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ABSTRACT: Although water is essential for life, as per the United Nations, around 2
billion people in this world lack access to safely managed drinking water services at
home. Herein we report the development of a two-dimensional (2D) fluorinated
graphene oxide (FGO) and polyethylenimine (PEI) based three-dimensional (3D)
porous nanoplatform for the effective removal of polyfluoroalkyl substances (PFAS),
pharmaceutical toxins, and waterborne pathogens from contaminated water.
Experimental data show that the FGO-PEI based nanoplatform has an estimated
adsorption capacity (qm) of ∼219 mg g−1 for perfluorononanoic acid (PFNA) and can
be used for 99% removal of several short- and long-chain PFAS. A comparative PFNA
capturing study using different types of nanoplatforms indicates that the qm value is in
the order FGO-PEI > FGO > GO-PEI, which indicates that fluorophilic, electrostatic,
and hydrophobic interactions play important roles for the removal of PFAS. Reported
data show that the FGO-PEI based nanoplatform has a capability for 100% removal of
moxifloxacin antibiotics with an estimated qm of ∼299 mg g−1. Furthermore, because
the pore size of the nanoplatform is much smaller than the size of pathogens, it has a capability for 100% removal of Salmonella and
Escherichia coli from water. Moreover, reported data show around 96% removal of PFAS, pharmaceutical toxins, and pathogens
simultaneously from spiked river, lake, and tap water samples using the nanoplatform.

1. INTRODUCTION
Drinking water is essential for human beings on this earth.1−4

As per the United Nations International Children’s Emergency
Fund (UNICEF), one in four persons in this world does not
have access to basic drinking water services.1 Based on a recent
report by the Environmental Protection Agency (EPA), 45% of
US tap water is contaminated with forever chemicals like per-
and polyfluoroalkyl substances (PFAS).2 As per the EPA, the
concentrations of per- and polyfluoroalkyl substances are
higher than the EPA limit (70 ng L−1) in ground and surface
water systems in 3186 locations in 50 states in the USA.2−6

Since 2016, as per US EPA instructions, the industry has been
using short-chain homologues of the long-chain PFAS.2−6 In
2022, reported data by the US EPA indicated that the
concentrations of short-chain perfluorobutanesulfonic acid
(PFBS), perfluorobutanoic acid (PFBA), and tetrafluoro-
heptafluoropropoxy propanoic acid (GenX) are increasing in
environmental samples, which is alarming.2−6 Several studies
indicate that short- as well as long-chain PFAS can play a major
role in hepatic, hematological, and renal cancer.7−12 To tackle
the PFAS contamination in water challenges, scientists are
designing novel adsorbents with high affinity for per- and

polyfluoroalkyl substances for PFAS removal from water.9−27

Because C−F bonds in per- and polyfluoroalkyl substances can
participate in electrostatic, hydrophobic, and fluorophilic
interactions, several efforts have been devoted to design new
adsorbents to remove PFAS using dipole−dipole, ionic−
dipolar, and fluorophilic interactions.12−22 However, several
reported data show high removal capacity for long-chain per-
and polyfluoroalkyl substances, and the removal efficiency
decreased significantly for short-chain PFAS.12−22 Herein, we
have designed a 2D fluorinated graphene oxide (FGO) and
polyethylenimine (PEI) based three-dimensional (3D) porous
nanoplatform for the effective removal of short-chain per- and
polyfluoroalkyl substances like perfluorobutanoic acid (PFBA)
and perfluorobutanesulfonic acid (PFBS), as well as long-chain
per- and polyfluoroalkyl substances like perfluorohexanesulfo-
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nate (PFHxS) and perfluorononanoic acid (PFNA). We have
also used only FGO and polyethylenimine (PEI) attached
graphene oxide (PEI-GO) to understand the role of hydro-
phobic, electrostatic, and fluorophilic interactions in the short-
and long-chain PFAS removal process.
According to the UN and WHO, every 2 min, a child dies

from a water-borne illness in this world.1,29−40 On the other
hand, about 7.2 million Americans get sick every year from
diseases spread through waterborne pathogens.1,32−52 Because
of the low infectious dose, disease transmission is facilitated
heavily via the outbreaks of diarrhea, cholera, and
typhoid.1,29−37 Recent reports indicate that direct costs of all
illnesses caused by waterborne microorganisms are around
$3.3 billion/year caused by 17 pathogens.1,40−52 Several
antibiotics such as fluoroquinolone, tetracycline, fluoroquino-
lone, etc., are present in aquatic environments and drinking
water.29−36 Recently, several reports indicated that antibiotic
residues in water can produce antibiotic-resistant bacteria,
which are a serious threat for our society.29−36 To tackle the
challenges, scientists are designing a novel adsorbent-based
technology that has the potential to improve access to safe
drinking water by removing chemical and biological
toxins.29−52 Because currently available antibiotics are polar
molecules, several adsorbents have been designed to capture
via hydrophobic as well as electrostatic interactions.35,36,43−52

However, because of the low removal efficacy, they are not
very effective.35,36,43−52 To address the chemical and biological
toxin-free drinking water problem, we have used the same
FGO-PEI based three-dimensional (3D) porous nanoplatform
for the effective removal of moxifloxacin antibiotics via
fluorophilic, electrostatic, and hydrophobic interactions. To
understand the role of fluorophilic and electrostatic inter-
actions for removing different antibiotics, we have used
tetracycline and moxifloxacin antibiotics, where moxifloxacin
can only participate in fluorophilic interaction with the
adsorbent. In addition, the same nanoplatform has been used
for the removal of Salmonella and Escherichia coli waterborne
pathogens from contaminated water samples. Because the pore
size of the nanoplatform is much smaller than the size of
pathogens, 100% of the Salmonella and Escherichia coli are
expected to be captured during filtration.

2. METHODS
2.1. Synthesis of Graphene Oxide from Graphite. We

developed water-soluble graphene oxide from graphite using
the improved Hummer’s method, as we and others have
reported before.34−43 For the development of graphene oxide
(GO), we oxidized graphite using strong oxidizing agents such
as sodium nitrate, concentrated sulfuric acid, and potassium
permanganate.34−39 Experimental details are reported in the
Supporting Information.
2.2. Synthesis of Fluorinated Graphene. We developed

fluorinated graphene oxide from GO using HF.24−28,33 For this
purpose, GO and HF were autoclaved and maintained at 180
°C for 30 h. Experimental details are reported in the
Supporting Information.
2.3. Synthesis of the 2D Fluorinated Graphene Oxide

and PEI Based Three-Dimensional (3D) Porous Nano-
platform. We developed the 2D fluorinated graphene oxide
and polyethylenimine (PEI) based 3D porous nanoplatform
(FGO-PEI) using PEI as a cross-linking agent between two
fluorinated graphene oxides. For this purpose, we used the
EDC−NHS coupling procedure, as we have reported

before.34−39 Experimental details are reported in the
Supporting Information.
2.4. Determining Perfluorobutanoic Acid (PFBA) and

Perfluorobutanesulfonic Acid (PFBS) Removal Amount
Using LC−MS. For the determination of the removal amount
of perfluorobutanoic acid (PFBA) and perfluorobutanesulfonic
acid (PFBS) using the two-dimensional (2D) fluorinated
graphene oxide and PEI based three-dimensional (3D) porous
nanoplatform, we used LC−MS (Agilent technologies).11−21
Details are reported in the Supporting Information.
2.5. Surface Enhanced Raman Spectroscopy (SERS)

Analysis for the Determination of the Concentration of
Tetracycline and Moxifloxacin Antibiotics from Envi-
ronmental Samples. For the measurement of SERS, we used
the confocal Raman system with laser excitation of 670 nm
gold nanoparticles as the plasmonic surface.27−30 Experimental
details have been reported before.27−30 Details are reported in
the Supporting Information.
2.6. Determining the Number of Bacteria Captured

during Filtration Using the Colony Counting Techni-
que. The number of live bacteria was counted in the water
samples with a colony counter after 24 h at 37 °C incubation,
as we have reported before.34−49,47 Details are reported in the
Supporting Information.

3. RESULTS AND DISCUSSION
3.1. Design and Characterization of the 2D Fluori-

nated Graphene Oxide and Polyethylenimine (FGO-PEI)
Based 3D Porous Nanoplatform. For the development of
the 2D fluorinated graphene oxide and polyethylenimine based
3D porous nanoplatform, we used a three-step synthesis
process as reported in Figure 1. For this purpose, in the first

step, we developed water-soluble graphene oxide from graphite
using the improved Hummer’s method, as we and others have
reported before.34−43 At the end, the yellow mixture was
washed with 5% HCl followed by ethanol to remove the metal
impurities. The yellow suspension was centrifuged at very high
speed several times until the pH was near neutral. The final
solution was dried by lyophilization. After lyophilization,
graphene oxides were characterized by tunneling electron
microscopic (TEM), as shown in Figure 2A, which indicates a
2D structure. The energy dispersive spectrometry (EDS)
mapping data reported as an inserted figure in Figure 2A
clearly shows the presence of C and O for 2D GO.34−39

Figure 1. Scheme shows the synthetic path used for the development
of the 2D fluorinated graphene oxide and polyethylenimine (PEI)
based three-dimensional (3D) porous nanoplatform.
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Similarly, the energy dispersive X-ray analysis data reported in
Table 1 also show the presence of C and O in 2D GO. The X-

ray diffraction (XRD) data for FGO, as reported in Figure 2E,
show the presence of (002) and (100) reflection peaks.24−26,33

The reported broad diffraction peak observed from FGO is
associated with the disorder induced by the fluorination
process.34−39

In the second step, we developed fluorinated graphene oxide
from GO using HF.24−28,33 Experimental details are reported
in the Supporting Information. The resultant solution was
naturally cooled to room temperature. Then the fluorinated
graphene semisolid compound was obtained and filtered
followed by washing with water to remove excess acid. The
pure fluorinated graphene was finally freeze-dried through
lyophilization for future use. After lyophilization, graphene

oxides were characterized by TEM, as shown in Figure 2B,
which indicates the 2D structure. The EDS mapping data
(inserted picture in Figure 2B) and energy dispersive X-ray
analysis (EDX) analysis data (Table 1) clearly show the
presence of C, O, and F for 2D fluorinated graphene oxide.
The X-ray diffraction (XRD) data for FGO (Figure 2E) show
the presence of (002) and (100) reflection peaks.24−26,33 The
reported broad diffraction peak observed from FGO is
associated with the disorder induced by the fluorination
process. The XPS spectrum from FGO (Figure 2D) confirms
peaks at 288.5, 533.2, and 688.3 eV that are due to C, O, and
F, respectively.
In the third step, we developed the 2D fluorinated graphene

oxide and polyethylenimine (PEI) based 3D porous nanoplat-
form (FGO-PEI). For this purpose, PEI was used as a cross-
linking agent between two fluorinated graphene oxides via the
formation of amide bond as shown in Figure 1. For this
purpose, we used the EDC−NHS coupling procedure, as we
have reported before.34−39 Experimental details are reported in
the Supporting Information.
For this purpose, fluorinated graphene was dispersed in

DMF, and then the mixture was sonicated for 1 h. Then under
a nitrogen atmosphere, 250 mL of EDC (1 mg/mL) and 150
mL of NHS (1 mg/mL) were added to the DMF suspended
fluorinated graphene solution. After that, 400 mg of PEI was
added to the resulting mixture and stirred for several hours at
room temperature. Finally, the semisolid fluorinated graphene-
PEI nanocomposite was used for the development of the
nanoplatform, whose diameter is ∼5 cm and surface area is
∼78 cm2, as shown in the inserted figure in Figure 2C. After
that, the nanoplatform was characterized by SEM, as shown in
Figure 2C, which indicates the 3D porous structure. EDS
mapping data reported as the inserted figure in Figure 2C
clearly show the presence of C, O, F, and N in the 3D porous
platform. Similarly, EDX analysis data reported in Table 1 also
show the presence of C, O, N, and F in the 3D porous
platform. Figure 2F shows the Fourier-transform infrared
spectroscopy (FTIR) data from the 3D porous platform. FTIR
spectra show the presence of amide A and O−H stretching
vibrational band between 3000 and 3500 cm−1 range. The
FTIR peak at 1120 cm−1 from the 3D porous platform van is
due to the C−F bond stretching. The observed IR band at
1732 cm−1 is due to the C�O stretching of the carboxylic
functional groups. Similarly, the observed IR band at 1618
cm−1 is due to the amide-I band, which indicates amide bond
formation. Figure 2G shows the Raman spectra from the FGO-
PEI based nanoplatform that clearly show the G-band peak at
1580 cm−1 due to the E2g mode of graphitic carbon and D-
band peak at 1350 cm−1 due to the disordered graphite carbon
atoms.34−39

Next, to determine the specific surface area for FGO-PEI
based 3D porous nanoplatform, we used a Tristar II 3020
surface area analyzer that has the capability for surface area and
porosity measurements. Experimental details have been
reported by us and others previously.34−39 For this purpose,
we used the Barrett−Joyner−Halenda (BJH) method for the
determination of pore size distribution for the FGO-PEI based
3D porous nanoplatform.34−39 Figure 2H shows the N2
adsorption/desorption isotherm of the FGO-PEI based 3D
nanoplatform. From the measurement, we determined the
specific surface area and pore volume for the FGO-PEI based
nanoplatform. The specific surface area for the 3D porous
nanoplatform is 360 m2 g−1, and the pore volume for the 3D

Figure 2. (A) TEM image shows the morphology of 2D graphene
oxide. Inserted energy dispersive spectrometry (EDS) mapping shows
the presence of C and O in 2D graphene oxide. (B) TEM image
shows the morphology of 2D fluorinated graphene oxide. (C) SEM
image shows the morphology of the 2D fluorinated graphene oxide
and PEI based 3D nanoplatform. Inserted energy dispersive
spectrometry (EDS) mapping shows the presence of C, O, N, and
F in the 3D nanoplatform. Another inserted image shows the
nanoplatform developed using the FGO-PEI based 3D nanoplatform.
(D) The XPS spectrum from FGO confirms peaks at 288.5, 533.2,
and 688.3 eV, which are due to C, O, and F, respectively. (E) XRD
data from FGO show the presence of (002) and (100) reflection
peaks. (F) FTIR spectra from the FGO-PEI based 3D nanoplatform
shows the presence of −C−F, −C�O, −O−H, amide-I, and amide-A
peaks. (G) Raman spectra from the FGO-PEI based nanoplatform
shows the presence of D and G peaks. (H) N2 adsorption/desorption
isotherm of the FGO-PEI based 3D nanoplatform. (I) Pore size
distributions from the FGO-PEI based 3D nanoplatform show that
pore size varies from 5 to 100 nm, with the highest pore density being
around 30 nm.

Table 1. Elemental Composition (Weight %) for the 2D
GO, 2D FGO, and FGO-PEI Based Nanoplatform

sample wt % C wt % O wt % F wt % N

2D GO 70 30 0 0
3D FGO 70 12 18 0
3D platform 67 5 18 10
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porous nanoplatform is 0.590 cm3 g−1. Figure 2H shows the
pore size distributions from the FGO-PEI based 3D nanoplat-
form. Using the BJH method, we determined that the pore size
for the FGO-PEI 3D nanoplatform varies from 2 to 100 nm,
with the highest pore density around 30 nm. Because the pore
size and distribution are highly dependent on the method of
preparation and experimental conditions, they may vary with
different batches of experiments. For the measurement of the
water flux for the FGO-PEI based 3D nanoplatform, we used
the electronic balance method, as we have reported
before.34−39 By determining the amount of permeated water
through the FGO-PEI based 3D nanoplatform, we estimated
that the water flux is around 281 L m−1 h−1 bar−1.

3.2. Capturing and Separating PFBA, PFBS, PFHxS,
and PFNA from Environmental Samples. As we have
discussed before, PFAS contamination is a serious concern for
society due to its association with adverse health effects such as
cancer, immunity decline, and liver damage.2−8 As a result,
there is an urgent need for advanced systems that can separate
PFAS from water.9−22 Next, to determine the capturing and
separating efficiency of PFBA, PFBS, PFHxS, and PFNA from
environmental samples using the FGO-PEI based 3D nano-
platform, we performed the following experiments. Initially, we
infected the drinking water samples with PFBA, PFBS, PFHxS,
and PFNA selectively and simultaneously. For the selective
PFAS separation experiment, we spiked water samples with

Figure 3. (A) Perfluorobutanoic acid (PFBA) removal efficiency from drinking water using the 2D-GO based nanoplatform, PEI-attached 2D-GO
(GO-PEI) based nanoplatform, and PEI-attached 2D F-GO (FGO-PEI) based nanoplatform. For this experiment, we used 1000 ng/L of PFBA
infected drinking water. (B) Perfluorobutanesulfonic acid (PFBS) removal efficiency from drinking water using the 2D-GO based nanoplatform,
GO-PEI based nanoplatform, and FGO-PEI based nanoplatform. For this experiment, we used 1000 ng/L of PFBS infected drinking water. (C)
Perfluorohexanesulfonate (PFHxS) removal efficiency from drinking water using the 2D-GO based nanoplatform, GO-PEI based nanoplatform,
and FGO-PEI based nanoplatform. For this experiment, we used 1000 ng/L of PFHxS infected drinking water. (D) Variation of perfluorononanoic
acid (PFNA) removal efficiency with time for the GO based nanoplatform, PEI-attached 2D-GO (GO-PEI) based nanoplatform, and PEI-attached
2D F-GO (FGO-PEI) based nanoplatform. (E) Plots show the time-dependent removal efficiency for PFBS and PFHxS using the FGO-PEI based
nanoplatform. For this experiment, we used 1000 ng/L of PFBS or PFHxS infected water samples. (F) Plot shows the variation of (t/qt) with time
for PFNA using the PEI-FGO and GO adsorber separately, where qt is the quantity of PFNA removed per gram of the FGO-PEI or GO
nanoplatform. (G) Plot shows the variation of 1/qe with 1/Ce for PFNA using the PEI-FGO and PEI-GO adsorber separately, where qe is the
quantity of PFNA adsorbed at equilibrium and Ce is the concentration of PFNA. (H) Plot shows how the PFNA removal efficiency varies with pH
when the FGO-PEI based nanoplatform was used. (I) PFNA removal efficiency from tap water, Mississippi river water, lake water, and drinking
water using the FGO-PEI based nanoplatform. For this experiment, we used 1000 ng/L of PFBA infected water samples. (J) PFBS removal
efficiency from tap water, Mississippi river water, lake water, and drinking water using the FGO-PEI based nanoplatform. For this experiment, we
used 1000 ng/L of PFBS infected water samples. (K) Removal efficiency of PFBS, PFBA, PFHxS, and PFNA simultaneously from tap water,
Mississippi river water, lake water, and drinking water using the FGO-PEI based nanoplatform. For this experiment, we used 250 ng/L of PFBS,
250 ng/L ng/L of PFBA, 250 ng/L of PFHxS, and 250 ng/L of PFNA infected water samples. (L) Plot shows how the removal efficiency for PFBS,
PFBA, PFHxS, and PFNA together varies with the number of cycles of filtration when we used the FGO-PEI based nanoplatform. For this
experiment, we used 250 ng/L of PFBS, 250 ng/L of PFBA, 250 ng/L of PFHxS, and 250 ng/L of PFNA infected water samples.
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1000 ng/L of PFBA, PFBS, PFHxS, or PFNA. For the mixture
of PFBA, PFBS, PFHxS, and PFNA experiment, we spiked
water samples with 250 ng/L concentration for each of them.
After that, we performed filtration using the FGO-PEI
nanoplatform. At the end, for the determination of the
removal amount for PFBA and PFBS using the nanoplatform,
we used LC−MS (Agilent technologies). Experimental details
are reported in the Supporting Information. Before using the
nanoplatform for the removal of PFAS, we performed a
stability experiment for the nanoplatform at different pH
values. For this purpose, we exposed the nanoplatform in water
for a few weeks and determined whether any F is released from
nanoplatform. We used LC−MS to determine the amount of F
released. We did not observe any release of F from the
nanoplatform even after being exposed to water for 21 days at
pH 7. Similarly, we also performed the same experiment with
the variation of pH between 6 and 10. We did not observe any
release of F from the nanoplatform even after being exposed to
water for 21 days and different pH values.
The removal efficiency (RE) for PFBA, PFBS, PFHxS, and

PFNA toxic chemicals was determined using eq 1:9−24

= ×c c
c

RE(%) 100tinitial

initial (1)

where Cinitial is the concentration of PFBA, PFBS, PFHxS, or
PFNA toxic chemicals before separation and Ct is the
concentration of PFBA, PFBS, PFHxS, or PFNA toxic
chemicals at time t during the separation process. The amount
of PFBA, PFBS, PFHxS, and PFNA toxic chemicals removed
by GO, FGO, PEI-GO, or PEI-FGO adsorbent was
determined using eq 2:9−24

=q
c c

ct
tinitial

A (2)

where qt is the amount of PFBA, PFBS, PFHxS, and PFNA
toxic chemicals absorbed separately per gram of GO, FGO,
PEI-GO, or PEI-FGO at time t and Cinitial is the concentration
of PFBA, PFBS, PFHxS, or PFNA toxic chemicals before
separation.
On the other hand, Ct is the concentration of toxic chemicals

at time t during separation process and CA is the concentration
of the GO, FGO, PEI-GO, or PEI-FGO adsorbent. For the
determination of the rate of removal via adsorption of PFBA,
PFBS, PFHxS, and PFNA toxic chemicals separately, we used
Ho and McKay’s pseudo-second-order adsorption model as
reported in eq 3:9−24

= +t
q

t
q K q

1

t e obs e
2

(3)

where qt is the amount of PFBA, PFBS, PFHxS, and PFNA
toxic chemicals absorbed separately per gram of GO, FGO,
PEI-GO, or PEI-FGO at time t. On the other hand, qe is the
quantity of PFBA, PFBS, PFHxS, and PFNA toxic chemicals
adsorbed separately at equilibrium, and kobs is the rate constant
for the separation process via adsorption using the GO, FGO,
PEI-GO, or PEI-FGO adsorber. For determining the maximum
adsorption capacity for each PFBA, PFBS, PFHxS, and PFNA
toxic chemical using the PEI-FGO adsorbent, we used the
Langmuir adsorption model as reported in eq 4:9−24

= +
q

t
q bC q

1 1

e m e m (4)

where qe is the quantity of PFBA, PFBS, PFHxS, and PFNA
toxic chemicals adsorbed separately at equilibrium; qm is the
maximum capacity of each PFBA, PFBS, PFHxS, and PFNA
toxic chemical adsorption by the PEI-FGO adsorbent at
equilibrium; Ce is the concentration of each PFBA, PFBS,
PFHxS, and PFNA toxic chemical; and b is the Langmuir
constant for the adsorption process. For this experiment, we
used 10 μg to 1000 μg/L toxic chemicals.
As shown in Figure 3A,B, reported experimental data

indicate that the removal efficiency for short-chain per- and
polyfluoroalkyl substances like PFBA or PFBS is ∼99% when
the FGO-PEI nanoplatform has been used. Similarly, as shown
in Figure 3C,D, reported experimental data indicate that the
removal efficiency for long-chain per- and polyfluoroalkyl
substances like PFHxS or PFNA is ∼99% when the FGI-PEI
nanoplatform has been used. To compare the removal
efficiency with the GO based nanoplatform, FGO based
nanoplatform, and GO-PEI based nanoplatform, we have
performed the PFBA, PFBS, PFHxS, and PFNA separation
experiment individually from drinking water. As reported in
Figure 3A, we have observed ∼45% separation of PFBA when
only the GO based nanoplatform has been used. Furthermore,
we have observed ∼70% separation of PFBA when the GO-
PEI based nanoplatform has been used. On the other hand, we
have observed ∼80% separation of PFBA when the FGO based
nanoplatform has been used. Moreover, we have observed
∼99% separation of PFBA when the FGO-PEI based
nanoplatform has been used. Similarly, as reported in Figure
3B−D, we have observed the highest separation efficiency for
PFBS, PFHxS, and PFNA toxic chemicals when the FGO-PEI
based nanoplatform has been used. On the other hand, the
lowest separation efficiency for PFBS, PFHxS, and PFNA toxic
chemicals are observed when only the GO based nanoplatform
has been used. Furthermore, in all cases, the separation
efficiency is higher when the FGO based nanoplatform has
been used in comparison to the separation efficiency observed
when the GO-PEI based nanoplatform has been used.
Figure 3D shows the kinetics of the PFNA removal process

using GO, FGO, PEI-GO, and PEI-FGO adsorber individually.
Time-dependent data show that the removal efficiency reached
∼75% within an hour when PEI-FGO has been used as
adsorber and the removal efficiency is ∼100% within 4 h. On
the other hand, the removal efficiency reached ∼89% after 8 h
and then remained the same when FGO has been used as
adsorber. Similarly, the removal efficiency reached ∼75% after
12 h and then remained the same when PEI-GO has been used
as adsorber. Moreover, the removal efficiency reached ∼45%
after 16 h and then remained the same when GO has been
used as adsorber. All the above-reported data clearly indicate
that the separation efficiency as well as the kinetics of
separation is highest for the FGO-PEI based nanoplatform.
The observed highest separation efficiency for the FGO-PI
based nanoplatform can be due to the several facts as discussed
below. Because graphene oxide is well-known to carry a
negative surface charge due to the presence of oxygen-
containing (−OH, −CO2H, epoxy) functional groups, it
undergoes a repulsive electrostatic interaction with anionic
per- and polyfluoroalkyl substances, and as a result, the
removal efficiency is low when only graphene oxides are used,
as reported in Figure 3A−D.
On the other hand, because of the presence of unique C−F

bonds in FGO, it can interact with PFBA, PFBS, PFHx, or
PFNA using dipole−dipole, ionic−dipolar, and fluorophilic
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interactions, and the toxin removal capability is highly
increased. Because we have used FGO-PEI based nanoplat-
form, the electrostatic interactions between the carboxylate or
sulfonate headgroup in per- and polyfluoroalkyl substances and
the cationic amines of the PEI also can play important roles in
enhancing the removing efficiency. The amine group from PEI
also can participate in hydrophobic interactions with per- and
polyfluoroalkyl substances, which will help to remove the toxin.
Experimental data indicate ∼70% separation of PFBA, PFBS,
PFHx, or PFNA when the GO-PEI based nanoplatform has
been used, and on the other hand, we have observed ∼99%
separation of per- and polyfluoroalkyl substances when the
FGO-PEI based nanoplatform has been used. Our observed
experimental data clearly show that fluorophilic interaction,
which is known as C−F···F−C interaction, plays a very
important role for the ∼99% separation of PFBA, PFBS, PFHx,
or PFNA when the FGO-PEI based nanoplatform has been
used. It is interesting to note from Figure 3A−D that the
separation efficiency by the FGO based nanoplatform is higher
(∼90%) for long-chain per- and polyfluoroalkyl substances like
PFHxS or PFNA than for short-chain per- and polyfluoroalkyl
substances (∼80%) like PFBA or PFBS. Similarly, Figure 3E
shows the time-dependent removal efficiency for PFBS and
PFHxS using the FGO-PEI based nanoplatform, which
indicates that the rate of removal is much higher for long-
chain per- and polyfluoroalkyl substances than short-chain per-
and polyfluoroalkyl substances. The above data clearly indicate
that the fluorophilic interactions and hydrophobic interactions
for long-chain per- and poly fluoroalkyl substances like PFHxS
or PFNA are much higher than those of short-chain per- and
polyfluoroalkyl substances like PFBA or PFBS, which are due
to the higher number of fluorine atoms.
Next, to determine the absorption kinetics, we have used Ho

and McKay’s pseudo-second-order adsorption model,9−24 as
we have discussed before. Using eqs 2 and 3 and Figure 3F, we
have estimated the rate constant for the PFNA adsorption
(kobs) process for FGO-PEI nanoplatform, which is ∼4.38 g
mg−1 h−1. Similarly, using Figure 3G and eq 4, we have
estimated that the maximum capacity of PFNA adsorption by
the PEI-FGO adsorbent at equilibrium (qm) is ∼208.4 mg g−1.
The experimentally observed maximum capacity by PEI-FGO
is comparable with the ionic fluorogels reported by
Kumarasamy et al. (qm = 217 mg g−1)12 and magnetic
fluorinated polymer sorbents reported by Tan et al. (qm = 200
mg g−1).16 The experimentally observed value is much higher
than the literature reported value for fluorine-rich calixarene
based porous polymers19 and amine functionalized COF.18 On
the other hand, the experimentally observed estimated
maximum capacity of PFNA adsorption by the PEI-GO
adsorbent at equilibrium is ∼123.8 mg g−1, which is
comparable with the reported data by Lei et al.21 Similarly,
the experimentally observed estimated maximum capacity of
PFNA adsorption by the FGO adsorbent at equilibrium is
∼167.3 mg g−1, which is comparable to that of fluorine-rich
calix [4] arene-based porous polymers (qm= 188.7 mg g−1).15

Reported data show that the qm value follows the order FGO-
PEI > FGO > GO-PEI, which indicates that fluorophilic
interactions are very important for the separation of PFAS.
Reported data also indicate that electrostatic and hydrophobic
interactions play important roles for the removal of PFAS.
Next, to find out whether the FGO-PEI based nanoplatform

can be used for the separation PFBA or PFBS from the
environmental samples selectively or simultaneously, we used

tap water, lake water, Mississippi River water, and Mississippi
reservoir water samples spiked with 1000 ng/L of PFBA, PFBS,
PFHxS, or PFNA individually. Similarly, we also performed
experiments using tap water, lake water, Mississippi River
water, and Mississippi reservoir water samples spiked with 250
ng/L of PFBA, 250 ng/L of PFBS, 250 ng/L of PFHxS, and
250 ng/L PFNA simultaneously. Because the pH for tap water
(pH = 7.5), lake water (pH = 6.7), Mississippi River water (pH
= 7.9), and Mississippi reservoir water (pH = 8.1) samples
varies between 6 and 9, we have determined how the
maximum capacity of PFNA adsorption by FGO-PEI varies
with the pH of water. As reported in Figure 3G, the qm values
vary from 227 to 196 mg g−1 as the pH varies from 5 to 10.
Because pKa values for PFBA, PFBS, PFHxS, and PFNA are
less than 3,9−24 they will be mostly in anionic form in the water
solution when the pH of the solution is between 5 and 11.
Because, in acidic pH, the amine group is more protonated, the
electrostatic interaction will be high between PFNA and FGO-
PEI, and the maximum capacity of PFNA adsorption will be
higher. In our case, the pH for tap water, lake water,
Mississippi River water, and Mississippi reservoir water varies
between 6.7 and 8.1 where qm values vary from 214 to 206 mg
g−1. Because the qm value variation amount is small, we have
neglected the pH variation effect for the removal efficiency for
environmental samples we have studied. As shown in Figure
3J,K, reported experimental data indicate that the removal
efficiency for PFBS is more than 95% for spiked environmental
samples using the PEI-FGO based nanoplatform. As shown in
Figure 3K, the simultaneous removal efficiency of PFBS,
PFBA, PFHxS, and PFNA from tap water, Mississippi river
water, lake water, and drinking water is more than 95% using
the FGO-PEI based nanoplatform. All the reported data
indicate that although environmental water from different
sources contains different organic compounds and heavy
metals and their pH values are different, our FGO-PEI based
nanoplatform can be used for PFBS, PFBA, PFHxS, and PFNA
separation from environmental samples selectively or simulta-
neously.
As reported in Figure 3L, the removal efficiency perform-

ance for the FGO-PEI based nanoplatform remains almost the
same until five cycles of filtration of PFBS, PFBA, PFHxS, and
PFNA in river water samples. After six cycles of filtration, we
have noted that the removal efficiency decreases slightly, and it
can be due to the fouling issue of the FGO-PEI based
nanoplatform that occurs because of the accumulation of
microorganisms on the surface from environmental water
samples.
3.3. Capturing and Separating Tetracycline and

Moxifloxacin Antibiotics from Environmental Samples.
As we have discussed before, antibiotic contamination is a
serious concern for society due to its association with adverse
health effects such as the formation of antibiotic-resistant
genes.30−40 It can cause several health problems such as
immunity decline, genetic defects, and cancer.30−40 As a result,
there is an urgent need to design a novel system that has the
capability for the detection and removal of antibiotics from
environmental samples.40−47 Next, to find out the capturing
and separating efficiency of tetracycline and moxifloxacin
antibiotics from environmental samples using the FGO-PEI
based nanoplatform, we performed the following experiments.
Initially, we infected the drinking water samples with
tetracycline and moxifloxacin antibiotics selectively and
simultaneously. For the selective antibiotic separation experi-
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ment, we spiked water samples with 1000 ng/L of tetracycline
and moxifloxacin antibiotics; for the mixture of tetracycline
and moxifloxacin antibiotics, we spiked water samples with 250
ng/L concentration for each of them. After that, we performed
filtration using the GO-PEI, FGO, and FGO-PEI based
nanoplatform. At the end, we used surface enhanced Raman
spectroscopy (SERS) for determining the removal efficiency
for tetracycline and moxifloxacin antibiotics selectively or
simultaneously. For the measurement of SERS, we used the
confocal Raman system with laser excitation of 670 nm and

gold nanoparticles as the plasmonic surface. Experimental
details are reported in the Supporting Information.36−39

Figure 4A shows the SERS spectra from moxifloxacin
antibiotic in water samples before separation. The observed
Raman band at 1343 cm−1 is mainly due to the CH2 stretch
vibration of the quinolone ring.40−42 Similarly, the observed
Raman band at 1373 cm−1 is due to the CH2 wagging of the
octahydro pyrrole pyridine group. vibration of the quinolone
ring (νring) of Moxi.40−42 On the other hand, the observed
Raman band at 1620 cm−1 is due to the C�C stretching.40−42

Figure 4. (A) Surface enhanced Raman spectra (SERS) from water samples of moxifloxacin antibiotics (1000 ng/L) before filtration. SERS from
water samples after filtration using the FGO-PEI based nanoplatform. (B) SERS from water samples of tetracycline antibiotics (1000 ng/L) before
filtration. SERS from water samples after filtration using the FGO-PEI based nanoplatform. (C) Plot shows how the SERS intensity at 1620 cm−1

for the C�C stretch from moxifloxacin antibiotics varies with the concentration (ng/L). I0 is the SERS intensity at 1620 cm−1 when the
concentration is 1000 ng/L. If is the SERS intensity at 1620 cm−1 when the concentration varies from 1000 ng/L to 5 pg/L. (D) Plot shows how
the SERS intensity at 1230 cm−1 for amide-III band from tetracycline antibiotics varies with the concentration (ng/L). I0is the SERS intensity at
1230 cm−1 when the concentration is 1000 ng/L. If is the SERS intensity at 1230 cm−1 when the concentration varies from 1000 ng/L to 5 pg/L.
(E) Tetracycline and moxifloxacin antibiotic removal efficiency from drinking water using theFGO-PEI based nanoplatform. For this experiment,
we used 1000 ng/L of antibiotic infected drinking water. (F) Tetracycline and moxifloxacin antibiotic removal efficiency from drinking water using
the GO-PEI based nanoplatform. For this experiment, we used 1000 ng/L of each antibiotic separately. (G) Tetracycline and moxifloxacin
antibiotic removal efficiency from drinking water using the FGO based nanoplatform. For this experiment, we used 1000 ng/L of antibiotic infected
drinking water. (H) Variation of moxifloxacin antibiotic removal efficiency with time for the FGO and FGO-PEI based nanoplatform. (I) Plot
shows the variation of 1/qe with 1/Ce for moxifloxacin antibiotics using the PEI-FGO adsorber, where qe is the quantity of moxifloxacin antibiotics
absorbed at equilibrium and Ce is the concentration of moxifloxacin antibiotics. (J) Moxifloxacin antibiotic removal efficiency from tap water,
Mississippi river water, lake water, and drinking water using the FGO-PEI based nanoplatform. For this experiment, we used 1000 ng/L of
moxifloxacin antibiotic infected water samples. (K) Tetracycline antibiotic removal efficiency from tap water, Mississippi river water, lake water, and
drinking water using the FGO-PEI based nanoplatform. For this experiment, we used 1000 ng/L of tetracycline antibiotic infected water samples.
(L) Removal efficiency of PFNA, PFBS, tetracycline, and moxifloxacin antibiotics simultaneously from tap water, Mississippi river water, lake water,
and drinking water using the FGO-PEI based nanoplatform. For this experiment, we used 250 ng/L of perfluorobutanesulfonic acid (PFBS), 250
ng/L of PFNA, 250 ng/L of tetracycline, and 250 ng/L of moxifloxacin antibiotic infected water samples.
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Similarly, we have also observed a Raman band at 1210 cm−1

due to the C−N stretching. Figure 4B shows the SERS spectra
from tetracycline antibiotic in water samples before separation.
In the SERS spectra, we have observed amide-I and amide-II
Raman bands. We have also observed Raman bands due to the
C�N stretching, ring vibration, and N−CH3 bending. To
understand whether SERS can be used to quantify the
concentration of moxifloxacin antibiotic, we performed a
concentration (ng/L)-dependent Raman study. Figure 4C
shows how the SERS intensity at 1620 cm−1 for C�C stretch
vibration from moxifloxacin antibiotics varies with the
concentration (ng/L), where I0 is the SERS intensity at 1620
cm−1 for C�C stretch vibration when the concentration is
1000 ng/L and If is the SERS intensity at 1620 cm−1 for C�C
stretch vibration when the concentration varies from 1000 ng/
L to 5 pg/L. The linear relation shows clearly that SERS can be
used to quantify the concentration of moxifloxacin antibiotic
when the concentration is between 1000 ng/L and 5 pg/L.
Similarly, to understand whether SERS can be used to quantify
the concentration of tetracycline antibiotic, we performed a
concentration (ng/L)-dependent Raman study. Figure 4D
shows how the SERS intensity at 1230 cm−1 for the amide-III
band from tetracycline antibiotics varies with the concentration
(ng/L), where I0 is the SERS intensity at 1230 cm−1 for the
amide-III band when the concentration is 100 μg/L and If is
the SERS intensity at 1230 cm−1 for the amide-III band when
the concentration varies from 1000 ng/L to 5 pg/L. The linear
relation shows clearly that SERS can be used to quantify the
concentration of tetracycline antibiotic when the concentration
is between 1000 ng/L and 5 pg/L.
As shown in Figure 4E, reported experimental data indicate

that the removal efficiency for moxifloxacin antibiotic is ∼99%
when FGO-PEI based nanoplatform has been used. On the
other hand, as reported in Figure 4F, we have observed ∼71%
separation of moxifloxacin antibiotic when the GO-PEI based
nanoplatform has been used. Similarly, as reported in Figure
4G, we have observed ∼80% separation of moxifloxacin
antibiotic when the FGO based nanoplatform has been used.
Because we have used the FGO-PEI based nanoplatform, the
electrostatic interactions between the carboxylate group in
moxifloxacin antibiotic and the cationic amines of the PEI also
can play important roles in enhancing the removing efficiency.
The amine group from PEI also can participate in hydrophobic
interactions with moxifloxacin antibiotic, which will help to
remove the toxin. The observed highest separation efficiency
for the FGO-PEI based nanoplatform can be due to the
presence of unique C−F bonds in FGO, which can adsorb
moxifloxacin antibiotic using dipole−dipole, ionic−dipolar,
and fluorophilic interactions resulting in highly increased toxin
removal capability. Because of the absence of a C−F bond in
the GO-PEI based nanoplatform, the fluorophilic interaction
between moxifloxacin antibiotic and nanoplatform is missing,
which decreases the moxifloxacin antibiotic removal capability.
Similarly, because of the absence of an amine group in the
FGO based nanoplatform, the electrostatic interaction between
the carboxylate group in moxifloxacin antibiotic and the amine
group in the nanoplatform is missing, which decreases the
moxifloxacin antibiotic removal capability. As shown in Figure
4E, reported experimental data indicate that the removal
efficiency for tetracycline antibiotic is ∼73% when the FGO-
PEI based nanoplatform has been used. Similarly, as reported
in Figure 4F, we have observed ∼74% separation of
tetracycline antibiotic when the GO-PEI based nanoplatform

has been used. On the other hand, as reported in Figure 4G,
we have observed ∼71% separation of tetracycline antibiotic
when the FGO based nanoplatform has been used. It is
interesting to note that the observed separation efficiencies for
tetracycline antibiotic are very similar for the FGO-PEI based
nanoplatform, FGO based nanoplatform, and GO-PEI based
nanoplatform, which clearly indicate that fluorophilic inter-
actions play a very important role for the ∼99% separation of
moxifloxacin antibiotic using FGO-PEI.
As reported in Figure 4H, the time-dependent moxifloxacin

antibiotic separation data show that the removal efficiency
reached ∼100% within an hour when PEI-FGO has been used
as adsorber. On the other hand, the removal efficiency reached
∼80% after 18 h and then remained the same when FGO has
been used as adsorber. Similarly, the removal efficiency
reached ∼71% after 20 h and then remained the same when
PEI-GO has been used as adsorber. All the above-reported
data clearly indicate that the separation efficiency and the
kinetics of separation are highest for the FGO-PEI based
nanoplatform in the case of moxifloxacin antibiotic, which
clearly indicate that fluorophilic interactions play a very
important role. Using eq 4 and reported experimental data in
Figure 4I, we have estimated that the maximum capacity of
moxifloxacin antibiotic adsorption by PEI-FGO adsorbent at
equilibrium (qm) is ∼298.6 mg g−1. The experimentally
observed maximum capacity by PEI-FGO is comparable to
that of the MOF-808-SIPA system reported by Zhao et al. (qm
= 287 mg g−1)44 and carbon aerogel sorbents reported by
Zong et al. (qm = 197 mg g−1).45 On the other hand, the
estimated maximum capacity of adsorption by the PEI-GO
adsorbent at equilibrium is ∼166.7 mg g−1. Similarly, the
estimated maximum capacity of moxifloxacin antibiotic
adsorption by the FGO adsorbent at equilibrium is ∼217.6
mg g−1. Reported data show qm values in the order of FGO-
PEI > FGO > GO-PEI, which indicate that fluorophilic
interactions are very important for the separation of
moxifloxacin antibiotics. Reported data also indicate that
electrostatic and hydrophobic interactions play important roles
for the removal of moxifloxacin antibiotics.
Next, to find out whether the FGO-PEI based nanoplatform

can be used for the separation of tetracycline and moxifloxacin
antibiotics from the environmental samples selectively or
simultaneously, we have used tap water, lake water, Mississippi
River water, and Mississippi reservoir water samples spiked
with 1000 ng/L of tetracycline and moxifloxacin antibiotics.
Because the pH for tap water (pH = 7.5), lake water (pH =
6.7), Mississippi River water (pH = 7.9), and Mississippi
reservoir water (pH = 8.1) samples varies between 6 and 9, we
have determined how the maximum capacity of moxifloxacin
antibiotic adsorption by FGO-PEI varies with the pH of water.
Because qm values vary from ∼293.5 to ∼306.5 mg g−1 with the
change of pH from 6.5 to 9, we have neglected the pH
variation effect for the removal efficiency for environmental
samples we have studied. We also performed experiments
using tap water, lake water, Mississippi River water, and
Mississippi reservoir water samples spiked with a mixture of
250 ng/L of perfluorobutanesulfonic acid (PFBS), 250 ng/L of
perfluorobutanoic acid (PFNA), 125 ng/L of tetracycline, and
125 ng/L of moxifloxacin antibiotics. As shown in Figure 4J,
reported experimental data indicate that the removal efficiency
for moxifloxacin antibiotics is more than 97% for spiked
environmental samples. The reported data indicate that
although environmental water from different sources contains
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different organic compounds and heavy metals as well as have
different pH values, our FGO-PEI based nanoplatform can be
used for moxifloxacin antibiotic separation from environmental
samples selectively. As shown in Figure 4K, reported
experimental data also indicate that the removal efficiency
for tetracycline antibiotics is around 70% for the spiked
environmental sample, which is very similar to the removal
efficiency in the drinking water sample. Figure 4L shows the
removal efficiency of PFBS, PFBA, tetracycline, and moxi-

floxacin antibiotic simultaneously from tap water, Mississippi
river water, lake water, and drinking water using the FGO-PEI
based nanoplatform. Reported data show that the removal
efficiency is around 98% for PFBS, PFBA, and moxifloxacin
antibiotics. On the other hand, the removal efficiency is around
70% for tetracycline antibiotics from the environmental
sample. All the above data clearly indicate that fluorophilic
interactions play a very important role for the separation of
moxifloxacin antibiotic.

Figure 5. (A) SEM image shows that Salmonella waterborne pathogens are captured by the FGO-PEI based nanoplatform during filtration. (B)
TEM image shows that Escherichia coli waterborne pathogens are captured by the FGO-PEI based nanoplatform during filtration. (C) Colony
counting data show that Escherichia coli is present in water samples before filtration. (D) Colony counting data show that no Escherichia coli is
present in water samples after filtration, which indicates that 100% bacteria is captured during filtration. (E) Salmonella and Escherichia coli
waterborne pathogen removal efficiency from drinking water using the FGO-PEI based nanoplatform. For this experiment, we used 103 CFU/mL
of each bacterium. (F) Salmonella and Escherichia coli waterborne pathogen removal efficiency from drinking water using the GO-PEI based
nanoplatform. For this experiment, we used 103 CFU/mL of each bacterium. G) Salmonella and Escherichia coli waterborne pathogen removal
efficiency from drinking water using the FGO based nanoplatform. For this experiment, we used 103 CFU/mL of each bacterium. (H) Escherichia
coli waterborne pathogen removal efficiency from tap water, Mississippi river water, lake water, and drinking water using the FGO-PEI based
nanoplatform. For this experiment, we used 103 CFU/mL of bacteria infected water samples. (I) Salmonella waterborne pathogen removal
efficiency from tap water, Mississippi river water, lake water, and drinking water using the FGO-PEI based nanoplatform. For this experiment, we
used 103 CFU/mL of bacteria infected water samples. (J) Simultaneously Salmonella and Escherichia coli waterborne pathogen removal efficiency
from tap water, Mississippi river water, lake water, and drinking water using the FGO-PEI based nanoplatform. For this experiment, we used 500
CFU/mL of bacteria infected water samples. (K). Removal efficiency of PFBS, PFBA, tetracycline, and moxifloxacin antibiotics and Salmonella and
Escherichia coli waterborne pathogens simultaneously from tap water, Mississippi river water, lake water, and drinking water using the FGO-PEI
based nanoplatform. For this experiment, we used water samples infected with 333 ng/L of PFBS, 333 ng/L of PFBA, 333 ng/L of moxifloxacin
antibiotics, and 500 CFU/mL of each bacterium. (L) Plot shows how the removal efficiency PFBS, PFBA, tetracycline, and moxifloxacin antibiotics
varies with the number of cycles of filtration when we have used the FGO-PEI based nanoplatform in the presence of Salmonella and Escherichia coli
waterborne pathogens. For this experiment, we used water samples infected with 333 ng/L of PFBS, 333 ng/L of PFBA, 333 ng/L of moxifloxacin
antibiotics, and 500 CFU/mL of each bacterium.
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3.4. Capturing and Separating Salmonella and
Escherichia coli Waterborne Pathogens from Environ-
mental Samples. As we have discussed before, even in the
21st century, people in many countries in this world are still
lacking water that is free from pathogens.30−45 Waterborne
pathogens such as Salmonella and Escherichia coli bacteria are
the leading causes of waterborne diseases.30−45 As a result,
there is an urgent need to design a novel system that has the
capability for the removal of waterborne pathogens from
environmental samples.30−45 Next, to find out the capturing
and separating efficiency of waterborne pathogens such as
Salmonella and Escherichia coli bacteria from environmental
samples using the FGO-PEI based nanoplatform, we
performed the following experiments. Initially, different
waterborne pathogens like Salmonella and Escherichia coli
were cultured according to the ATCC protocol, as we have
reported before.34−39,47 Experimental details are reported in
the Supporting Information. Once different waterborne
pathogens like Salmonella and Escherichia coli grew to 105
CFU/ml, we used them for water contamination separation
experiments. Initially, we infected the drinking water sample
with Salmonella and Escherichia coli bacteria selectively and
simultaneously. For the selective pathogen’s separation experi-
ment, we spiked water samples with 103 CFU/mL of
Salmonella or scherichia coli bacteria. For the mixture of
Salmonella and Escherichia coli bacteria experiment, we spiked
water samples with 500 CFU/mL concentration for each of
them. After that, we performed filtration using the FGO-PEI
based nanoplatform. At the end, we used colony counting for
determining the removal efficiency for Salmonella and
Escherichia coli bacteria selectively or simultaneously, as we
have reported before.34−39,47 Experimental details are reported
in the Supporting Information.
Figure 5E shows the Salmonella and Escherichia coli

waterborne pathogen removal efficiency from drinking water
using the FGO-PEI based nanoplatform. For this experiment,
we used 103 CFU/mL of each bacterium. The SEM image in
Figure 5A shows that Salmonella waterborne pathogens are
captured by the FGO-PEI based nanoplatform during
filtration. Similarly, the TEM image in Figure 5B shows that
Escherichia coli waterborne pathogens are captured by the
FGO-PEI based nanoplatform during filtration. Figure 5C
shows the colony counting data indicating that Escherichia coli
is present in water samples before filtration. On the other hand,
colony counting data reported in Figure 5D show that no
Escherichia coli is present in water samples after filtration,
which indicates that 100% of the bacteria is captured during
filtration. The observed 100% separation efficiency is due to
the pore size of the nanoplatform being between 5 and 100
nm, which is much smaller than the size of Salmonella and
Escherichia coli waterborne pathogens (>1000 nm); therefore,
100% of pathogens were captured by the nanoplatform
because they cannot pass through the pore of the nanoplat-
form. Figure 5F shows the Salmonella and Escherichia coli
waterborne pathogen removal efficiency from drinking water
using the GO-PEI based nanoplatform. In this case, because
the pore size of the membrane is between 5 and 120 nm, which
is much smaller than the size of Salmonella and Escherichia coli
waterborne pathogens (>1000 nm), 100% of pathogens were
captured by the nanoplatform because they cannot pass
through the pore of the membrane. Similarly, Figure 5G shows
the Salmonella and Escherichia coli waterborne pathogen
removal efficiency from drinking water using the FGO based

nanoplatform. As reported in Figure 5G, 100% of pathogens
were captured by the FGO nanoplatform. All the reported data
clearly indicate that the removal efficiency is 100% for all
nanoplatforms, with or without the presence of fluorine.
Next, to find out whether the FGO-PEI based nanoplatform

can be used for the separation of Salmonella and Escherichia coli
waterborne pathogens from the environmental samples
selectively or simultaneously, we used tap water, lake water,
Mississippi River water, and Mississippi reservoir water
samples spiked with 103 CFU/mL of Salmonella or Escherichia
coli. Similarly, we also performed experiments using tap water,
lake water, Mississippi River water, and Mississippi reservoir
water samples spiked with a mixture of 250 ng/L of PFBS, 250
ng/L of PFBA, and 250 ng/L of moxifloxacin antibiotics and
500 CFU/mL Salmonella and 500 CFU/mL Escherichia coli
waterborne pathogens. Because the pH values for tap water
(pH = 7.5), lake water (pH = 6.7), Mississippi River water (pH
= 7.9), and Mississippi reservoir water (pH = 8.1) samples vary
between 6 and 9, we have determined how the bacteria varies
with the pH of water. Because the removal efficiency remains
100%, with the change of pH from 6.5 to 9, we have neglected
the pH variation effect for the removal efficiency for
environmental samples we have studied. As shown in Figure
5H, reported experimental data indicate that the removal
efficiency for Salmonella waterborne pathogens is more than
99% for spiked environmental samples. The reported data
indicate that although environmental water from different
sources contains different organic compounds and heavy
metals and their pH values are different, our FGO-PEI based
nanoplatform can be used for Salmonella waterborne pathogen
separation from environmental samples selectively. As shown
in Figure 5I, reported experimental data indicate that the
removal efficiency for Escherichia coli waterborne pathogens is
more than 99% for spiked environmental samples. Similarly, as
shown in Figure 5J, reported experimental data indicate that
the removal efficiency for Escherichia coli and Salmonella
waterborne pathogens together is more than 99% for spiked
environmental samples. Figure 5K shows that the removal
efficiency is more than 96% for PFBS, PFBA, and moxifloxacin
antibiotics and Salmonella and Escherichia coli waterborne
pathogens simultaneously from tap water, Mississippi river
water, lake water, and drinking water using the FGO-PEI based
nanoplatform. Figure 5L shows how the removal efficiency of
PFBS, PFBA, tetracycline, and moxifloxacin antibiotics varies
with the number of cycles of filtration in the presence of
Salmonella and Escherichia coli waterborne pathogens. As
shown in Figure 5L, the removal efficiency decreases
significantly with the number of cycles, and it is due to the
fouling issue of the FGO-PEI based nanoplatform that occurs
because of the accumulation of Escherichia coli and Salmonella
waterborne pathogens on the surface of environmental water
samples. After around 10 cycles, all the pores are covered by
Escherichia coli and Salmonella waterborne pathogens; as a
result, we are not able to use the nanoplatform for filtration
anymore.

4. CONCLUSIONS
In conclusion, our finding reveals that the FGO-PEI based
porous nanoplatform has an estimated adsorption capacity of
219 mg g−1 for PFAS and can be used for effective removal of
forever toxic chemicals like PFBA, PFBS, PFHxS, and PFNA.
Similarly, the FGO-PEI based porous nanoplatform exhibits an
estimated adsorption capacity of 298.6 mg g−1 for moxifloxacin
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antibiotic and can be used for effective removal of
pharmaceutical toxins. The comparative PFNA capturing
study using different types of nanoplatforms indicate estimated
qm ∼167 mg g−1 for the FGO platform and qm ∼124 mg g−1 for
the PEI-GO platform, indicating that fluorophilic, electrostatic,
and hydrophobic interactions play an important role for
capturing PFAS at high capacity. Similarly, a comparative
antibiotic capturing study using moxifloxacin and tetracycline
indicates that the nanoplatform can be used for 100%
separation of moxifloxacin antibiotics with an estimated qm
of ∼299 mg g−1. Experimental data demonstrate that because
the pore size of the 3D nanoplatform is much smaller than
Salmonella and Escherichia coli waterborne pathogens, it can be
used for 100% separation of waterborne pathogens from
contaminated water samples. Reported data using spiked tap
water, Mississippi River water, and Mississippi reservoir water
samples demonstrated that the removal efficiency is more than
96% for perfluoro PFBS, PFBA, and moxifloxacin antibiotics
and Salmonella and Escherichia coli waterborne pathogens
simultaneously using the FGO-PEI based nanoplatform.
Although reported data clearly reveal the great potential of
the PEI-attached 2D F-GO based nanoplatform for water-
based environmental toxin removal applications, we are still at
an early stage of development for the use in real-life
applications. In the future, we plan to study how to use the
nanoplatform for the complete removal of a wide range of
PFAS, antibiotics, and pathogens at environmentally relevant
concentrations from real water matrices.
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