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Magnetic amino-functionalized graphene oxide
nanocomposite for PFAS removal from waterf

*

Shokouh Mahpishanian, Muchu Zhou ') and Reza Foudazi

The "forever chemicals”, per- and polyfluoroalkyl substances (PFAS), have become a threat to public health
and environment because of their toxicity and bioaccumulation. Addressing this critical issue, we develop
a state-of-the-art nanocomposite adsorbent by covalently grafting amine functional groups onto graphene
oxide (GO) surfaces and making them magnetic with iron-oxide (FezO,4) nanoparticles. This process results
in the creation of magnetic amine-functionalized graphene oxide (MAGO). The efficiency of MAGO is
evaluated in the adsorptive removal of perfluorooctanoic acid (PFOA), perfluorooctane sulfonate (PFOS),
perfluorohexane sulfonate (PFHxS), and perfluorobutane sulfonate (PFBS) as model long-chain and
short-chain PFAS under different experimental conditions. Our findings reveal that MAGO achieves
remarkable removal rates—exceeding 95% for long-chain PFAS and 85% for short-chain PFAS within just
30 minutes—demonstrating not only rapid kinetics but also a resilience across pH levels from 4 to 7.
These results are indicative of the synergistic effects of GO and amine groups, harnessing both
electrostatic and hydrophobic interactions to adsorb PFAS molecules. MAGO not only shows potent
pollutant removal but also has impressive regeneration capabilities. Moreover, we demonstrate a novel
liquid phase extraction method for PFAS detection, utilizing a colored methylene blue-PFAS complex for

rsc.li/esadvances spectrophotometric analysis.

Environmental significance

Per- and polyfluoroalkyl substances (PFAS), commonly referred to as “forever chemicals,” pose a significant threat to public health and the environment due to
their persistent nature, toxicity, and ability to bioaccumulate. Our development of a cutting-edge nanocomposite adsorbent, magnetic amine-functionalized

graphene oxide (MAGO), addresses this critical environmental issue by offering an effective and rapid method for PFAS removal from contaminated water
sources. MAGO's high removal efficiencies—over 95% for long-chain PFAS and 85% for short-chain PFAS—highlight its potential as a robust solution for

mitigating PFAS pollution. The nanocomposite's stability across various pH levels and its regenerative capabilities further enhance its practical application in
diverse environmental settings. Additionally, our innovative liquid phase extraction method for PFAS detection simplifies and improves the accuracy of

monitoring these pollutants. Overall, this research contributes significantly to the development of sustainable technologies for environmental remediation and

public health.

1. Introduction

The increasing utilization of chemicals threatens both human
health and the environment, and it presents an obstacle to
meeting the growing need for clean drinking water supplies.*
Per- and polyfluoroalkyl substances (PFAS) consist of a family of
highly stable, man-made chemicals featuring a carbon—fluorine
backbone, typically including carboxylate or sulfonate head-
groups. PFAS have found applications across various industries,
including fire-fighting foams, non-stick cookware, and semi-
conductors owing to their unique physicochemical properties,
i.e., possessing high chemical and thermal stability and
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reducing surface tension.>”® However, the global issue of PFAS
contamination arises from their persistent discharge into the
environment, leading to the contamination of surface and
groundwater. In the United States (U.S.), there are more than
2800 identified sites contaminated by PFAS,® and PFAS-polluted
drinking water affects over 200 million people.”®

Even minimal PFAS exposure (at the part per trillion
level, ng L") can lead to bioaccumulation in the body and
bloodstream, causing a variety of health problems such as
reproductive and pregnancy complications, immune system
suppression, cancer, and elevated cholesterol. PFAS has been
associated with immunotoxic effects, including reduced vaccine
efficacy and potentially exacerbated COVID-19 outcomes."** In
reaction to these health concerns, the U.S. Environmental
Protection Agency (EPA) set Maximum Contaminant Levels
(MCLs) for two common PFAS substances, perfluorooctanoic
acid (PFOA) and perfluorooctane sulfonic acid (PFOS), at

© 2024 The Author(s). Published by the Royal Society of Chemistry
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4 ng L', and Maximum Contaminant Level Goals (MCLGs) for
them at 0 ng L™ ".** This heightened regulatory focus on PFAS
underscores the need for advanced methods to treat and
remediate PFAS-contaminated water.

Various destructive and non-destructive techniques have
been used for PFAS removal. Most current destructive technol-
ogies, such as advanced oxidation processes, UV irradiation,
sonochemical degradation, and electrochemical degradation,
have proven to be ineffective for PFAS removal.**** Thermal
decomposition of PFAS at high temperatures (>500 °C) is energy
intensive and generates toxic degradation gases or short-chain
fluorinated by-products, which are more persistent than long-
chain PFAS.'*® Biological treatments are also ineffective since
PFAS are highly resistant to biodegradation due to microbial
inaccessibility of the carbon atoms on PFAS and their poor
electron-donating ability."*** Although reverse osmosis and
nanofiltration membranes can remove PFAS efficiently, they are
expensive for the environmentally occurring concentrations of
PFAS and suffer from fouling problems.***** Other conventional
treatments including coagulation, sedimentation, and floccu-
lation have also exhibited low remediation efficiency.***

Adsorption is one of the most practical and effective tech-
nologies for PFAS removal.>>**?*¢ PFAS adsorption is influenced
by electrostatic, hydrogen bonding, and hydrophobic interac-
tions,” depending on the adsorbent, the nature of the adsor-
bates, and the solution chemistry.””*® Hydrophobic interactions
are entropically driven. In other words, the orderly packed water
molecules around the hydrophobic parts (i.e., PFAS tail and
hydrophobic sorbent) are released back into the solution upon
PFAS adsorption.**® In addition, hemimicelles/micelles can be
formed at the surface of adsorbent when the PFAS concentra-
tion is much lower than their critical micelle concentration due
to strong hydrophobic interactions.”” Resins,* polymers,*
minerals,* and carbonaceous materials (i.e., activated carbon,
biochar, carbon nanotubes)***” are the most widely used
adsorbents for PFAS removal. However, these conventional
sorbents have critical deficiencies, such as non-selectivity, slow
adsorption kinetics, and low affinity toward short-chain PFAS.
Numerous efforts have been made to modify carbonaceous
adsorbents to enhance their adsorption capacity, selectivity
toward PFAS, and regeneration ability.*® For negatively charged
PFAS, they can effectively bind with adsorbates that have
a positive charge. Amine functional groups have shown superior
removal efficiencies for PFAS as they can create positively
charged active sites on the adsorbent surface.***°

Graphene oxide (GO), a two-dimensional carbonaceous
nanomaterial, has demonstrated significant potential for
contaminant removal.***” For instance, Zhao et al.** studied
PFOS removal by using GO in the presence of Mg>" because of
its ability to form a bridge between the GO and PFOS. The
adsorbent exhibited a high PFOS removal efficiency of 98%;
however, similar demonstrations for other PFAS are not avail-
able. In another study, the sorption of PFOA on GO and an iron
oxide-modified reduced-GO composite (FeG) was investigated.*®
FeG demonstrated a notably higher efficiency in removing PFOA
(>90%) compared to GO (60%), attributed to the additional
active sites of FeG and the benefit of employing multiple
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sorption mechanisms (combining mineral and C-phases). Pure
GO has a negatively charged surface that can repel negatively
charged PFOA. Sorption reached equilibrium within 3-4 h when
using FeG, in contrast to the minimum of 48 h required with
GO. Nevertheless, graphene-based adsorbents exhibit low
removal efficiencies for short-chain PFAS. Wang et al.** utilized
molecular dynamics simulation to study the adsorption of PFOA
onto the GO. Their finding showed that favorable adsorption
takes place when the O/C ratio at the GO surface is 16.7%. In Ali
et al.'s work,” water-dispersible hybrid capsules, which were
prepared from oil-in-water emulsions stabilized by GO and an
outer layer of amino-functionalized mesoporous silicate, were
used to adsorb PFOA from water. They reported an adsorption
capacity of >60 mg g~ dependent on pH and PFOA concen-
tration. However, the experiments indicated slow removal
kinetics since the capsules needed 2-3 days to reach
a maximum removal of >99.9%. Tunioli et al.** incorporated B-
cyclodextrin onto the GO to improve the PFAS removal efficiency
from water. Their work demonstrated that by using f-
cyclodextrin-modified GO, the removal efficiency of PFAS was
enhanced; for example, <20% for adsorbing PFOS by using GO
compared to >90% by using p-cyclodextrin-modified GO.
Moreover, surfactants can be used to modify the surface of GO
to enhance PFAS removal efficiency. Pervez et al.'s work®
showed that the surface modification of GO by using cetyl-
trimethylammonium chloride (CTAC) surfactant effectively
increased the PFAS adsorption efficiency due to a highly positive
surface charge of the CTAC-GO adsorbents.

Measuring PFAS concentrations poses a challenge due to the
complexity of the compounds. Several analytical techniques
have been employed such as liquid chromatography-mass
spectrometry (LC-MS),***® gas chromatography-mass spec-
trometry (GC-MS),”>** and fluorine-19 nuclear magnetic reso-
nance spectroscopy (‘°F NMR).>>** Although these methods
provide a low detection limit and can measure multiple PFAS
simultaneously, operators with specialized skills are needed to
perform the tests. Also, the analytes and analysis are expensive.
Therefore, developing simpler and more cost-effective methods
that are widely available is required. The Methylene Blue active
substances (MBAS) assay is a non-specific method to determine
the concentration of total anionic surfactants (AS) in water
samples.***® This method is based on the formation of ion-pairs
between anionic surfactants and the cationic methylene blue
(MB) dye, which are then extracted into an organic solvent
(chloroform) and spectrophotometrically measured.*® None-
theless, tedious extraction steps and consumption of large
volumes of organic solvents limit the widespread application of
this method.

This study aimed to develop an effective GO-based adsorbent
to efficiently remove PFAS from water. To accomplish this,
a magnetic amine-functionalized graphene oxide (MAGO)
nanocomposite was prepared to provide multiple binding sites
with high affinity and selectivity toward both long-chain and
short-chain PFAS. Ethylenediamine (EDA) was covalently graf-
ted on the surface of the GO nanosheets followed by the intro-
duction of iron oxide magnetic nanoparticles (Fe;O,). The
electrostatic interactions with amine groups along with

Environ. Sci.: Adv, 2024, 3,1698-1713 | 1699
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hydrophobic interactions with the carbon basal plan of GO
enhanced PFAS removal efficiencies and provided rapid
removal kinetics. Furthermore, after PFAS adsorption, the
adsorbent can be easily separated from the water in the
magnetic field without additional centrifugation or filtration,
making separation faster and improving the recovery and reuse
of the sorbent. This is a great advantage when considering the
low levels of PFAS contamination in the environment. To be
able to study the adsorbent efficiency for PFAS removal in-
house, we also developed a simple and rapid miniaturized
method based on the formation of MB-PFAS colored complex.
We investigated the influence of different experimental condi-
tions including pH, adsorbent amount, initial PFAS concen-
tration, and contact time on adsorptive removal efficiencies for
both long-chain and short-chain PFAS.

2. Materials and methods

2.1. Materials

Graphite flake (CAS: 7782-42-5) and potassium permanganate
(KMnO,, CAS: 7722-64-7, ACS reagent, =99.9%) were purchased
from Sigma-Aldrich. Hydrogen peroxide solution (H,O,, CAS:
7722-84-1, ACS reagent, 30 wt% in H,0) was purchased from
Honeywell. Concentrated sulfuric acid (H,SO,, CAS: 7664-93-9,
Certified ACS Plus) and hydrochloric acid (HCI, CAS: 7647-01-0,
Certified ACS Plus, 36.5-38.0%) were purchased from Fisher
Scientific. Ethanol (CAS: 64-17-5) was obtained from Sigma-
Aldrich. 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydro-
chloride (EDC, CAS: 25952-53-8, 98+%) was purchased from
Thermo Scientific and used to activate carboxyl groups. N-
Hydroxysuccinimide (NHS, CAS: 6066-82-6, 98%) and EDA (CAS:
107-15-3, =99.9%) were purchased from Sigma-Aldrich. Ferric
chloride (FeCl;, CAS: 7705-08-0, 97%) and ferrous chloride tet-
rahydrate (FeCl,-4H,0, CAS: 13478-10-9, 99+%) were purchased
from Sigma-Aldrich and Acros Organics, respectively. Ammo-
nium hydroxide (CAS: 1336-21-6, ACS, 28.0-30.0% NH;) was
purchased from Alfa Aesar. Chloroform and dichloromethane
were purchased from Alfa Aesar and Fisher Scientific, respec-
tively. Methylene blue (MB) was purchased from Thermo Scien-
tific. PFAS compounds including PFOA (95%, CAS: 335-67-1),
PFOS (=98.0%, CAS: 2795-39-3), perfluorohexanesulphonic acid
(PFHxS, =98.0%, CAS: 3871-99-6), and perfluorobutane sulfonate
(PFBS, 98%, CAS: 29420-49-3) were purchased from Sigma-
Aldrich. All chemicals used in the study were at least reagent
grade and were used as received without further purification.

All samples were prepared by using ultrapure water (>18 MQ
cm) at room temperature (~24 °C). The MB stock solution with
a concentration of 200 ppm was stored in an amber glass bottle
in the dark, underlaid with a 1/10 volume ratio of chloroform.
Because of the adsorption of PFAS onto the glass surface, all
experiments in this study were conducted using polypropylene
containers and pipette tips.

2.2. Preparation of the adsorbent

GO was prepared from graphite flakes using Hummers'
method® with slight modifications. Briefly, concentrated H,SO,

1700 | Environ. Sci.: Adv, 2024, 3, 1698-1713
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was added to the graphite flake, followed by the slow addition of
KMnO,. The mixture was covered and kept under stirring for
12 h. Next, deionized water was added to the mixture, and it was
heated up to 95 °C for 15 min. After cooling down to room
temperature, H,0O, solution (30%) was slowly added to the
mixture. Then, the resulting mixture (identified as mixture 1)
was centrifuged (Eppendorf Centrifuge 5804, 10 000 rpm for 10
min) and the supernatant was removed. Fig. S11 shows the
mixture 1 before and after the centrifugation. The remaining
solid product was successively washed with HCI (10% v/v), and
deionized water. Finally, the wet GO, shown in Fig. S2,1 was
vacuum-dried at 60 °C to obtain dried GO powder (Fig. S3at
shows the dried GO before crushing it to the powder).

To introduce amine functionality, the prepared GO powder
was added to 100 mL ethanol (2 mg mL™ "), and the mixture
(Fig. S4T) was ultrasonicated for 1 h to form a homogeneous GO
dispersion solution. Consequently, 0.05 g of EDC and NHS were
added to the dispersion, respectively, followed by stirring at
room temperature for 30 min. Next, 0.5 g EDA was added to the
mixture and refluxed for 24 h at room temperature. The
resulting solid, amino-functionalized GO (AGO), was separated
from the solution by centrifugation and washed with deionized
water. The dried AGO is shown in Fig. S3b.¥}

To further modify the adsorbents by incorporating the
Fe;04, 0.1 g of as-prepared AGO was dissolved in 100 mL
ultrapure water and ultrasonicated for 30 min. Appropriate
amounts of FeCl; (1.8 mmol) and FeCl, (1.2 mmol) were added
to the solution. Next, ammonia solution was added dropwise to
the mixture to increase the pH to 11. The mixture was stirred at
65 °C for 1 h (identified as mixture 2, shown in Fig. S5at). The
resulting material (MAGO) was washed with ultrapure water
until the pH was close to 7, followed by drying in a vacuum oven
at 60 °C. The separation of MAGO from water can easily be done
by using a magnet, as shown in Fig. S5b.T The steps for MAGO
preparation are schematically shown in Fig. 1. It should be
noted that as control samples, magnetic GO without amine
functionalization step (MGO) and Fe;O, nanoparticles were also
synthesized by the same method and studied for PFAS removal.

2.3. Adsorbent characterization

The morphology of the as-synthesized adsorbents was observed
using a Zeiss Neon 40 EsB high-resolution scanning electron
microscope (FE-SEM) under an acceleration voltage of 20 kV. An
energy-dispersive X-ray spectroscopy (EDS) system (Oxford
Instruments INCA Energy 250) was used to investigate the
elemental composition of the prepared materials. The Fourier
Transform Infrared (FTIR) spectrometer (Thermo Scientific,
Nicolet iS50R-IR, USA) was used to analyze the functional
groups of synthesized adsorbent materials. The 0.01 w/w%
particle dispersions (shown in Fig. S61) were prepared through
1 h of ultrasonication to perform the ultraviolet-visible (UV-vis)
spectroscopy in the range of 325 to 1100 nm by using UV-vis
spectrophotometer (Thermo Scientific, Genesys 50), and
measure the zeta-potential by using a zeta potential analyzer
(Malvern ZetaSizer Nano ZS). The thermogravimetric analyzer
(TA Instrument, TGA 55) was employed to obtain the TGA curves

© 2024 The Author(s). Published by the Royal Society of Chemistry
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H,50, KMno, [ 12h

15 mins, 95 °C l DI water

H,0, l Room temp.

Ethanol EDC, NHS
S  E——
Ultrasonication EDA, 24h

Room temp.

Fig.1 The preparation procedure of the adsorbent.

of GO, AGO, MAGO, and Fe;0, particles in the air atmosphere
within the temperature range of 40 °C to 900 °C.

2.4. Adsorption experiments

The PFAS removal efficiency of the MAGO adsorbent was eval-
uated by conducting the adsorption experiments using
synthetic PFAS-contaminated water. The tests were performed
in polypropylene centrifuge tubes to minimize PFAS sorption to
secondary surfaces (confirmed by controlled experiments).
Different experiments were conducted to investigate and opti-
mize the conditions affecting removal efficiencies, including
contact time, pH, amount of the adsorbent, and the initial
concentration of compounds. For each experiment, the adsor-
bent was exposed to PFAS aqueous solution (ultrapure water
containing PFAS with a concentration between 5 and 500 pg
L"), and the experiments were repeated in triplicate. Briefly,
a specific weight of MAGO (as optimized in Section 3.3.3) was
added to 40 mL of aqueous solution of PFAS for each experi-
ment. The mixture was then shaken continuously using
a shaker at 200 rpm, at room temperature, and for a specific
duration of time (Section 3.3.4). The adsorbent was then
magnetically collected from the sample solution. The

© 2024 The Author(s). Published by the Royal Society of Chemistry
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NH;, pH 11
60 mins, 65 °C

FeCl,, FeCl;

N Another GO layer

concentration of the residual PFAS in the solution was
measured using a spectrophotometric method developed in
Section 2.6. The removal efficiency (%) was obtained as follows:

G -G

R = =

x 100 (1)
where C; is the initial PFAS concentration (ug L™ ') and C is the
final concentration of PFAS (ug L™') in the solution after
adsorption.

The adsorption capacities (g, ng g ') of PFAS compounds
were calculated as follows:

- (Ci*Cf)XV

9= —— " (2)

wherein V (L) and m (g) are the volume of the PFAS solution and
the weight of the MAGO adsorbent, respectively.

2.5. Adsorption kinetics

The kinetics of PFAS adsorption onto the MAGO were investi-
gated by pseudo-first-order, pseudo-second-order, and intra-
particle diffusion models. The linearized forms can be repre-
sented as:

Environ. Sci.: Adv,, 2024, 3, 1698-1713 | 1701
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Pseudo-first-order In(g. — ¢,) = Ing. — kit (3)

1 t

t
Pseudo-second-order —= ——5+ — (4)
q: kz X e qe

Weber-Morris intraparticle diffusion ¢, = ko> + C  (5)

where g, and g. represent the adsorption capacity of the
adsorbent at time ¢ (ug g ') and at equilibrium (ug g %),
respectively. k; is pseudo-first-order rate constant (min~") and
k, is pseudo-second-order rate constant (g pg~" min"). kg is
the intra-particle diffusion rate constant (ug g~* min~%?), while
C is the adsorption constant (ug g *). The constants of k; and k,
can be obtained by linearly plotting either In(g. — g,) or (¢/q,) vs.
time according to the pseudo-first-order and pseudo-second-
order models, respectively. kjq can be calculated from the
slope of the linear plot of g; vs. t>*, which exhibits a strong
linear relationship with the line passing through the origin if
intraparticle diffusion is the primary rate-controlling step.

2.6. Spectrophotometry detection of PFAS compounds

A simple spectroscopic detection method based on a modified
liquid-phase extraction (LPE) was developed to determine the
concentration of PFAS in aqueous solutions. The method was
based on the formation of a water-insoluble ion pair between
the PFAS and the cationic dye (methylene blue), which was
extracted by dichloromethane. For this purpose, 100 pL meth-
ylene blue solution (200 ppm) and 0.5 mL phosphate buffer
(1 mM; Na,HPO,/NaH,PO,, pH 7.1) were added to the sample
solution containing PFAS molecules followed by shaking for
a few seconds. Next, 2 mL of dichloromethane was added to the
solution and mixed for 30 s using a vortex mixer. The
dichloromethane phase (containing PFAS-MB ion pairs) was
then separated from the aqueous solution using centrifugation
at 5000 rpm for 5 min. The organic phase was transferred into
a microcuvette (0.7 mL volume) using a pipette. To determine
the concentration of the PFAS, the color intensity of the organic
phase (which was proportional to the PFAS concentration) was
analyzed using a spectrophotometer at 652 nm. Fig. 2 depicts

Adding Magnetic CoIIect‘ing of
adsorbent separation the solution
— —
Shaking
¢ 3 s
2 13
Magnet ~<f = E
PFAS solution B 35
o o >
S E;
=X Spectrophotometry Removing Adding Y B
. analysis supernatant Dichloromethane
e —
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a schematic showing the PFAS adsorption by using the MAGO
adsorbent and detection of remaining PFAS in water by
extracting and analyzing the MB-PFAS ion pair.

3. Results and discussion

3.1. Spectrophotometry detection of PFAS

Anionic surfactants (AS), such as PFOA and PFOS, can combine
with cationic dyes such as methylene blue or ethyl violet to create
an ion pair.***® The electrostatic interaction between them makes
the ion pair hydrophobic and insoluble in water. Therefore, it can
be extracted into an organic phase to measure associated color
intensity at visible spectrum ranges. In a recent study, Fang et al.
used a modified version of the MBAS test called astkCARE™,
which replaces chloroform with ethyl acetate and methylene blue
with ethyl violet, to detect the color of AS using a smartphone
camera.*® The astkCARE™ Kkit requires 10 mL of water sample
mixed with 7 mL of the astkCARE™ reagent, shaken for approx-
imately 10 s, and left to stand for 1-2 min to extract the ion-pair of
the cationic dye and AS in the top layer (i.e., the organic phase).
Like the MBAS test, the color intensity of the organic phase
corresponds to the ion-pair concentration, allowing for AS
concentration testing with a detection limit of 0.1 ppm for visual
testing or 10 ppb for the smartphone app test, as recently
reported.

The LPE method developed herein involved mixing reagents
(2 mL of dichloromethane, 0.5 mL of phosphate buffer, and 100
uL of MB) with 40 mL of a PFAS aqueous solution. The resulting
mixture was shaken to extract the MB-PFAS complex from the
sample solution into dichloromethane. Finally, spectrophoto-
metric detection was used to analyze the extracted complex.
Fig. 3 typically shows the organic phase precipitated from
samples containing various concentrations of PFOS (ranging
from 5-500 pg L") as a representative example. As demon-
strated, the intensity of the color or hue is correlated with the
PFAS concentration level in the initial aqueous solutions. The
difference in the color intensity of the organic phase was visibly
different at concentrations as low as 50 ug L™, which highlights
the high sensitivity of the method for detecting low

Centrlfugatlon

Fig. 2 A schematic representation of the adsorption and detection steps of PFAS.
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Fig. 3 The color intensity of the organic phase (lower phase) at different PFAS concentrations in the primary aqueous solutions.

Table 1 The analytical parameter of the developed LPE method for
spectrophotometric detection of PFAS

PFAS compounds

Analytical parameters PFOS PFOA PFHxS  PFBS
Linear range (ug L) 5-500 5-500 6-500 12-1000
Correlation coefficient (R*)  0.9965  0.9986  0.9991  0.9951
LOD (ug LY 1.45 1.32 1.96 3.91
RSD% (n = 5)° 2.47 3.36 2.89 4.40

“ Calculated for 100 pg L' PFAS aqueous solution.

concentration levels of PFAS compounds. This sensitivity is
particularly important in the analysis of environmental
samples, where low PFAS concentrations are often present.
Additionally, the ability to visually detect the color change of the
organic phase provides a convenient and rapid screening tool
for the presence of PFAS in aqueous solutions.

To achieve the highest efficiency of LPE process, the type and
volume of organic phase, pH, and MB concentration were
optimized. However, the optimization process was out of the
scope of this publication and not presented here. After opti-
mization, a series of standard solutions with different concen-
trations of PFAS were prepared and analyzed using the
developed method. By plotting the absorption intensity of the
MB-PFAS ion pair in the organic phase as a function of the
concentration of the PFAS standard solutions, the calibration
curve was obtained. We obtained linear calibration curves up to
5000 pg L~* for PFOS, PFOA, and PFHxS and up to 1000 pug L™*
for PFBS. This method showed excellent linearities with corre-
lation coefficients (R*) between 0.9951 and 0.9991. As a common
practice in analytical chemistry, the limit of detection (LOD) for
the developed method was determined from 3SB/m ratio, where
SB is the standard deviation of the blank signal and m is the
slope of the calibration curve.®*® The LODs are presented in

Table 1. The relative standard deviations (RSDs) were below
4.4% for 5 replicate determinations of 100 pg L™" of PFAS. The
pre-concentration, the ratio of the final volume of the extracted
analyte (~2 mL) to the initial volume of the sample (40 mL), was
approximately 20. Compared to the tedious standard method
requiring at least 50 mL of chloroform and multistage extrac-
tion, the extraction procedure took less than one minute using
25 times less solvent. Moreover, the developed method is simple
and cost-effective as it does not require expensive instrumen-
tation or complicated procedures.

It should be noted that coexisting anions can form ion-pairs
with MB, which can potentially be extracted into the chloro-
form, leading to a positive interference. In addition, cations can
compete with MB to form ion-pairs with anionic surfactants,
thereby hindering their extraction and causing a negative
interference. Anionic surfactants can also compete with PFAS
molecules to form ion-pairs with MB. However, MAGO can
effectively adsorb and remove a wide range of impurities and
interfering ions, including organic compounds, heavy metal
ions, and anions®* prior to spectrophotometric detection of
residual PFAS in water. Therefore, it minimizes the potential
interferences in the subsequent LPE stage for PFAS detection.
Overall, the developed LPE method offers a practical and reli-
able approach for the rapid and simple detection of PFAS in
aqueous solutions for on-site application and common labora-
tory tests. Some preliminary data on the effect of background
anions on PFAS removal efficiency are shown in Fig. S7.}
However, additional experiments are required to evaluate the
influence of a broader range of competing species.

3.2. Adsorbent characteristics

The adsorbent morphology was observed using SEM as shown
in Fig. 4. As presented in Fig. 4a and b, the GO and AGO rep-
resented the overlap of some folded layers and wrinkles. GO has

Fig. 4 SEM images of (a) GO, (b) AGO, and (c) MAGO.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The EDS spectra of (a) GO, (b) AGO, and (c) MAGO.

a 2D structure composed of carbon atoms arranged in a hexag-
onal lattice. The formation of wrinkles and folded layers can be
attributed to the introduction of oxygen-containing functional
groups, such as hydroxyl and carboxyl groups. Navaee et al. re-
ported that the AGO sheets have more informally folded areas
with more ripples, and thus, forming tangled patches.* Fig. 4c
indicates the successful introduction of magnetite Fe;O,
nanoparticles onto the surface of GO since the as-synthesized
MAGO retained the folded structure of GO with a much
higher overall roughness. The EDS analyses (Fig. 5) indicate the
presence of nitrogen and iron in the structure of the adsorbent,
confirming the successful incorporation of amine functional-
ities and Fe;0,4 nanoparticles onto the GO structure.

Fig. 6a shows the FTIR spectra of GO and MAGO. For GO, the
broad absorption band at 3420 cm ' is due to the O-H
stretching vibration of the carboxylic acid groups at the
surface.® The characteristic bands located at 1723 em™ " and
1611 cm™ ' can be ascribed to the C=O strong carbonyl
stretching and vibration of C=C aromatic groups, respec-
tively.* The peaks at 1389 and 1161 cm ™" are associated with C-
OH and C-O-C stretching vibrations, respectively. The peak
around 1030 cm ™' can be due to the C-O stretching vibrations
of the epoxide groups.® For the spectrum of MAGO, the peak at
580 cm ™" belongs to the Fe-O bond vibration of Fe;0,4 nano-
particles in the adsorbent. The characteristic peak at 1650 cm ™"

can be attributed to the amide groups due to the reaction
between amine groups and carboxylic groups of GO during the
functionalization process. The peak at 1100 cm ' is from the
C-N stretching.* The peak at 3450 cm™ " is attributed to the
N-H stretching, overlapping with the peak due to the carboxylic
acid stretching.** Moreover, the bandwidth of the peaks asso-
ciated with oxygen-functionalized groups seems to be reduced
for MAGO, indicating the replacement by amino groups.** The
results confirm the successful incorporation of amine groups
and Fe;O, magnetic nanoparticles onto the GO.

Fig. 6b is the UV-vis absorption spectra of GO, AGO, and
MAGO. After amine functionalization, the dispersibility and
solubility of GO decreased (Fig. S61), which is in agreement with
the observation reported by Navaee et al.** The black line in
Fig. 6b represents the UV-vis absorption spectrum of the ultra-
pure water. In the wavelength range of 325 to 1100 nm,
a shoulder at ~350 nm appears (red arrow in Fig. 6b) due to n
— m* transitions because of the C-O-C and R-O-O-R
groups.® % The peak will become more observable for a GO film
on a quartz substrate, attributed to the large number of perox-
ides linking the graphene oxide layers.®® Due to the instrument
limitation, the peak due to T — 7* transitions for C=C groups
(at ~230 nm) was not observed.®**® One can see that a new peak
at 955 nm appears for AGO and MAGO, suggesting significant
conjugation or the formation of a charge-transfer complex.
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(@) FTIR spectra of GO and MAGO. And (b) UV-vis absorption spectra of GO, AGO, and MAGO.
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Amine groups can interact with the oxygen functionalities on
GO, potentially leading to new conjugated structures or charge-
transfer complexes. Charge transfer complexes can absorb at
significantly longer wavelengths. Charge transfer takes place
when there is an electron density shift between the donor (i.e.,
amine groups) and acceptor (i.e., oxygenated groups of GO)
molecules, leading to new absorption bands at longer wave-
lengths. Chen et al.®® also reported the UV-vis spectrum of AGO
from 200 nm to 900 nm, and their result also showed the strong
absorbance in the entire visible and near infrared regions.

The TGA curves of the adsorbents are shown in Fig. 7. The
black line shows the thermal property of pristine graphite,
which shows a high thermal stability in the air atmosphere. The
slight weight loss when the temperature is below ~700 °C is due
to the loss of moisture and adsorbed oxygen atoms.*® Above
~700 °C, the weight of pristine graphite dramatically decreases,
indicating the start of oxidization and decomposition.®® When
the temperature is 900 °C, there is still 40% of weight remaining
for pristine graphite. The TGA curves of GO and AGO show that
they were completely decomposed in the air atmosphere before
~900 °C, leaving no residue behind. GO starts to lose weight
when the temperature is below 100 °C and a weight loss of 6.8%
is obtained at ~150 °C due to the loss of water.” A dramatic
weight loss occurs from ~150 °C to ~220 °C, attributed to the
degradation of oxygen-containing groups, i.e., -COOH and -OH,
releasing CO and CO,.”*7* At this temperature range, the highly
conductive reduced GO is expected to be obtained.”™ A weight
loss of 48.8% is obtained at ~460 °C, where the carbon skeleton
of GO starts to combust. The combustion ends at around 524 °C
(ref. 70 and 71) with a weight loss of 40.7%. Alam et al.”* re-
ported an exothermic peak at around 456 °C, corresponding to
the carbon skeleton combustion. Compared to pristine
graphite, GO decomposes more easily since it has a high level of
oxygen, giving rise to lower energy required for
decomposition.”

The TGA curve of AGO also exhibits similar weight losses but
at slightly higher temperatures. The first weight loss again is
due to the loss of the adsorbed water. At ~223 °C, a dramatic
weight loss occurs, which can be attributed to the degradation
of oxygen-containing and amine functional groups. According
to Alzate-Carvajal et al,”” the decomposition of covalently
attached EDA molecules takes place at ~300 °C. EDA is

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Zeta potential of adsorbents

Adsorbent type Zeta potential (mV)
GO —33.9+1.2
AGO —24.2 £1.0
MAGO —27.8£0.3

a bifunctional amine, which offers two general bonding possi-
bilities, as shown in Fig. 1, by involving only one or both NH,
groups. The latter case can result in cross-linking of adjacent
GO sheets.”” At ~506 °C, the individual GO sheets start to
decompose followed by the decomposition of cross-linked GO
sheets at ~600 °C.” In addition, for MAGO, the thermal stability
in the air atmosphere is enhanced due to the incorporated
Fe;0,, which starts to decompose at ~826 °C. The modified GO
adsorbents show a higher thermal stability than the one found
for GO, which is in agreement with the literature.”

The zeta potential of adsorbents is summarized in Table 2.
The zeta potential of GO is closely linked to its functional
groups and is crucial for assessing its colloidal stability. The
measured potentials show the negative charge around the
double layer surrounding the colloidal particle, stemming from
the ionization of various functional groups at the surface of
particles. Typically, particles displaying a zeta potential smaller
than —30 mV or larger than +30 mV are considered stable due to
sufficient electrostatic repulsion preventing aggregation.” The
GO has a zeta potential of —33.9 £+ 1.2 mV, indicating that the
GO adsorbents are colloidally stable. For AGO and MAGO, the
zeta potential increased due to the addition of protonated
amine groups and the loss of carboxyl groups during the amine
functionalization.” This result confirms the successful incor-
poration of amine groups. Furthermore, the increase in zeta
potential for the adsorbents after functionalization suggests
that their colloidal stability is slightly reduced, which is in
agreement with our observation. While colloidal stability of
adsorbents may affect their application in water treatment, our
results as will be discussed in the next sections confirm that the
adsorption capacity of samples is not adversely influenced.
According to Bao et al.'s study,”® the Fe;0,/SiO,-GO adsorbents
became to some extent unfunctional for adsorbing heavy metal
ions when the zeta potential is positive. Therefore, even though
the particles are considered to be colloidally stable when their
zeta potential is higher than +30 mV, the adsorption capacity
can be changed depending on factors such as pH (as will be
shown in the next sections).

3.3. Effect of adsorption experimental conditions

3.3.1. Effect of adsorbent type. The adsorptive removal
performance of GO, MGO, MAGO, and Fe;O, nanoparticles is
compared in Fig. 8. As seen, GO cannot effectively remove PFAS
from the aqueous solution, especially short-chain PFBS. GO
nanosheets have a negative surface charge due to the presence
of various oxygen-functional groups on their surface while the
target PFAS (PFOS, PFOA, PFHXS, and PFBS) exist as negatively
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charged compounds in the sample solution, thus, they can be
electrostatically repelled by the negatively charged GO.
However, long-chain PFAS can be adsorbed on the GO surfaces
through hydrophobic interactions. Fe;O, nanoparticles were
also tested for PFAS removal and showed a low removal effi-
ciency compared to GO, MGO, and MAGO. The low removal
efficiency of Fe;0, nanoparticles is expected due to the absence
of any specific functional groups that strongly interact with
PFAS. The magnetic properties of MGO and MAGO adsorbents
make it easier to separate them from the solution using an
external magnetic field, which can enhance the removal effi-
ciency of the adsorbent. The comparison study between the
adsorbents indicates that MAGO nanocomposites are highly
efficient for PFAS removal due to the combination of magnetic
properties and amino-functionalization of GO.
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3.3.2. Effect of the solution pH. The effect of the solution
pH on the removal efficiencies of PFAS was investigated using
MAGQO. The results indicate that MAGO can effectively remove
both long-chain and short-chain PFAS from acidic to neutral pH
values (3-7) with high removal percentages (Fig. 9a). However,
the removal efficiencies decrease beyond pH 7 with further
increasing the pH. The adsorbent's removal efficiency is largely
influenced by its surface charge. At lower pH values, the surface
of the MAGO has a higher positively charged nature due to the
presence of positively charged amine functionalities on the
surface of the adsorbent, attributed to the full protonation of
amine/amide group presenting as -NH;' or -NH'.** With
increasing the pH above 7, the amine groups at the surface are
partially protonated (e.g., ethylene diamine has two pK, values
and only one of its amine groups is protonated in 6.9 < pH <
9.9). At pH beyond 10, most of the amines on MAGO are
deprotonated and become neutral.®® It should be noted that at
pH >10, the MAGO surface is negatively charged due to the
deprotonation of carboxyl and hydroxyl groups. In other words,
the affinity of negatively charged PFAS molecules, especially
short-chain PFAS (PFBS), is enhanced due to the positive surface
of the MAGO through electrostatic attraction at pH = 7.
However, PFAS molecules can be still adsorbed at pH > 7,
indicating that other interactions, such as hydrophobic inter-
actions, are also involved in the adsorption process.

Hydrophobic interactions are present at the carbon basal
plane of graphene, while positive amine active sites can elec-
trostatically attract negatively charged PFAS. The hydrophobic
interactions become more dominant, especially for long-chain
PFAS, when the electrostatic attractions become negligible.
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Fig.9 (a) Effect of the solution pH on PFAS removal efficiency (conditions: 40 mL of 500 pg L= PFAS, 20 mg adsorbent, and 30 min extraction
time); (b) effect of adsorbent amount on PFAS removal efficiency (conditions: 40 mL of 500 pg L~ PFAS, pH 6.5, and 30 min extraction time); (c)
effect of contact time on the removal efficiency of PFAS (conditions: 40 mL of 500 pg L= PFAS, pH 6.5, and 15 mg adsorbent); and (d) effect of
initial PFAS concentration on the removal efficiency (conditions: 40 mL PFAS solution, pH 6.5, 15 mg adsorbent, and 30 min extraction time).
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The reduction in the number of positive-charge active sites on
the adsorbent surface at elevated pH values results in a decrease
in removal efficiencies, especially for short-chain PFBS. The
observations indicated that both electrostatic and hydrophobic
interactions contribute to the adsorption of PFAS on MAGO,
and pH variation can only affect the electrostatic interactions.
Our results are in agreement with recent studies showing that
the hydrophobic interactions play a significant role in the PFAS
adsorption on different adsorbents such as activated
carbons,**’® cationic polymers,* and molecularly imprinted
polymers.” Since MAGO has the highest efficiency for adsorb-
ing PFAS within 3 to 7 pH range, it is ideal for treating water
sources, which usually have a pH in the range of 5.8-6.5.

3.3.3. Effect of the adsorbent amount. The effect of MAGO
amount on the removal of PFAS from aqueous solutions was
also studied, with the results presented in Fig. 9b. As demon-
strated, the removal efficiencies increase as the adsorbent
amount increased from 5 to 10 mg for PFOS and PFBS and to
15 mg for PFOA and PFHXS. This can be attributed to the
increase in the available binding sites on the surface of the
MAGO, leading to more adsorption of PFAS molecules.
However, beyond these optimal amounts, no significant change
in removal efficiency was observed. This can be attributed to the
saturation of binding sites on the MAGO surface, leading to no
further increase in adsorption capacity.

3.3.4. Effect of contact time. The effect of adsorption time
(contact time) on the adsorbent removal efficiency is a crucial
factor to consider in optimizing the PFAS removal process. The
results show that the adsorption of PFAS onto MAGO is initially
rapid and more than 80% of the PFAS compounds are removed
within the first 10 min of adsorption time (Fig. 9c). The
observed rapid adsorption of PFAS onto MAGO nanocomposite
can be due to the availability of more active sites on the surface
of the adsorbent at the beginning, allowing for a higher rate of
PFAS adsorption. The initial high concentration gradient of
PFAS between the solution and the adsorbent surface also
contributes to the rapid adsorption process. Beyond this initial
stage, the adsorption rate gradually slows down as the number
of available active sites decreases, leading to a slower adsorp-
tion rate until reaching equilibrium at around 30 min for all
types of PFAS. At the equilibrium point, more than 90% of
PFOS, PFOA, and PFHxS and 85% of PFBS are removed, indi-
cating that MAGO is an effective adsorbent for PFAS removal.
We selected contact time of 30 min for the subsequent experi-
ments, as it allowed for the achievement of the highest removal
efficiencies. However, it is important to note that the optimal
contact time may vary depending on the specific adsorbent and
the type and concentration of PFAS present in the aqueous
solution. Therefore, further studies are needed to determine the
optimal contact time for different types of PFAS and adsorbents.

3.3.5. Effect of the initial concentration. The removal effi-
ciencies of both short-chain and long-chain PFAS slightly
increase with an increase in the initial PFAS concentration
(Fig. 9d). The higher concentration gradient increases the
adsorption driving force at higher PFAS concentrations,
resulting in a higher removal percentage.”® However, at high
concentrations, the active sites on the adsorbent can gradually

© 2024 The Author(s). Published by the Royal Society of Chemistry
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reach saturation, resulting in a slight decrease in the removal
efficiency. Moreover, the direct relationship between PFAS
concentration and the formation of PFAS micelles is another
factor to consider. It has been demonstrated that the formation
of PFAS micelles at high concentrations can lead to an increase
in the removal efficiency of PFAS.** However, as the concentra-
tion range studied in this research is significantly lower than
the critical micelle concentration of PFAS (by a factor of about
10 000 or higher),>*® the observed trend is not due to micelle
formation. Overall, the impact of initial PFAS concentration on
removal efficiency is complex, and further research is needed to
fully understand the relationship between initial PFAS
concentration and removal efficiency.

It should be noted that most of the previous studies have
investigated the adsorptive removal of PFAS compounds at high
initial concentration levels, often several hundred mg L7,
which is much higher than the environmentally relevant
concentrations by a factor of 10°-107.%> In this study, the
adsorption experiments have been performed at pg L7
concentration levels. Compared to previous reports, this is
closer to PFAS concentrations typically found in contaminated
water and wastewater.

3.4. Kinetics study

Adsorption kinetics of PFOS, PFOA, PFHXS, and PFBS onto the
MAGO nanocomposite were investigated to evaluate the
adsorption mechanisms. Fig. 10a-1 displays the linearized
kinetic models that were fitted to the experimental results, and
Table 3 summarizes the parameters corresponding to each
model. The findings indicate that the adsorption of all PFAS
onto MAGO is better represented by pseudo-second-order
modeling, as evidenced by higher correlation coefficients (R*
values), compared to the pseudo-first-order model. These
results suggest that the sorption rate is primarily governed by
the chemical sorption, of which the capacity is linearly related
to the number of active sites on the sorbent. This result was in
agreement with the previous studies, which also reported that
the pseudo-second-order kinetic model describes the PFAS
adsorption kinetics better.***°

The intra-particle diffusion model was also used to study the
adsorption processes of PFAS on MAGO nanocomposite. The
plot of g; against t*° should exhibit a strong linear relationship
with the line passing through the origin if intraparticle diffu-
sion is the primary rate-controlling step. The results indicated
that PFAS adsorption occurs in three distinct steps. A rapid
PFAS adsorption is observed within the first 10 min of the
experiment. After that, the rate of adsorption gradually
decreases and eventually stabilizes at equilibrium within
30 min. As the uptake curves do not pass through the origin,
adsorption is not controlled by intra-particle diffusion.

3.5. Regeneration of the adsorbent

The successful regeneration of adsorbents is crucial for their
practical applications, as it can significantly reduce the cost of
the process and improve the sustainability of the treatment
method. The desorption of the adsorbent can be achieved using

Environ. Sci.: Adv,, 2024, 3,1698-1713 | 1707
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Fig. 10 The linear plots of kinetics models: (a, d, g and j) pseudo-first-order, (b, e, h and k) pseudo-second-order, and (c, f, i and |) Weber Morris
intra-particle diffusion model for (a—c) PFOS, (d—f) PFOA, (g—i) PFHxS, and (j—1) PFBS.

different solvents or methods (such as regeneration at high
temperatures), depending on the nature of the adsorbate and
the adsorbent. In the present study, to find a proper regenera-
tion method, we tested several solutions for regeneration,
including water, methanol, hot water + NaCl, methanol + NaOH,
and hot water/methanol (30 : 70 v/v%), among which the latter
showed the highest regeneration rate. The PFAS desorption was
carried out by soaking the spent adsorbent in 10 mL of a hot
water (50 °C)/methanol mixture (30:70 v/v) and shaking for
30 min followed by magnetically collecting the adsorbent from

1708 | Environ. Sci.: Adv,, 2024, 3, 1698-1713

the mixture. The regenerated MAGO was then used for the next
PFAS removal run.

The results in Fig. 11 demonstrate that the regenerated
MAGO adsorbent maintains its performance and removal effi-
ciency for PFAS even after five consecutive adsorption/
desorption cycles. Therefore, the MAGO is a highly stable and
efficient adsorbent for PFAS removal, and its regeneration
capability makes it a promising candidate for practical appli-
cations. While we cannot completely rule out the possibility of
incomplete desorption of PFAS from MAGO during

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Parameters of different kinetic models obtained for PFAS adsorption

Value
Model Parameter PFOS PFOA PFHXS PFBS
Pseudo first order ge (g g™ 0.88 1.13 1.47 2.42
K; (min™1) 0.16 0.14 0.15 0.13
R 0.9803 0.9653 0.964 0.9790
Pseudo second order ge (ng g™ 2.31 2.28 2.27 2.23
K, (g pg ' min?) 0.31 0.24 0.12 0.056
R 0.9991 0.9996 0.9960 0.9950
Intraparticle diffusion C; 1.12 1.00 0.60 0.23
ki (ng g ' min*%) 0.19 0.20 0.25 0.26
R 0.58 0.6927 0.7302 0.8561
promise as an efficient adsorbent for eliminating PFAS from
100 4 water matrices, adding a new possibility to the current materials
S for effective PFAS removal from water sources. In addition,
g 80 1 mCycle 1 a straightforward spectrophotometric method was developed to
S 60 4 m Cycle 2 easily detect PFAS compounds by forming a colored complex
f; Cycle 3 between MB and PFAS molecules, providing a simple way to
g 40 ~ Cycle 4 detect the PFAS at parts per billion levels.
°E’ 20 4 Cycle 5
o
o Data availability
PFOS PFOA PFHxS PFBS

Fig. 11 The performance of the regenerated adsorbent for PFAS
removal using the regenerated MAGO at different adsorption/
desorption analysis cycles.

regeneration, the negligible differences between results in
subsequent cycles suggest that it is insignificant.

4. Conclusion

In the present study, MAGO nanocomposite was prepared as
a promising adsorbent to remove different PFAS compounds at
ug L' concentration levels from water samples. The as-
prepared specimens were characterized using FTIR, TGA, and
SEM/XPS to confirm the successful surface functionalization
and incorporation of magnetic particles. The PFAS (PFOS,
PFOA, PFHxS, and PFBS) adsorption tests were performed
under different conditions. The influences of various experi-
mental conditions were also investigated to enhance the
adsorption capabilities of the adsorbent for all PFAS. The best
removal efficiencies were observed in the acidic to neutral pH
ranges (3-7) and the efficiencies improved by increasing the
adsorbent amount and contact time, reaching equilibrium
within 30 min. The results from adsorption kinetics of PFAS
onto the adsorbent followed the pseudo-second-order kinetic
model. Additionally, MAGO showed good regeneration proper-
ties using a hot water/methanol (30 : 70 v/v%) mixture.

Our findings indicated that the presence of amine groups is
crucial for the adsorption of negatively charged PFAS
compounds, particularly short-chain PFAS, through electrostatic
interactions, although the introduction of amine group and iron
oxide nanoparticles slightly reduced the colloidal stability. Most
importantly, our results indicated that MAGO holds great
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