different water sources and 
conditions. Furthermore, the regenerability and reusability of MC make 
it even more attractive as a cost-effective and environmentally friendly 
PFAS adsorbent. 

To enable fast and complete separation of MC from water, magnetic 

Table 2 
Comparison of adsorption performance of MMC in the removal of PFAS in precipitation with reported data.  

Adsorbent/Filter Medium Adsorbent dose (mg/L) Contact 
time (h) 

Initial concentration 
of each PFAS (µg/L) 

Tested PFAS and removal (%) Reference 

Biochar Basica Stormwater 40 24 1 PFOA: 6.5 ± 14.7, PFHxS: 4.8 ± 14, 
PFOS: 1.8 ± 19.2 

Parker et al., 
[74] 

EarthLitea PFOA: 28 ± 17, PFHxS: 27 ± 4.4, PFOS: 
55 ± 20 

Calgon F400a PFOA: 28 ± 5, PFHxS: 81 ± 17, PFOS: 64 
± 3 

RemBinda PFOA: 95 ± 3, PFHxS: 84 ± 7, PFOS: 91 
± 4 

Poly(diallyldimethylammonium) 
chloride (PDADMAC)-clayb 

Stormwater 500 24 5 PFOA: ~99, PFOS: ~90 Ray et al., 
[76] 50 PFOA: ~97, PFOS: ~99 

500 PFOA: ~95, PFOS: ~99 
Poly(4-vinylpyridine-co-styrene)- 

clayb 
5 PFOA: ~99, PFOS: ~96 
50 PFOA: ~97, PFOS: ~99 
500 PFOA: ~90, PFOS: ~99 

Biocharb 5 PFOA: ~99, PFOS: ~90 
50 PFOA: ~99, PFOS: ~99 
500 PFOA: ~99, PFOS: ~99 

Biofilter with PDADMACb Stormwater 10,000 mg/L 
PDADMAC was 
injected to biofilter at 
2 mL/min 

- 500 PFBA: ~90, PFHxA: ~90, PFOA: ~100, 
PFDA: ~98 

Borthakur 
et al.,[77] 

PACc Snowmelt 100 8 1 PFHxA: 76.19 ± 11.95, PFHpA: 87.79 
± 6.52, PFOA: 95.09 ± 4.73, PFBS: 80.43 
± 12.09, PFHxS: 94.03 ± 4.55, PFOS: 
94.88 ± 0.71, GenX: 68.48 ± 14.19 

This study 

5 PFHxA: 97.78 ± 1.01, PFHpA: 98.97 
± 0.93, PFOA: 99.90 ± 0.17, PFBS: 97.31 
± 1.20, PFHxS: 99.74 ± 0.38, PFOS: 
99.70 ± 0.20, GenX: 96.86 ± 1.26 

10 PFHxA: 99.82 ± 0.31, PFHpA: 99.90 
± 0.16, PFOA: ~100, PFBS: 99.81 ± 0.33, 
PFHxS: 99.96 ± 0.07, PFOS: ~100, GenX: 
99.61 ± 0.66 

MMCc 1 PFHxA: 89.02 ± 5.35, PFHpA: 95.73 
± 3.73, PFOA: ~100, PFBS: 95.43 ± 2.53, 
PFHxS: 97.26 ± 4.73, PFOS: ~100, GenX: 
86.67 ± 5.01 

5 PFHxA: 95.63 ± 1.01, PFHpA: 98.74 
± 0.25, PFOA: ~100, PFBS: 98.52 ± 0.75, 
PFHxS: ~100, PFOS: ~100, GenX: 95.95 
± 0.95 

10 PFHxA: 89.20 ± 5.03, PFHpA: 98.25 
± 0.86, PFOA: 99.40 ± 1.02, PFBS: 94.01 
± 3.42, PFHxS: 99.30 ± 0.60, PFOS: 
~100, GenX: 88.72 ± 5.87 

Note: a: the PFAS removal (%) values are average ± 95 CI (confidence interval). b: the PFAS removal (%) values were estimated from the figures in the references. c: 
the PFAS removal (%) values are average ± SD. 

Fig. 8. Isotherms of Langmuir, Freundlich, and Sips models for the adsorption 
of total PFAS by the magnetic modified clay. Experimental data represent the 
average values obtained from triplicate measurements. 

Table 3 
Parameters and values obtained from adsorption isotherm models of Langmuir, 
Freundlich, and Sips for PFAS adsorption by the magnetic modified clay.  

Model Parameter Value 

Langmuir R2 0.9771 
KL (L/μg) 1.79 × 10−3 

qm (mg/g) 36.41 
Freundlich R2 0.9965 

KF (mg⋅L1/m/(g⋅μg1/m)) 2.92 
m 3.51 

Sips R2 0.9953 
KS (L/μg) 1.30 × 10−10 

qm (mg/g) 4619.28 
n 2.91  
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properties were added to MC, and thus, a new type of adsorbent, MMC, 
was formed. This study highlighted the potential of MMC in removing 
PFAS in pure water and snowmelt and demonstrated its superiority to 
PAC in terms of adsorption efficiency and kinetics. Further research and 
field testing are warranted to validate the feasibility of using MMC- 
based systems for removing PFAS in other water matrices at an indus
trial scale. 

Environmental implication 

Per- and polyfluoroalkyl substances (PFAS) are a class of pollutants 
that exhibit persistence, bioaccumulation, and widespread distribution, 
posing significant risks to human and environmental well-being. This 
research assessed the efficacy of removing PFAS from aquatic environ
ments. Specifically, the study investigated the adsorption capabilities of 
a magnetic modified clay material, which has not been previously 
explored in existing literature. Significantly, it was observed that the 
prepared adsorbent exhibited superior sorption capabilities for PFAS in 
snowmelt compared to a commercially available adsorbent, namely 
powdered activated carbon. This finding eventually presents a prom
ising prospect for environmental sustainability. 
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