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ABSTRACT: The short-chain (C4 to C7) and ultrashort-chain (C3 to C2) per- and
polyfluoroalkyl substances (PFAS) are bioaccumulative, carcinogenic to humans, and
harder to remove using current technologies, which are often detected in drinking and
environmental water samples. Herein, we report the development of nonafluorobutane-
sulfonyl (NFBS) and polyethylene-imine (PEI)-conjugated Fe3O4 magnetic nanoparticle-
based magnetic nanoadsorbents and demonstrated that the novel adsorbent has the
capability for highly efficient removal of six different short- and ultrashort-chain PFAS
from drinking and environmental water samples. Reported experimental data indicates that
by capitalizing the cooperative hydrophobic, fluorophilic, and electrostatic interaction
processes, NFBS-PEI-conjugated magnetic nanoadsorbents can remove ∼100% short-
chain perfluorobutanesulfonic acid within 30 min from the water sample with a maximum
absorption capacity qm of ∼234 mg g−1. Furthermore, to show how cooperative
interactions are necessary for effective capturing of ultrashort and short PFAS, a
comparative study has been performed using PEI-attached magnetic nanoadsorbents
without NFBS and acid-functionalized magnetic nanoadsorbents without PEI and NFBS. Reported data show that the ultrashort-
chain perfluoropropanesulfonic acid capture efficiency is the highest for the NFBS-PEI-attached nanoadsorbent (qm ∼ 187 mg g−1)
in comparison to the PEI-attached nanoadsorbent (qm ∼ 119 mg g−1) or carboxylic acid-attached nanoadsorbent (qm ∼ 52 mg g−1).
In addition, the role of cooperative molecular interactions in highly efficient removal of ultrashort-chain PFAS has been analyzed in
detail. Moreover, reported data demonstrate that nanoadsorbents can be used for effective removal of short-chain PFAS (<92%) and
ultrashort-chain PFAS (<70%) simultaneously from reservoir, lake, tape, and river water samples within 30 min, which shows the
potential of nanoadsorbents for real-life PFAS remediation.

■ INTRODUCTION
Since 1940, per- and polyfluoroalkyl substances (PFAS) have
been used widely in consumer products.1−10 These manmade
“forever chemicals” exhibit resistance to degradation, give rise
to adverse health effects, and are bioaccumulative, and thus,
the United States Environmental Protection Agency (EPA)
have identified them as persistent organic pollutants.1−10 Since
legacy PFAS (C7 and above) can be responsible for adverse
health effects, from 2016, they have been replaced by short-
chain and ultrashort-chain PFAS.1−10

In the past one decade, industries have used short-chain
PFAS like perfluorohexanesulfonate (PFHxS), hexafluoropro-
pylene oxide-dimer acid (GenX), perfluorobutanesulfonic acid
(PFBS), and perfluorobutanoic acid (PFBA) and ultrashort-
chain PFAS like perfluoropropanesulfonic acid (PFPrS) and
trifluoroacetic acid (TFA). As a result, they have been detected
in environmental water samples routinely, as well as from
human blood, breast milk, and urine.2−10 In the past few years,
several reports detailing toxicity data show that short-chain
PFAS are as toxic as legacy PFAS and they can be responsible

for kidney failure, cancer, etc.1−10 It is also well documented
that short-chain PFAS are harder to remove from contami-
nated water due to their higher mobility and hydro-
philicity,.11−20 To tackle the ultrashort- and short-chain
PFAS contamination in water, this work reports the develop-
ment of nonafluorobutanesulfonyl (NFBS) and polyethyleni-
mine (PEI)-conjugated Fe3O4 magnetic nanoparticle-based
nanoadsorbents that have the capability for highly efficient
removal of short-chain PFAS like GenX, PFHxS, PFBS, and
PFBA and ultrashort-chain PFAS like PFPrS and TFA from
water samples by leveraging cooperative fluorophilicity and
electrostatic interactions.
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Since adsorption is a versatile method to capture and
remove PFAS from water, scientists have designed novel
adsorbents such as activated carbon, ionic fluorogel, calixarene,
fluorinated graphene oxide, and electrospun nanofibrous-based
adsorbents for PFAS removal.16−34 PFAS can be removed by
different adsorbents using dipole−dipole, electrostatic, ionic−
dipolar, hydrophilic, and fluorophilic interactions.10−25 How-
ever, recent reports show that the removal efficiency is much
lower for ultrashort- and short-chain PFAS in comparison to
that for legacy PFAS.22−34 To improve the removal efficiency,
we have designed NFBS and PEI-conjugated magnetic
nanoadsorbents for high affinity removal of ultrashort- and
short-chain PFAS like GenX, PFHxS, PFBS, PFBA, TFA, and
PFPrS using a combination of hydrophobic, fluorophilic, and
electrostatic interactions. To determine the role of electro-
static, ionic−dipolar, hydrophobic, and fluorophilic interac-
tions in capturing and removal of ultrashort- and short-chain
PFAS, we have performed the same experiment with a PEI-

attached Fe3O4 magnetic nanoparticle-based nanoadsorbent, a
F-PEG-COOH-attached Fe3O4 magnetic nanoparticle-based
nanoadsorbent, and a carboxy-attached Fe3O4-magnetic nano-
particles. The reported data show that the maximum removal
efficiency is observed for NFBS and PEI-conjugated magnetic
nanoadsorbents, which is due to the presence of cooperative
hydrophobic and fluorophilic interactions and an electrostatic
attraction mechanism.

■ MATERIALS AND METHODS
Synthesis of PEI-Attached Fe3O4 Nanoparticles.

Amine-functionalized cubic-shaped iron oxide magnetic nano-
particles were synthesized using a previously reported
procedure.35−39 Experimental details are reported in the
Supporting Information. In brief, as shown in Figure 1A,B,
0.35 g [1 mM] of ferrous sulfate heptahydrate (FeSO4·7H2O),
5 mL of 2.0 M potassium nitrate (KNO3), and 5.0 mL of 1.0 M

Figure 1. (A−C) Scheme showing the synthetic process that we have used for the development of nonafluoro-butanesulfonyl (NFBS) and
polyethylene imine (PEI)-conjugated Fe3O4 magnetic nanoparticle-based multifunctional magnetic nanoadsorbents. (D) Scheme showing the use
of magnetic nanoadsorbents for the separation of short-chain and ultrashort-chain PFAS from water.
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sodium hydroxide (NaOH) were mixed in 100 mL of double
distilled water under a nitrogen atmosphere. After that, 10 mL
(0.32 mM) of polyethylenimine (PEI, branched, MW ∼ 25
000) was added to the reaction mixture and then heated at 90
°C for another 2.5 h under a nitrogen atmosphere. The
solution color turned from blue to black, indicating the
formation of PEI-branched iron oxide magnetic nanoparticles.
Then, the black precipitate obtained was thoroughly washed
with distilled water and magnetically separated by a neo-
dymium disk magnet. To remove the excess reactants,
magnetic separation and redispersion in ultrapure water were
performed repeatedly. Finally, the solid powder was obtained
by drying it under vacuum for a few days.
Synthesis of NFBS and PEI-Conjugated Multifunc-

tional Magnetic Nanoadsorbents. For the synthesis of
nonafluorobutanesulfonyl and PEI-conjugated Fe3O4 magnetic
nanoparticle-based nanoadsorbents (shown in Figure 1A−C),
50 mg of the PEI-functionalized Fe3O4 powder magnetic
nanoparticles were added to 10 mL (6.8 mM) of dry DMF
solution and then were sonicated for a minute. Then, 2 mL of
triethyl amine (99.5%) was then added to the dispersed
magnetic nanoparticle solution. Then, the nanoadsorbents
were thoroughly washed with distilled water and magnetically
separated with a neodymium disk magnet. To remove the
excess reactants and other reaction products like HCl,
magnetic separation and redispersion in ultrapure water were
performed repeatedly. Finally, the dried solid nanoadsorbents
were collected under reduced pressure at room temperature.
Removal Efficiency and Capturing Kinetics for Ultra-

short- and Short-Chain PFAS Using NFBS and PEI-
Conjugated Multifunctional Magnetic Nanoadsorbents.
For the determination of the removal amount for short- and
ultrashort-chain PFAS like GenX, PFHxS, PFBS, and PFPrS
using NFBS and PEI-conjugated multifunctional magnetic
nanoadsorbents, PFAS and nanoadsorbents were stirred for
different times.10−20 Figure S1B in the Supporting Information
shows the schematic representation of the experimental setup
and procedure that we used to determine the removal
efficiency and capturing kinetics. As shown in Figure S1B,
initially adsorbed PFAS with nanoadsorbents were separated
magnetically using neodymium disk magnets. To determine
the time-dependent separation efficiency and kinetics, a 1 mL
aliquot was taken at each predetermined time intervals. After
that, the aliquots were centrifuged for 15 min, as shown in
Figure S1B. In the next step, as shown in Figure S1B, the
supernatant was analyzed using LC-MS to determine the
residual GenX, PFHxS, PFBS, and PFPrS concentration. For
this purpose, we have used LC-MS (Agilent Technolo-
gies)10−20 and the X Bridge-C18 column (4.6 mm × 250
mm) from Agilent Technologies.10−20 For the analysis, we
have used negative ionization (ESI−) mode.10−20 For the
processing the data, we have used the MassLynx work-
station.10−20 We have also performed control experiments to
account for the losses of GenX, PFHxS, PFBS, and PFPrS
during handling. For this purpose, we performed experiments
under identical conditions, where NFBS and PEI-conjugated
multifunctional magnetic nanoadsorbents are absent. The
removal efficiency for short-chain and ultrashort-chain PFAS
like GenX, PFHxS, PFBS, and PFPrS was determined using eq
1:10−20

= ×C C
C

PFAS removal efficiency(%) 100t

i

I

(1)

where CI is the concentration of short- and ultrashort-chain
PFAS before separation and Ct is the concentration of short-
and ultrashort-chain PFAS at time t during the separation
process.
The adsorbed PFAS amounts were determined using the

mass difference between the blank controls, which have been
performed without an adsorbent and test groups in the
presence of adsorbents with the same contact time, divided by
the mass of the added adsorbent.10−20 The amounts of
absorbed short- and ultrashort-chain PFAS by NFBS and PEI-
conjugated magnetic nanoadsorbents were determined using
eq 2, as we and others have reported before:10−20

=q
C C

Ct
tI

A (2)

where qt is the amount of short- and ultrashort-chain PFAS
absorbed separately per gram of NFBS and PEI-conjugated
magnetic nanoadsorbents at time t and CI is the concentration
of short- and ultrashort-chain PFAS before separation.
Similarly, Ct is the concentration of short- and ultrashort-
chain PFAS at time t during the separation process. On the
other hand, CA is the concentration of the NFBS and PEI-
conjugated magnetic nanoadsorbents.
We have determined the rate of removal of short- and

ultrashort-chain PFAS like GenX, PFHxS, PFBS, PFBA, TFA,
and PFPrS via adsorption by NFBS and PEI-conjugated
magnetic nanoadsorbents, by using Ho and McKay’s pseudo-
second-order adsorption model as we and others have reported
before.10−20 For this purpose, we have used eq 3 as shown
below:

= +t
q

t
q K q

1

t equ obs equ
2

(3)

where qt is the amount of short- and ultrashort-chain PFAS
absorbed separately per gram of NFBS and PEI-conjugated
magnetic nanoadsorbents at time t. On the other hand, qequ is
the quantity of emerging short- and ultrashort-chain PFAS
absorbed separately at equilibrium, and kobs is the rate constant
for the separation process via adsorption using NFBS and PEI-
conjugated magnetic nanoadsorbents. The rate constant kobs
can be calculated from the intercept and slope of the plot of t/
qt against t. All the batches of kinetic experiments for the
removal of GenX, PFHxS, PFBA, TFA, and PFPrS via
adsorption by NFBS and PEI-conjugated magnetic nano-
adsorbents were performed in triplicate. For determining the
maximum adsorption capacity for each short- and ultrashort-
chain PFAS using NFBS and PEI-conjugated magnetic
nanoadsorbents, we have used the Langmuir adsorption
model as we and others have reported before, shown in eq
4:10−20

= +
q

t
q bC q

1 1

equ m equ m (4)

where qequ is the quantity of short- and ultrashort-chain PFAS
adsorbed separately at equilibrium, qm is the maximum
capacity of each short- and ultrashort-chain PFAS adsorption
by NFBS and PEI-conjugated magnetic nanoadsorbents at
equilibrium, Cequ is the concentration of each short- and
ultrashort-chain PFAS, and b is a Langmuir constant for the
adsorption process. The experimental data for the removal of
GenX, PFHxS, PFBS, PFBA, TFA, and PFPrS was fitted with
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the Langmuir and Freundlich isotherm models, and qm was
obtained from the intercept and the slope. For this purpose,
experiments were performed in triplicate.

■ RESULTS AND DISCUSSION
Microscopic and Spectroscopic Characterization of

NFBS and PEI-Conjugated Multifunctional Magnetic
Nanoadsorbents. As we have discussed before, NFBS and
PEI-conjugated magnetic nanoadsorbents were designed by
using a two-step procedure. Initially, amine-functionalized
cubic-shaped iron oxide magnetic nanoparticles were synthe-
sized using FeSO4·7H2O, KNO3, NaOH, and PEI.35−39 After
purification, we characterized the magnetic nanoparticles using
a tunneling electron microscope (TEM).35−39 As reported in
Figure 2A, the PEI-conjugated Fe3O4 magnetic nanoparticles
can be classified as having the shape of nanocubes, and the size
is 30 ± 3 nm. We have also measured the size of PEI-
conjugated Fe3O4 magnetic nanoparticles using a dynamic light
scattering (DLS) technique.35−39 Figure S2B in the Supporting
Information shows the particle size distribution histogram of
PEI-attached Fe3O4 magnetic nanoparticles, indicating that the
size is 30 ± 6 nm, which matches very well with TEM data.
The measured zeta potential value for Fe3O4 magnetic
nanoparticles without PEI was −20.6 mV. On the other
hand, the measured zeta potential value for PEI-attached
Fe3O4 magnetic nanoparticles was +3.93 mV, which indicates
that PEI has been attached on the iron oxide nanoparticle
surface. As reported in Figure 1B, in PEI-Fe3O4 nanoparticles,

PEI is attached with iron oxide core nanoparticles via
electrostatic interactions. As reported in Figure S3 in the
Supporting Information, the FTIR spectra from Fe2O3
nanoparticles without PEI show the presence of −OH stretch,
−OH bend, and −Fe−O stretch peaks, which indicates that we
have designed a hydroxy-conjugated iron oxide core nano-
particle. On the other hand, as reported in Figure S4 in the
Supporting Information, the FTIR spectra from PEI-attached
Fe2O3 nanoparticles show the presence of the −NH stretch,
−CH stretch, −NH bend, −CH bend, −CN stretch, −CN
bends, and Fe−O stretch peaks, which indicates that PEI are
attached to the iron oxide core nanoparticle. As reported in
Figure S5 in the Supporting Information, the TGA curve
shows the percentage (%) of weight loss during thermal
decomposition from Fe2O3 nanoparticles without PEI and PEI-
attached Fe2O3 nanoparticles, which indicates 8% more weight
loss for PEI-attached Fe2O3 nanoparticles in comparison to
Fe2O3 nanoparticles without PEI. Using elemental analysis, as
reported in Table S1 in the Supporting Information and TGA
data, we determined that the weight percentage of PEI is ∼8%.
The superparamagnetic property measurement using a SQUID
magnetometer35−39 indicates that the specific saturation
magnetization for PEI-conjugated Fe3O4 magnetic nano-
particles is ∼31.4 emu g−1. In the second step, NFBS and
PEI-conjugated magnetic nanoadsorbents were developed
using PEI-coated magnetic nanoparticles, DMF, and triethyl-
amine. The synthesis details are reported in the Supporting

Figure 2. (A) TEM image from PEI-functionalized Fe3O4 magnetic nanoparticles. (B) SEM image from NFBS and PEI-conjugated magnetic
nanoadsorbents. (C) Energy-dispersive X-ray spectroscopy (EDX) mapping data from nanoadsorbents. (D) EDX analysis showing particle
constituents in nanoadsorbents. (E) XPS spectrum from the nanoadsorbent. (F) Picture showing that the nanoadsorbents can be used for the
separation of emerging and legacy PFAS from water samples using a small bar magnet. (G) FTIR spectra from the nanoadsorbent. (H) X-ray
diffraction (XRD) analysis from the nanoadsorbent. (I) Magnetic curve from the nanoadsorbent.
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Information. After purification, we characterized the nano-
adsorbents using scanning electron microscopy (SEM).35−39

As reported in Figure 2B, the NFBS and PEI-conjugated
magnetic nanoadsorbent shape is classified as a nanocube, and
the size is 35 ± 5 nm. We have also measured the size of NFBS
and PEI-conjugated magnetic nanoadsorbents using the DLS
technique. Figure S2C in the Supporting Information shows
the particle size distribution histogram of PEI and NFBS-
attached Fe3O4 magnetic nanoparticles, which indicates that
the size is 35 ± 6 nm, matching very well with SEM data. The
measured zeta potential value for NFBS and PEI-attached
Fe3O4 magnetic nanoparticles was −1.3 mV. Since the zeta
potential value for PEI-attached Fe3O4 magnetic nanoparticles
was +3.93 mV and the zeta potential value for nanoadsorbents
was observed as −1.3 mV, this indicates that NFBS has been
attached on the nanoadsorbent surface.
Figure 2C shows the energy-dispersive spectrometry (EDS)

mapping data, which clearly show the presence of Fe, F, N, and
S. The EDS spectra from nanoadsorbents are reported in
Figure 2D and show the presence of Fe, N, C, S, O, and F.
Figure 2E reports the X-ray photoelectron spectroscopy (XPS)
data from NFBS and PEI-conjugated magnetic nanoadsorb-
ents, confirming peaks at 166.2, 288.5, 401.6, 533.2, 688.3, and
710.6 eV that are due to S, C, N, O, F, and Fe,
respectively.35−39 The X-ray diffraction (XRD) data reported

in Figure 2H for NFBS and PEI-conjugated magnetic
nanoadsorbents shows the presence of (012), (200), (311),
(440), (422), (511), (400), and (533) indices, which indicate
that the magnetic nanoparticle is in the hematite phase.35−39

Figure 2G shows the FTIR spectra from NFBS and PEI-
conjugated magnetic nanoadsorbents. These spectra indicate
the presence of Fe−O stretch, −CF2 symmetric stretch, −C−F
stretch, −SO3 stretch, −C=O, −N−H bend, −N−H stretch,
−C−N stretch, and −C−H stretch peaks,35−39 which indicates
that both PEI and NFBS are present on the iron oxide core
nanoparticle. As reported in Figure S5 in the Supporting
Information, the TGA curve shows the percentage (%) of
weight loss during thermal decomposition from Fe2O3
nanoparticles without PEI, PEI-attached Fe2O3 nanoparticles,
and NFBS-PEI-attached Fe2O3 nanoparticles, which indicate
6% more weight loss for NFBS and PEI-attached Fe2O3
nanoparticles in comparison to only PEI-attached Fe2O3
nanoparticles. Figure 2I shows the magnetic curve from
NFBS and PEI-conjugated magnetic nanoadsorbents and
shows that the specific saturation magnetization is ∼28.9
emu g−1. The graph in Figure 2F shows that NFBS and PEI-
conjugated magnetic nanoadsorbents can be used for the
separation of emerging and legacy PFAS from water samples
using a small bar magnet.

Figure 3. (A) Removal efficiency for short- and ultrashort-chain PFAS (1 μg/L) from drinking water using the NFBS and PEI-attached magnetic
nanoadsorbent (1 mg/L). (B) Plot showing the time-dependent removal efficiency for short-chain PFAS using the nanoadsorbent. (C) Plot
showing the time-dependent removal efficiency for short-chain PFBS from drinking water using different nanoadsorbents. (D) Plot showing how t/
qt varies with time for PFBS removal from drinking water. (E) Plot showing how 1/qe varies with 1/Ce for PFBS removal from drinking water. (F)
Plot showing the time-dependent removal efficiency for PFNA, PFPrS, and NFA using the nanoadsorbent. (G) Removal efficiency for short- and
ultrashort-chain PFAS (1 μg/L) from drinking water using the PEI-attached magnetic nanoadsorbent (1 mg/L). (H) Removal efficiency for short-
and ultrashort-chain PFAS (1 μg/L) from drinking water using the carboxy-attached magnetic nanoadsorbent (1 mg/L). (I) Plot showing pH-
dependent PFBS removal efficiency using the nanoadsorbent.
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Capturing Short-Chain PFAS like GenX, PFHxS, PFBS,
and PFPrS from Drinking Water Using NFBS and PEI-
Conjugated Magnetic Nanoadsorbents. We have per-
formed flowing experiments to determine the capture and
separation efficiency of ultrashort- and short-chain PFAS like
GenX, PFHxS, PFBS, PFBA, TFA, and PFPrS from drinking
water using NFBS and PEI-conjugated magnetic nano-
adsorbents. Initially, the drinking water sample was spiked
with ultrashort- and short-chain PFAS like GenX, PFHxS,
PFBS, PFBA, TFA, and PFPrS individually and simultaneously.
To understand selective emerging PFAS separation, drinking
water samples were spiked with 1 μg/L GenX, PFHxS, PFBS,
PFBA, TFA, and PFPrS individually. To determine the
separation ability in a mixture of shorter-chain PFAS, the
drinking water sample was spiked with 0.33 μg/L GenX,
PFHxS, PFBS, PFBA, TFA, and PFPrS simultaneously. After
that, the capturing and removal efficiency was determined
using LC-MS (see the Supporting Information for details).
Our nanoarchitectures have a fair amount of F present. To
understand whether the nanoadsorbents are stable in water at
different pH levels, the NFBS and PEI-conjugated magnetic
nanoadsorbents were exposed to water for a few weeks and the
amount of F released was measured using LC-MS.10−20 No F
was released from nanoadsorbents even after being exposed to
water for 1 month at pH 7. We have also performed structural
analysis using XRD, FTIR spectroscopy, and XPS before and
after exposure to water, which indicates that the structure
remains very similar. Since no F was released and the NFBS-
conjugated magnetic nanoarchitecture can be removed from
water by a magnet, we can use this design of nanoarchitecture
very safely for the removal of PFAS.
As reported in Figure 3A, the capture and removal efficiency

for emerging short-chain PFBS is ∼100% when the NFBS and
PEI-conjugated magnetic nanoadsorbent has been used.
Similarly, the capturing and removal efficiency for short-
chain PFHxS is ∼94% when the NFBS and PEI-conjugated
magnetic nanoadsorbent has been used. In addition, the
capturing and removal efficiency for short-chain GenX is ∼92%
and that for PFBS is ∼88% when the NFBS and PEI-
conjugated magnetic nanoadsorbent has been used.
On the other hand, the capturing and removal efficiency for

ultrashort-chain PFPrS is ∼80% and that for TFA is ∼71%
when the NFBS and PEI-conjugated magnetic nanoadsorbent
has been used.
Finding the Kinetics for the Emerging PFAS Captur-

ing Process Using NFBS and PEI-Conjugated Multifunc-
tional Magnetic Nanoadsorbents. Figure 3B shows the
time-dependent removal efficiency for shorter-chain PFAS
such as PFBS, PFHxS, and GenX from drinking water using
the NFBS and PEI-conjugated magnetic nanoadsorbent.
Reported kinetics data show that the emerging PFBS removal
efficiency reached ∼100% within 30 min when the nano-
adsorbent has been used as an adsorber. As reported in Figure
3B, the PFBS removal efficiency remains the same after 30
min.
On the other hand, as shown in Figure 3B, the removal

efficiency for GenX reached ∼75% after 30 min and 92% after
40 min. Next, we have determined the rate of removal of
emerging PFAS like GenX, PFHxS, and PFBS via adsorption
by the NFBS and PEI-conjugated magnetic nanoadsorbent, as
reported in Figure 3C−E. For this purpose, we have used Ho
and McKay’s pseudo-second-order adsorption model,10−20 as
we have discussed in the Materials and Methods Section and

reported in eq 3. Using experimental data and eq 3, we have
estimated that the maximum capacity of PFBS adsorption by
the NFBS and PEI-conjugated magnetic nanoadsorbent at
equilibrium (qm) is ∼234 mg g−1. Similarly, the estimated
maximum capacity of GenX adsorption by NFBS and PEI-
conjugated magnetic nanoadsorbents at equilibrium (qm) is
∼219 mg g−1. As shown in Table 1, the experimentally

observed maximum GenX adsorption capacity by the NFBS
and PEI-conjugated magnetic nanoadsorbent is comparable
with the magnetic fluorinated polymer-based adsorbent
reported by Tan et al. (qm = 219 mg g−1 for GenX),17 β-CD
polymer-based adsorbent by Yang et al. (qm = 222 mg g−1 for
GenX),29 and ionic fluorogel-based adsorbent reported by
Kumarasamy et al. (qm = 217 mg g−1 for GenX).13 The
experimentally observed maximum PFHxS adsorption capacity
by the NFBS and PEI-conjugated magnetic nanoadsorbent at
equilibrium (qm) is ∼226 mg g−1. The reported qm value is
much higher than the literature reported value for the magnetic
(Fe3O4) PAC-based adsorbent.

31 Figure 3F shows the time-
dependent removal efficiency for ultrashort-chain PFAS such
as TFA and PFPrS from drinking water using the NFBS and
PEI-conjugated magnetic nanoadsorbent. Using time-depend-
ent data and eq 3, we estimated that the maximum capacity of
TFA adsorption by NFBS and PEI-conjugated magnetic
nanoadsorbents at equilibrium (qm) is ∼170 mg g−1. Similarly,
using time-dependent data and eq 3, we have estimated that
the maximum capacity of PFPrS adsorption by NFBS and PEI-
conjugated magnetic nanoadsorbents at equilibrium (qm) is
∼186 mg g−1. As shown in Table 1, the experimentally
observed maximum TFA adsorption capacity by the NFBS and
PEI-conjugated magnetic nanoadsorbent is comparable with
the zirconium MOF adsorbent reported by Zhang et al. (qm =
193 mg g−1 for TFA).21

Understanding the Role of Noncovalent Hydro-
phobic, Fluorophilic, and Electrostatic Interactions in
Effective Capturing of Short-Chain PFAS. As reported in
Figure 3A,B, using the NFBS and PEI-conjugated magnetic
nanoadsorbent, the separation efficiency for PFBS is the
highest in comparison with other emerging short-chain PFAS
that we have used. In perfluorobutanesulfonic acid (PFBS), the

Table 1. Comparison of the Adsorption Capacity (qm)
Observed Using the NFBS and PEI-Conjugated
Multifunctional Magnetic Nanoadsorbent and Different
Sorbents Reported in the Literature

system PFAS qm ref

NFBS-PEI-Fe2O3 PFNA 246 mg g−1 this work
NFBS-PEI-Fe2O3 PFBS 234 mg g−1 this work
NFBS-PEI-Fe2O3 PFHxS 226 mg g−1 this work
NFBS-PEI-Fe2O3 GenX 219 mg g−1 this work
NFBS-PEI-Fe2O3 PFBA 202 mg g−1 this work
NFBS-PEI-Fe2O3 PFPrS 186 mg g−1 this work
NFBS-PEI-Fe2O3 TFA 170 mg g−1 this work
magnetic fluorinated polymer GenX 219 mg g−1 17
magnetic (Fe3O4) PAC PFHxS 132 mg g−1 31
ionic fluorogels GenX 217 mg g−1 13
2D COF GenX 200 mg g−1 26
β-CD polymer GenX 222 mg g−1 29
PEI-FGO PFNA 208 mg g−1 20
zirconium MOF PFBA 274 mg g−1 21
zirconium MOF TFA 193 mg g−1 21
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C−F groups are hydrophobic as well as highly dipolar.10−20 As
a result, PFBS can participate in electrostatic, hydrophobic, and
fluorophilic interactions with the NFBS and PEI-conjugated
magnetic nanoadsorbent.10−20 The hydrophobic interaction is
the molecular London’s dispersion force interactions between
the alkyl chain in PFBS and NFBS-PEI conjugated
adsorbents.10−20 Due to the long alkyl chain, hydrophobic
interaction can be a strong adsorption mechanism for PFBS
capturing using the NFBS and PEI-conjugated magnetic
nanoadsorbent.10−20 The fluorophilic interactions, which
arise due to the C−F···F−C interaction between PFBS and
nanoadsorbents, are known to be a promising force to provide
strong adsorption capacity20−34 to the strong electronegativity
of F in nanoadsorbents; the material has a strong capability to
polarize nearby atoms, which provide specific fluorous
interactions with PFBS.10−20 As a result, fluorous interactions
can be the prominent adsorption mechanism for PFBS
capturing using magnetic nanoadsorbents.10−20 On the other
hand, PFBS has a hydrophilic head and a fluorophilic tail. Since
the pKa for PFBS is ∼−3.3, PFBS exists in mostly ionic form at
pH 7.10−20 Due to the ionic nature of PFBS, the electrostatic
interactions between the amine group of the magnetic
nanoadsorbent and PFBS are strong.10−20 As a result, these
electrostatic interactions can be a prominent adsorption
mechanism for PFBS capture using a magnetic nanoadsorbent.
By capitalizing on the cooperative hydrophobic, fluorophilic,
and electrostatic interaction processes, NFBS-PEI-conjugated
Fe3O4 magnetic nanoadsorbents are capable for ∼100% PFBS
removal within 30 min. Similarly, as reported in Figure 3F,
using cooperative hydrophobic, fluorophilic, and electrostatic
interaction processes, NFBS-PEI-conjugated Fe3O4 magnetic
nanoadsorbents are capable of ∼100% PFNA removal within
22 min. Moreover, as reported in Figure 3B, cooperative
hydrophobic, fluorophilic, and electrostatic interaction pro-
cesses help to capture 98% PFHxS using NFBS-PEI-
conjugated Fe3O4 magnetic nanoadsorbents.
Next, to understand the role of cooperative hydrophobic,

fluorophilic, and electrostatic interaction in capture and
removal of emerging PFBS, we have performed the same
experiment with the PEI-conjugated magnetic nanoadsorbent
and carboxy-conjugated magnetic nanoparticle. Figure 3G
shows the removal efficiency for short- and ultrashort-chain
PFAS from drinking water using a PEI-attached magnetic
nanoadsorbent. Similarly, Figure 3H shows the removal
efficiency for short- and ultrashort-chain PFAS from drinking
water using the F-PEG-COOH-attached magnetic nano-
adsorbent. Figure 3C shows the time-dependent removal
efficiency for short-chain PFBS from drinking water using the
NFBS and the PEI-conjugated magnetic nanoadsorbent. Figure
3C also shows the time-dependent removal efficiency for short-
chain PFBS from drinking water using the PEI-conjugated
magnetic nanoadsorbent and carboxy-conjugated magnetic
nanoparticle. Reported kinetics data show that the emerging
PFBS removal efficiency reached ∼100% within 30 min when
the NFBS and PEI-conjugated magnetic nanoadsorbent has
been used. As reported in Figure 3C, the PFBS removal
efficiency reaches ∼60% after 80 min when the PEI-conjugated
magnetic nanoadsorbent without NFBS has been used.
Similarly, as shown in Figure 3C, the removal efficiency for
PFBS reached ∼20% after 90 min when the acid-functionalized
magnetic nanoadsorbent without PEI and NFBS was used.
Similarly, as reported in Figure 3B, PFHXS removal efficiency
reached ∼98% within 30 min when the NFBS and PEI-

conjugated magnetic nanoadsorbent has been used. On the
other hand, as reported in Figure 3G, the PFHXS removal
efficiency reached ∼56% after 80 min when the PEI-
conjugated magnetic nanoadsorbent without NFBS was used.
Moreover, as shown in Figure 3H, the removal efficiency for
PFBS reached ∼18% after 90 min when the acid-functionalized
magnetic nanoadsorbent without PEI and NFBS was used.
Using experimental data reported in Figure 3C−E and eq 3,

we have estimated the maximum capacity of PFBS adsorption
by different magnetic nanoadsorbents, which shows that
perfluorobutanesulfonic acid (PFBS) capturing efficiency is
the highest for the NFBS-PEI-attached magnetic nano-
adsorbent (qm ∼ 234 mg g−1), in comparison to the PEI-
attached magnetic nanoadsorbent (qm ∼ 139 mg g−1) or
carboxylic acid-attached magnetic nanoadsorbent without
NFBS and PEI (qm ∼ 89 mg g−1). Similarly, we have estimated
the maximum capacity (qm) of PFHXS adsorption for the
NFBS-PEI-attached magnetic nanoadsorbent (∼226 mg g−1),
which is much higher than those of the PEI-attached magnetic
nanoadsorbent (qm ∼ 127 mg g−1) or carboxylic acid-attached
magnetic nanoadsorbent without NFBS and PEI (qm ∼ 72 mg
g−1). Moreover, we have estimated the maximum capacity (qm)
of PFPrS adsorption for the NFBS-PEI-attached magnetic
nanoadsorbent as ∼186 mg g−1, which is much higher than
those of the PEI-attached magnetic nanoadsorbent (qm ∼ 93
mg g−1) or carboxylic acid-attached magnetic nanoadsorbent
without NFBS and PEI (qm ∼ 47 mg g−1). All the above data
clearly indicates that the separation efficiency and kinetics of
separation are the highest for the NFBS and PEI-conjugated
magnetic nanoadsorbent. The factors leading to a better
separation efficiency for the NFBS and PEI-conjugated
magnetic nanoadsorbent are detailed below.
In the case of acid-functionalized magnetic nanoadsorbents,

PFBS can interact with the nanoadsorbent mainly via
hydrophobic interactions. Now, due to the presence of
−CO2H, the sorbent carries a negative surface charge. Since
the pKa for PFBS is ∼−3.3,10−20 PFBS exists mostly in ionic
form at pH 7, and as a result, the interaction between the
adsorbent and PFBS will be a repulsive electrostatic
interaction. Repulsive interactions lead to a low removal
efficiency when an acid-functionalized magnetic nanoadsorbent
without NFBS and PEI has been used. However, in the case of
the PEI-conjugated magnetic nanoadsorbent, the presence of a
unique −N−H bond from PEI allows the nanoadsorbent to
interact with PFBS using hydrophobic and electrostatic
interactions. As we have discussed before, since the pKa for
PFBS is ∼−3.3,10−20 PFBS exists in mostly its ionic form, and
as a result, it can undergo strong electrostatic interactions with
the cationic amines of the PEI. These electrostatic interactions
play a very important role in enhancing the removal
efficiency.10−20 As a result (Figure 3C), experimental data
show a 60% PFBS removal capability for the PEI-conjugated
magnetic nanoadsorbent. On the other hand (Figure 3C), we
have observed ∼99% separation of PFBS when the NFBS and
PEI-conjugated magnetic nanoadsorbent have been used. In
this case, the presence of unique C−F bonds from NFBS and
−N−H bonds from PEI allows the nanoadsorbent to interact
with PFBS using hydrophobic, electrostatic, and fluorophilic
interactions, which leads to an excellent removal capacity.
Next, to determine how the PFBS removal efficiency varies

in the absence of PEI, we have designed a magnetic
nanoadsorbent using F-PEG-CH2COOH [poly(ethylene gly-
col)], containing fluorine and carboxylic acid.
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The synthesis details are reported in the Supporting
Information. PFBS separation data indicate that the efficiency
for PFPrS removal is in the following order: NFBS-PEI-
attached nanoadsorbent (qm ∼ 187 mg g−1) > F-PEG-
CH2COOH-attached magnetic nanoadsorbent without PEI
(qm ∼ 144 mg g−1) > PEI-attached nanoadsorbent (qm ∼ 119
mg g−1) > carboxylic acid-attached nanoadsorbent (qm ∼ 52
mg g−1), which demonstrate that cooperative hydrophobic,
fluorophilic, and electrostatic interactions are essential for
highly efficient removal of emerging PFBS.
Understanding the Role of Cooperative Interactions

in Long-, Short-, and Ultrashort-Chain PFAS Removal.
Next, to determine comparative removal kinetics for long-,
short-, and ultrashort-chain PFAS using the NFBS and PEI-
attached magnetic nanoadsorbent, we have performed the
capture and separation experiment for legacy PFAS like PFNA.
As reported in Figure 3F, the capture and removal efficiency

for legacy PFNA is ∼100% when the NFBS and PEI-
conjugated magnetic nanoadsorbent has been used. On the
other hand, as reported in Figure 3A, the capture and removal
for short-chain PFBS is ∼100% when the NFBS and PEI-
conjugated magnetic nanoadsorbent has been used. Since
PFNA has a much longer carbon chain than PFBS, one can
expect stronger hydrophobic interactions for PFNA in
comparison to PFBS. As reported in Figure 3F, the capture
and removal efficiency for legacy PFNA is ∼100% after 30 min.
As reported in Table 1, the maximum capacity of PFBS
adsorption by the NFBS and PEI-conjugated magnetic
nanoadsorbent at equilibrium (qm) is ∼234 mg g−1, which is
comparable with the maximum capacity of PFNA adsorption
by the NFBS and PEI-conjugated magnetic nanoadsorbent at
equilibrium (qm) being ∼246 mg g−1. All the above data clearly
indicate that fluorophilic and electrostatic interactions play a
very important role in the observed high capacity PFBS
adsorption by the NFBS and PEI-conjugated magnetic
nanoadsorbent. Similarly, as reported in Table 1, the maximum
capacity of PFPrS adsorption by NFBS and PEI-conjugated
magnetic nanoadsorbents at equilibrium (qm) is ∼186 mg g−1

and the maximum capacity of TFA adsorption by NFBS and
PEI-conjugated magnetic nanoadsorbents at equilibrium (qm)
is ∼170 mg g−1.
The observed high removal capacity for ultra short-chain

PFAS by NFBS and PEI-conjugated magnetic nanoadsorbents
indicates that fluorophilic and electrostatic interactions play a
very important role for the capturing of ultrashort-chain PFAS.
Demonstrating Selectivity of PFAS Capturing against

Pharmaceutical Pollutants Using NFBS and PEI-Con-
jugated Multifunctional Magnetic Nanoadsorbents. It is

now well documented that environmental pharmaceutical
pollutants such as atenolol (β-blocker), metformin (anti-
hyperglycemic), naproxen (anti-inflammatory), caffeine
(stimulant and lifestyle compound), diphenhydramine (anti-
histamine) and oxytetracycline (antimicrobial) has deleterious
effects on human health and ecosystems.40−45 To understand
selectivity for capturing PFAS using NFBS and PEI-conjugated
multifunctional magnetic nanoadsorbents, we have performed
capture of different pharmaceutical, industrial, and flame-
retardant pollutants using magnetic nanoadsorbents.
For this experiment, each of the contaminated samples was

prepared by spiking the drinking water with 1 μg/L of PFAS or
pharmaceutical, industrial, and flame-retardant pollutants
individually. Figure 4B shows the removal efficiency for
emerging PFBS, naproxen, and caffeine from drinking water.
As reported in Figure 4B, although the removal efficiency for
short-chain PFBS is ∼100%, the removal efficiency for
naproxen is ∼36% and for the caffeine it is ∼28%, which is
due to the absence of −C-F bonds in naproxen and caffeine. As
a result, they cannot participate in fluorophilic molecular
interactions with a magnetic nanoadsorbent. Similarly, Figure
4C shows that the removal efficiency for emerging short-chain
PFHxS is much higher than diphenhydramine and oxy-
tetracycline, from drinking water. All the reported data clearly
indicate that cooperative hydrophobic, fluorophilic, and
electrostatic interactions are very important for high efficiency
capturing of ultrashort- and short-chain PFAS.
On the other hand, as reported in Figure 4A, although the

removal efficiency for ultrashort-chain PFPrS is much higher
than the removal efficiency for atenolol and metformin. The
observed low removal efficiency for pharmaceutical pollutants
is due to the absence of −C-F bonds in atenolol or metformin,
and thus, the fluorophilic interactions between nanoadsorbent
and pharmaceutical pollutants are lacking.
Capturing Ultrashort- and Short-Chain PFAS from

Environmental Reservoir, River, Lake, and Tap Water
Samples Using NFBS and PEI-Conjugated Multifunc-
tional Magnetic Nanoadsorbents. Next, we have deter-
mined whether NFBS and PEI-conjugated magnetic nano-
adsorbents can be used for the selective and simultaneous
separation of short-chain PFAS like GenX, PFHxS, PFBS, and
PFBA and ultrashort-chain PFAS like PFPrS and TFA from the
environmental water samples. For this purpose, we have used
water from the Ross Barnett Reservoir, tap water, Grenada lake
water, and Mississippi River water samples that were spiked
with 1 μg/L of short-chain PFAS like GenX, PFHxS, PFBS,
PFBA and ultrashort-chain PFAS like PFPrS, TFA individually.
Further, we studied samples spiked with two different PFAS for

Figure 4. (A) Removal efficiency for ultrashort-chain PFPrS (1 μg/L), atenolol (1 μg/L), and metformin (1 μg/L) from drinking water using the
nanoadsorbent (1 mg/L). (B) Removal efficiency for short-chain PFBS (1 μg/L), aproxen (1 μg/L), and caffeine (1 μg/L) from drinking water
using the nanoadsorbent (1 mg/L). (C) Removal efficiency for short-chain PFHxS (1 μg/L), diphenhydramine (1 μg/L), and oxytetracycline (1
μg/L) from drinking water using the nanoadsorbent (1 mg/L).
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separation experiments, and those samples were spiked with
0.5 μg/L of each PFAS. We also explored water samples that
were spiked with three different PFAS (0.33 μg/L of each
PFAS).
Since the pH of the environmental samples varied for

different sources, we have determined how the capture
efficiency varies with the pH of water. The environmental
samples we have used are from the Mississippi Bernett
reservoir water (pH = 8.2), Grenada Lake water (pH = 6.7),
Jackson tap water (pH = 7.5), and Mississippi River water (pH
= 7.9), where pH varies between 6 and 9. As a result, we have
determined how the maximum capacity of PFBS adsorption by
NFBS and PEI-conjugated magnetic nanoadsorbent varies with
the pH of water. Figure 3I shows pH dependent PFBS removal
efficiency using NFBS and PEI-conjugated magnetic nano-
adsorbent, which indicates that the qm values vary from 234 mg
g−1 to 222 mg g−1, as the pH varies from 6 to 9. Since the qm
value variation is small for PFOA as the pH changes from 6 to
9, we can neglect the pH variation effect for the removal
efficiency from environmental samples of the Ross Barnett
Reservoir water, tap water, Grenada lake water, and Mississippi
River water samples.
As shown in Figure 5A, the NFBS and PEI-conjugated

magnetic nanoadsorbent have the capability to remove ∼98%
of short-chain PFBS from water taken from different sources.
Since all the environmental samples from Ross Barnett
Reservoir water, Grenada lake water, and the Mississippi
River water may contain different organic compounds, and
heavy metals45 our reported data indicates that NFBS and PEI-
conjugated magnetic nanoadsorbent can be used for selective
PFBS capture. As shown in Figure 5B, NFBS and PEI-
conjugated magnetic nanoadsorbent has capability to remove
∼96% of short-chain PFHxS from Ross Barnett Reservoir
water, tap water, Grenada lake water, and Mississippi River
water samples. Similarly, as reported in Figure 5C, NFBS and
PEI-conjugated magnetic nanoadsorbent have the capability to
remove ∼78% of ultrashort-chain PFPrS from environmental
water samples. This data shows the potential of multifunctional
magnetic adsorbent materials for the removal of individual
short-chain and legacy PFAS at environmentally relevant

conditions. As reported in Figure 5D, the NFBS and PEI-
conjugated magnetic nanoadsorbent has the capability to
remove ∼96% of short-chain PFBS and PFHxS simultaneously
from the studied water samples. Similarly, as reported in Figure
5E, the NFBS and PEI-conjugated magnetic nanoadsorbent
has the capability to remove ∼70% of ultrashort-chain PFPrS
and TFA simultaneously from environmental water samples.
Further, Figure 5F shows that our developed magnetic
nanoadsorbent has the capability to remove ∼96% of short-
chain PFBS, GenX, and PFHxS simultaneously from environ-
mental water. This demonstrates that NFBS and PEI-
conjugated magnetic nanoadsorbent can efficiently capture
two PFAS simultaneously with high affinity even in the
presence of other organic and inorganic contaminants.
Next to determine the reusability of the nanoadsorbents, we

have performed PFAS separation experiments for different
cycles using PFBS, PFHxS, GenX and PFBA infected Ross
Barnett Reservoir water.Figure S7in theSupporting Information
shows how the removal efficiency of nanoadsorbent for PFAS
samples containing the mixture of 0.25 μg/L of each of the
short-chain PFBS, PFHxS, GenX, and PFBA varies for different
cycles. Reported data shows the removal efficiency decreases
after 3 cycles, which can be due to the fact that the amount of
fluorophilic and electrostatic interaction sites decreases as the
number of cycles increases.

■ CONCLUSIONS
In conclusion, our findings reveal that cooperative hydro-
phobic, fluorophilic, and electrostatic interactions are very
important for maximizing the removal capacity and selectivity
for high efficiency capture of ultrashort and short-chain PFAS.
Moreover, experimental data demonstrated that NFBS and PEI
conjugated magnetic nanoadsorbents can be used for highly
effective removal of short-chain PFAS like PFBS (∼99%),
PFHxS (∼94%) and GenX (∼92%) from contaminated
drinking water within 30 min. We have also shown that
magnetic nanoadsorbents have the capacity for efficient
removal of ultrashort-chain PFAS like PFOrS (∼80%) and
TFA (∼70%) from contaminated water within 30 min.
Moreover, the reported data demonstrate the potential of

Figure 5. Removal efficiency of the nanoadsorbent (1 mg/L) for short- and ultrashort-chain PFAS samples prepared with water from different
sources (Ross Barnett Reservoir water, tap water, Grenada lake water, and Mississippi River wa). (A) 1 μg/L emerging short-chain PFBS. (B) 1 μg/
L short-chain PFHxS. (C) 1 μg/L ultrashort-chain PFPrS. (D) Mixture of 0.5 μg/L each of the short-chain PFBS and PFHxS. (E) Mixture of 0.5
μg/L of each of the ultrashort-chain PFPrS and TFA. (F) Mixture of 0.33 μg/L of each of the emerging PFBS, PFHxS, and GenX.
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multifunctional magnetic adsorbent materials for the removal
of ultrashort- and short-chain PFAS at environmentally
relevant conditions from Ross Barnett Reservoir water, tap
water, Grenada lake water, Mississippi River water samples.
Although this work shows nanoadsorbents have the capability
for real life applications, we are in an early stage for engineering
the design of the magnetic nanoadsorbents. Future work will
focus on optimizing the design for the complete removal of all
different types of PFAS simultaneously from real water
matrices.
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