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Due to the recently ratified legislations, the use of long-chain poly- and perfluoroalkyl substances (PFASs) must
be reduced and in the absence of a safe alternative, short-chain PFASs are currently used in their place. The
continuously growing utilization of the short-chain PFASs, results in their abrupt introduction in the environ-
ment, and highlights the importance of adopting efficient remediation strategies. This study addresses an
appropriate solution to remove perfluorobutanesulfonic acid (PFBS) from aqueous media through a static
adsorption process. Specifically, a chitosan/polyethyleneimine based composite xerogel was prepared and its
ability to remove PFBS from water was studied in detail. Behavioral patterns of the PFBS adsorption process were
perused over a broad range of concentrations from ppb to ppm, and the adsorption studies reveal that the
maximum PFBS adsorption capacity reaches up to 305 mg/g within 24 h from the beginning of the process. In
addition to the electrostatic interaction between the amine groups of the xerogels and the negatively charged
PFBS molecules, the formation of hydrogen bonds were also revealed by the chemical characterization and

confirmed by molecular dynamics simulation studies.

1. Introduction

Poly- and perfluorinated alkyl substances (PFASs) are chemically
inert and thermally stable organofluorine synthetic compounds owning
multifold fluorine atoms, with short C-F bond length and high bond
energy, low molecular polarity and amphiphilicity [1-3]. Due to their
interesting properties, for several decades they have been extensively
used in diverse consumer and industrial product applications such as
cookware, disposable food packaging, furniture and carpet coatings, as
surfactants in paintings, additives in production of firefighting foams
etc. [4,5]. Nonetheless, their thermal and chemical stability makes also
PFASs extremely stable when exposed to the environment, transforming
them into persistent environmental pollutants found in groundwater
and surface waters, treated drinking water, rainwater, snow, but also in
municipal sewage, in biosolids, landfill leachates etc. [6]. Their high
persistence and water mobility, in combination with the inappropriate
remediation approaches result in their high interaction with living or-
ganisms and eventually with humans. In fact, studies have shown that
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PFASs bioaccumulate, causing serious acute and chronic health effects,
such as liver and kidney malfunction, endocrine dysfunctions, pediatric
allergies, cardiovascular diseases, immune toxicity, while tests on ani-
mal models have connected them to the high risk for cancer [7,8].

To deal with this issue, diverse legislation actions have banned the
use of long-chain PFASs, and instead fluoroalkyl compounds of shorter
chains have been proposed. Indeed, due to the lack of harmless alter-
natives, long-chain PFASs have been substituted by congener molecules
of shorter-chains such as perfluorobutanoic acid (PFBA) and per-
fluorobutanesulfonic acid (PFBS) among others. Specifically the short-
chain PFBS, as a four-carbon containing cognate of per-
fluorooctanesulfonic acid (PFOS), has been extensively used as its sub-
stitute due to its shorter biological half-life in humans (~1 month vs 5
years for PFOS) [9,10]. Nonetheless, from a technical point of view, due
to their shorter chains, higher amounts are needed for comparable, to
their long-chain PFASs counterparts, performances [11]. Therefore, the
higher amounts of short-chain PFASs used in combination with their
high mobility in water, turn them into potentially hazardous
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environmental pollutants that might behave similarly in terms of
persistence and bio-accumulation as the longer-chain PFASs [12].

Among diverse remediation processes for PFASs removal, such as
electrocoagulation, biological degradation, oxidation and membrane
separation [11,13-15], adsorption is possibly the most promising due to
its high elimination rate, simplicity, and reasonable operational costs.
Nevertheless, although there are many adsorption studies for various
types of long-chain PFASs, e.g. perfluoroalkyl acids (PFAAs), using
conventional sorbents such as carbon-based materials (granular acti-
vated carbon, carbon nanotubes) and anion-exchange resins [16], the
removal of short-chain counterparts still needs extensive investigation
[17-19]. Therefore in the last years various types of materials in the
form of particles, such as metal organic or cationic covalent-organic
frameworks, have been developed [20-23], or other remediation
methods like sono-chemical decomposition and ultraviolet-induced
photo degradation [24,25] have been applied for the effective remedi-
ation of short-chain PFAS molecules. Nonetheless, their large scale
application may be limited by the additional post-processing steps
needed for the removal of the powder based sorbents from the treated
solutions though centrifugation or filtration in the former, and by the
long interaction time, high energy demand, and complexity of operation
in the latter case.

Recently, polymer based adsorbents have attracted significant
attention due to their biocompatibility, versatility, and abundant surface
functional groups. Specifically for the PFBS removal, adsorbents able to
interact with both the hydrophilic anionic sulfonate head group and the
hydrophobic perfluorinated end group may offer a more efficient
remediation performance. In fact, electrostatic interactions between a
positively charged sorbent and the anionic head group as well as for-
mation of hydrogen bonds can be expected during the adsorption pro-
cess. Following this approach, Huang et al. developed functional
hydrogels through both fluoridation and amination of polyethylene
glycol diacrylate, for the effective sorption of PFBS from aqueous solu-
tions reaching an adsorption capacity of 50 mg/g and removal efficiency
of 95% after 6 h of interaction with a PFBS solution (initial concentra-
tion: 111.5 mg/1) [1]. In another study, Ateia et al. synthesized a poly
(N-[3-(dimethylamino)propyl]acrylamide-methyl chloride quaternary)
hydrogel as an efficient adsorbent for the elimination of PFBS from
various water matrices reaching a PFBS removal efficiency higher than
90% after 24 h of interaction (initial PFBS concentration: 1 mg/1) [26].
Overall, functional hydrogels have been proved to be efficient sorbents
for such type of molecules, due to their high water retention which al-
lows pollutants in water to diffuse easily into their bulk structure, and
due to their low cost and their facile functionalization for optimum re-
sults. Sorbents containing amine groups present an effective interaction
with the anionic compounds [27-29]. In particular, polyethyleneimine
(PEI) demonstrates an excellent performance for the adsorption of heavy
metals [30,31], anionic organic pollutants [32], and volatile organic
compounds [33] due to the abundance in primary and secondary amine
groups that can be protonated in a wide pH range. For example, PEI-
functionalized cellulose microcrystals (PEI-f-CMC) were able to
remove diverse types of PFAS compounds with significantly higher ef-
ficiency compared to the non-functionalized CMC demonstrating the
importance of the role of PEI in the whole process [34]. On the other
hand, chitosan (CS) as a natural biodegradable, non-toxic and hydro-
philic amine (-NHj) and hydroxyl (-OH) containing bio adsorbent
[35-37] is expected to further enhance the adsorption capacity of PEI
[38]. On the top, as proved by Zhang et al. CS beads of 2-3 mm could
effectively remove PFBS molecules with an adsorption capacity of 1
mmol/g in acidic media (pH = 3) after 11 h, due to the electrostatic
interaction with the functional groups of the CS structure [39]. There-
fore, combining PEI and CS to form a three-dimensional (3D) framework
with high porosity can be a key to success in the adsorption of short-
chain PFASs.

In this work, a CS/PEI composite xerogel was prepared through a
cryogelation process to adsorb PFBS. The prepared xerogel had the
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ability to swell and absorb water up to 30 times relative to its weight.
The structural and physicochemical properties of the prepared adsor-
bent were assessed using scanning electron microscopy (SEM), X-ray
photoelectron spectroscopy (XPS) as well as Fourier transform infrared
spectroscopy (FTIR). The Brunauer-Emmett-Teller (BET) method was
applied to determine the surface area of the synthesized xerogel. The
adsorption mechanism and governing kinetics theory were investigated
while the interaction between the PFBS molecules with composite
xerogels was simulated via molecular docking. The performed study
demonstrates that the as prepared CS/PEI xerogel can efficiently remove
PFBS from water with a maximum adsorption capacity of 305 mg/g,
through electrostatic and hydrogen bond interactions. The outcomes of
this work are expected to be a motivation for the development of anal-
ogous 3D polymer based adsorbent blocks for the remediation of various
members of the short chain PFASs family in water.

2. Materials and method
2.1. Chemicals and reagents

PEI (average Mw ~ 750,000, 50 wt% in H30), CS powder (medium
molecular weight, 75-85% deacetylated), glacial acetic acid (Ph. Eur.,
>99.8%), 1,4-Butanediol diglycidyl ether (BDDE, purity > 95%) and
PFBS (97%) were purchased from Sigma-Aldrich and used without
further purification.

2.2. Preparation of the CS/PEI composite xerogel

To prepare the CS/PEI xerogel, 1 ml of PEI was added to 9 ml
deionized (DI) water and the mixture was stirred for 15 min. Simulta-
neously, 0.5% w/v CS solution was prepared by dissolving CS in a so-
lution containing 0.2 ml acetic acid and 9.8 ml DI water. Then, the CS
solution was added to the PEI solution in different volumetric ratios (CS:
PEI 1:9, 3:7, 5:5 and 0:10 for the pure PEI xerogel) and the resulting
mixture was stirred until a homogenous solution was reached. To
initiate the crosslinking procedure, various amounts of BDDE (200, 400,
and 500 pl) were added to the CS/PEI prepared solutions (10 ml). Then,
the solutions were vortexed for 15 sec and instantly pipetted into soft
straws before storing for 18 h at —18°C to attain cryo-crosslinking. After
18 h, the obtained cylindrical gels were rinsed three times with DI water,
and then they were dried in an air oven at 55°C for 18 h. Subsequently,
the samples were dipped in DI water for 5 min in order to remove the
non-reacting components, and then dried. To choose the optimum
composition, the prepared xerogels were submerged in DI water for
different durations (1, 3, 5 min) in order to define their water uptake
capacity and stability (Supporting Information, Fig. S1). The higher the
water uptake and the water stability of the composite, the higher and
more effective is the contact of its active sites with the pollutants,
leading to a better overall performance. Through this preliminary study,
the 0:10 CS/PEI and 1:9 CS/PEI with 200 pl of BDDE were chosen for
further experiments.

2.3. Characterization

SEM (JEOL JSM-6490LA, with accelerating voltage of 5 kV) equip-
ped with an energy-dispersive X-ray spectroscopy system (EDS) was
applied to assess the structural properties of the prepared xerogels, and
their modification after the PFBS adsorption process. All specimens were
covered with an Au coating (thickness of 10 nm) using the high-
resolution sputter coater Cressington 208HR (Cressington Scientific In-
strument Ltd., UK). To investigate the mean pore size distribution of the
prepared CS/PEI xerogel in detail, ImageJ software was employed to
analyze the SEM images. The reported mean values are the average
values of 650 points for internal pores and the area of 385000 pmz for
macropores.

A single-reflection attenuated total reflection (ATR) accessory
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(MIRacle ATR, PIKE Technologies) coupled to an FTIR spectrometer
(Vertex 70v FT-IR, Bruker) (ATR-FTIR) and XPS were employed for the
investigation of the chemical properties of the xerogels, and for the
characterization of the chemical interactions between the xerogel’s
components and of the adsorbed PFBS molecules. The ATR-FTIR spectra
were averaged from 128 repetitive scans recorded in the range from
4000 to 600 cm™! with a resolution of 4 cm™!. XPS analysis was per-
formed using an electron spectrometer (Lab2, Specs, Berlin, Germany)
equipped with a monochromatic X-ray source (set at 1486 eV) and with
a hemispherical energy analyzer (Phoibos, HSA3500, Specs). The
operational voltage of the Al Ka X-ray source and the functional current
were adjusted at 13 kV and 8 mA, respectively. The pressure in the
analysis chamber was ~ 1 x 10~° mbar. The large area lens mode was
used for both wide and narrow scans. For the wide scan, the energy pass
was 90 eV and the energy step was 1 eV. For the narrow high-resolution
scan, the energy pass was 30 eV and the energy step was 0.1 eV. A flood
gun was used to neutralize the surface charge, having an energy of 7 eV
and a filament current of 2.2 A. Thermogravimetric analysis (TGA) and
derivative thermogravimetry (DTG) were carried out by means of TGA
Q500 system (TA Instruments, USA) at a ramp rate of 10°C/min from 30
to 800°C in nitrogen atmosphere. The nitrogen adsorption-desorption
analysis was performed using a surface area analyzer (Autosorb iQ
Quantachrome). The specific surface area was obtained by the BET
theory. In addition, the Barrett-Joyner-Halenda (BJH) model was
applied to determine the pore size distribution in the nanometric range.
For this reason, BJH model was used on the desorption band of the
isotherm for the relative pressure of P/P° > 0.35.

The xerogel’s interactions with water were specified using gravi-
metric and volumetric analyses. To determine the swelling degree of the
xerogels, a dried gel specimen with certain volume (110 mm®) was
subjected to DI water bath. The swelling degree and water uptake of the
xerogels were determined by measuring the cumulative mass and vol-
ume increase at specific time intervals. Excess water was leniently
removed from the whole area of the samples by means of a moist and soft
paper tissue before measuring the mass and volume of the swollen
xerogel. Then, the gravimetric and volumetric swelling degree were
defined as a ratio of the mass and volume of the swollen xerogel to the
dry sample, respectively.

2.4. Adsorption experiments

For the adsorption experiments, PFBS solutions with various con-
centrations varying from ppb to ppm were prepared. For each concen-
tration, three xerogel specimens with similar weight and dimension
(weight ~22.5 mg and volume ~110 mm?® for the dry samples) were
selected. In brief, adsorption kinetics evaluation was carried out by
dipping the xerogels to 13 ml solutions containing PFBS at various
concentrations (from 10 ppb to 600 ppm) with pH of around 6.5. For
each case, aliquots from the solution were collected at specific time
intervals (from 0.5 to 100 h) and the PFBS concentration variation from
the initial one was defined. The adsorption process took place at static
conditions and at room temperature. For each case, adsorption tests
were carried out in triplicate and the mean value for each parameter is
presented.

To calculate the adsorption capacity of each sample, the following
equation was employed:

_(©-Cy)

© - v ¢

Where q; (mgprps/gxerogel) is the adsorption capacity at the time t, Co
and C() (mg/L) represent the initial concentration and the concentration
at the time t of the PFBS, V (L) is the volume of PFBS solution, and m (g)
is the mass of the dry xerogel.

The adsorption kinetics were investigated by applying the pseudo-
first-order (Equation (2)) and the pseudo-second-order (Equation (3))
kinetics models on the experimental data obtained at different PFBS C.
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where g and q; (mg/g) are the adsorption capacity at the equilib-
rium and at time t (min), respectively, while K; (L/min) is the pseudo-
first-order and Ky (g/mgemin) the pseudo-second-order rate constant
[40,41]. The adsorption data were fitted with various isotherm models,
in their nonlinear forms, in order to explore possible interaction mech-
anisms between the PFBS and the adsorbent.

2.5. Analytical measurements

Quantification of PFBS was carried out on a Waters Acquity UPLC
system coupled with a Xevo TQ-MS triple quadrupole mass spectrometer
equipped with an Electrospray Ionization ion source. After dilution with
water to a suitable final concentration, samples were run on a reversed-
phase BEH C18 column (2.1x50 mm, 1.7 um) with a VanGuard BEH C18
pre-column (2.1x5 mm, 1.7 pm). The temperature was kept at 45 °C, and
the flow rate at 0.500 ml/min. Elunets were 10mM NH4OAc in HyO at
pH 5 adjusted with CH3COOH (A) and 10 mM NH4OAc in CH3CN-H50
(95:5) at pH 5 (B) as mobile phase. A linear gradient was applied where
B increased from 5 to 95% in 3 min. Total run time was 4.50 min. The
mass spectrometer operated in the negative ESI mode and PFBS was
quantified by multiple reaction monitoring (MRM). The tracked transi-
tions from precursor to product ion were the following: 299->80 m/z
(collision energy 50 eV) and 299->99 m/z (collision energy 25 eV). The
capillary and the cone voltages were set at 3 kV and 30 V for both
transitions. The source temperature was set to 120 °C. Desolvation and
cone gas flows (N3) were set to 800 and 50 1/h, respectively. Desolvation
temperature was set at 450 °C. Sample concentration was evaluated on
the basis of the analyte peak area compared with standard curve peak
areas. Data were quantitatively analyzed used Targetlynx software. The
concentration of PFBS in the samples was calculated using an external
calibration curve.

2.6. Molecular simulation

To assess the adsorption mechanism, a polymeric composite
comprising PEI and CS (as pristine adsorbent) was selected to construct a
simulation box. Molecular dynamics simulation was conducted using
Materials Studio 6.0 software and employing COMPASS force field to
reach an equilibrium structure [42]. The Method of 'Charge Qeq’ was
nominated to set electrostatic charge of atoms while Ewald summation
method with accuracy of 10 kcal/mol was applied for the calculation of
the electrostatic interactions. In addition, van der Waals interaction was
taken into consideration based on the atom-based technique, while
cutoff distance was set on 18 A. Afterwards, the molecular docking was
implemented by the use of AutoDock Vina software [43] to compute the
intermolecular interactions between PFBS and the active sites of the
adsorbent.

To begin the molecular simulation, one chain of CS and one of PEI
including 65 and 250 monomers, respectively, were built using “build
module”. The molecular weight of CS and PEI chain were determined to
be 10447.2 and 10769.3 g/mol, respectively. Then, a simulation cell was
created using the afore-produced chains and employing an “amorphous
cell module”. The simulation cell was called ’composite’. The equilib-
rium structure of the composite was achieved by following a pattern of
consecutive dynamic runs at NPT (number of the particles, temperature,
and pressure are constant) ensemble which consist of: a) 100 ps NPT run
at 1 bar and 298 K; b) 100 ps NPT run at 1 bar and 600 K; ¢) 100 ps NPT
run at 10000 bar and 600 K; d) 100 ps NPT run at 10000 bar and 298 K;
e) 100 ps NPT run at 1 bar and 298 K. The mentioned order was repli-
cated ten times to ensure that the equilibrium structure was achieved.
Once the equilibrium is achieved, the ultimate snapshot was captured as
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Fig. 1. SEM image of the prepared CS/PEI composite xerogel (a) and higher
magnification of the selected cell wall (b).

the 3D model for the molecular docking calculation. The chains of CS
and PEI, the atomic structure of PFBS, and the equilibrium simulation
cell were visualized in Fig. S2 of the Supporting Information file. The
ultimate snapshot and the optimized molecular structure of PFBS, which
was attained by using “geometry optimization module”, were saved as
mol2 format, and then they were converted to the PDBQT format
applying AutoDock software. The electric charge of atoms was main-
tained in mol2 files and non-polar hydrogens were removed from the
structure. A suitable 30 x 30 x 30 site was opted with Grid box and the
PDBQT files were called by AutoDock vina to perform molecular
docking.

3. Results and discussion

The morphology of the cylindrical shaped xerogel, explored with
SEM (Fig. 1) reveals that it has an open macroporous structure with
interconnected pores with mean pore size of 82.65 + 33.2 pm, sur-
rounded by thick pore walls (indicative pores thickness 13-16 pm). As
shown in the inset of Fig. 1, the pore walls are not compact, but they
present smaller pores of around 209 + 101 nm proving that the devel-
oped xerogel is a porous material with dual porosity.

The specific surface area in the nanometric range of the prepared
xerogels was calculated through adsorption-desorption nitrogen iso-
therms, using the BET theory. As shown in the Supporting Information
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Fig. S3, and according to the IUPAC classification, the shape of the Ny
adsorption—desorption is a combination of type II and type IV isotherms,
with the type II isotherm to designate the unlimited monolayer-
multilayer adsorption, and the type IV isotherm to describe its hyster-
esis loop [44]. Type IV isotherm suggests that the nanometric pores
belong to the mesopore (2 — 50 nm) and macropore (>50 nm) size range
[45], while the BET specific surface area was found to be 2.148 mz/g.
These characteristics are in agreement with other similar 3D porous
materials containing CS, PEI, or both simultaneously [46-48]. Small
differences can be attributed to the materials composition, drying pro-
cedure, or other operational parameters.

The xerogel’s interaction with the water is studied through the
definition of the gravimetric and volumetric swelling degrees. With the
volumetric swelling degree the size expansion of the gel, only due to the
uptake of water by the polymeric network is defined, while the gravi-
metric swelling degree includes both, the mass of water in the polymeric
network and in the region of the pores [49]. The gravimetric swelling
degree of the xerogel was 30 g/g, significantly higher compared to the
volumetric swelling degree (2.5 cm®/cm®) possibly due to the physical
spatial constraints imposed by the crosslinking of the polymer macro-
molecular chains that limit their mobility. The gravimetric swelling
degree analysis was repeated after drying the sample at room temper-
ature for 72 h, and as shown in Fig. S1 where the wetting properties of
xerogels of different combinations of CS, PEI and BDDE were explored,
the xerogel of the defined composition (1:9 CS/PEI- 200 pl of BDDE)
showed a similar performance indicating its stability in aqueous media.

To evaluate the thermal properties of the CS/PEI xerogel, TGA
analysis was performed in comparison with the pure CS powder, and the
PEI xerogel. As presented in Fig. 2, the first degradation step for all
samples tested is at low temperatures, below 100 °C, which can be
generally attributed to the desorption of adsorbed humidity. For the PEI
and CS/PEI xerogels a second degradation step is observed at temper-
atures below 150 °C attributed to the PEI molecules of lower molecular
weight than the average bulk PEI molecular weight, easily lost through
volatilization [50]. From 150 °C to 300 °C, the PEI xerogels maintain an
almost stable mass, while the pure CS has almost concluded its second
degradation step, started at c.a. 230 °C, due to the depolymerization of
the CS chains through deacetylation and cleavage of the glycosidic
linkages via dehydration and deamination [51]. On the other hand, the
CS/PEI xerogel follows the same degradation profile as the one of PEI,
indicating the presence of strong interactions between the two polymers.
Eventually, both xerogels break down at temperatures higher than
300 °C with a sharp weight loss step. At 375 °C, the samples are thor-
oughly decomposed and eliminated as volatiles, due to the oxidative
decomposition of the organic moiety. Pure CS, though, experiences its
third degradation step and decomposes completely after 600 °C due to

3.5 1 b
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—PEI
—— CS/PEI
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0 100 200 300 400 500 600 700 800 90
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Fig. 2. TGA (a) and DTG (b) curves of pure CS, PEI xerogel, and CS/PEI xerogel.
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Fig. 3. FTIR spectra of pure CS, PEI xerogel, and CS/PEI xerogel before
adsorption, and CS/PEI xerogel after PFBS adsorption.

the thermal destruction of the pyranose rings of the polymer [52].

The chemical interactions between the xerogel’s components were
defined through ATR-FTIR analysis. As shown in Fig. 3, the spectrum of
the CS/PEI composite contains peaks of both polymers but also some
new peaks. The broad absorption peak between 3600 cm™! and 3000
em ! attributed to the N-H and O-H stretching modes is much more
pronounced in the case of the CS/PEI and PEI xerogel compared to the
pure CS. Based on the fact that in the TGA analysis the composite xerogel
showed lower weight loss attributed to the adsorbed humidity than the
PEI (Fig. 2(a)), the more pronounced FTIR peak in the case of the CS/PEIL
xerogel can be attributed to the higher amount of amine groups. The
presence of CS in the composite xerogel can be verified by the large band
located in the area of 1100 cm ™}, indicative of the stretching vibrations
of the C-O-C bonds of the polysaccharides [52]. However, compared to
the pure CS, it is evident that there is a shift towards higher frequencies,
as the characteristic absorption band assigned to the asymmetric
stretching of the C-O-C bridge shifts from 1151 cm ™ (for the pure CS) to
1203 cm ™! (for the CS/PEI), while the bands of CS attributed to the C-O
stretching (1060 cm ! and 1025 cm’l) are shifted to 1100 cm~! and
1050 cm ™! respectively in the composite xerogel indicating the modi-
fication of the environment due to the presence of the PEI [53].

On the other hand, the presence of the PEI in the composite is sup-
ported by the peaks at 1468, 1412, and 814 cm™! ascribed to the vi-
bration modes of the -CH,CH,NH [54]. Moreover, the peaks at 1638
cm ! and 1559 ecm™ Y, correspond to amide I in CS, and to the N-H
bending from the amine/amide II vibration, respectively [52,55-58].
Eventually, the peak observed at 1303 cm ™! which is attributed to the C-
N stretching vibration, is also present at the spectra of the pure CS and
PEI xerogel. Nonetheless, in the case of the CS/PEI the peak is promoted
indicating a good interaction between the two polymers [59,60].

To further explore the chemical interactions between the compo-
nents, XPS analysis is performed. As shown in Fig. S4 of the Supporting
Information, the wide scan spectra of the samples indicates that the N
element contribution is enhanced in the case of the CS/PEI xerogel
compared to the pure CS and PEI xerogel. In particular, the N element
contribution increased from 4.3% and 9.8% for CS and PEI xerogel
respectively, to 13.0% for the CS/PEI composite xerogel. Deconvolu-
tions of the C1s high-resolution spectrum (Fig. 4(a-c)) of the pure CS, PEI
xerogel and CS/PEI xerogel before adsorption reveal the different
composition of the three samples. In particular, in the case of CS, three
discrete peaks with binding energy (BE) at 285, 286.6, and 288.3 eV
appear, which can be assigned to C-C/C-H, C-O, and O-C-O, respectively.
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In the C1s spectrum of the PEI xerogel, together with the C-C/C-H, two
new peaks are observed at 286.1, 288.2 eV attributed to the C-N/C-O
(BEs of C-N and C-O have similar values) and N-C-O. Upon formation of
CS/PEI xerogel, together with the C-C/C-H, the two peaks with BE at
285.8, and 288.2 eV can be ascribed to the C-N/C-O and to the N-C-O/0-
C-O of PEI/CS polymers, respectively. The nitrogen core line analyzed
for CS (panel N1s, Fig. 4(e-g) divulged the BE of the primary amines
(NHy) at 399.7 eV. The N BE in the case of the PEI and CS/PEI xerogels
observed at 399.2 eV, can be attributed to the secondary amines binding
(N-H) confirming the conversion of primary amines of pristine CS and
PEI to secondary after crosslinking. Moreover, a similar peak (NHJ) at
~ 401.2 eV was observed for all the samples that could be ascribed to the
protonation of the abundant aliphatic amines in CS and PEI [61].

The ability of the CS/PEI xerogel to adsorb PFBS was studied by
dipping it in solutions containing defined amount of PFBS that range
from few ppb to hundreds of ppm. As shown in the SEM analysis of
Fig. S5(c), no significant structural transformation took place after
submerging the samples into a PFBS solution of 100 ppm for 24 h which
confirms the stability of the produced xerogels. On the top, the presence
of PFBS molecules onto the composite xerogels was corroborated by EDS
analysis (Fig. S5(d)). In particular, it is detected the F element, charac-
teristic component of the specific pollutant, homogeneously dispersed in
the whole structure of the composite xerogel (Fig. S6).

The wide scan of the XPS analysis of the CS/PEI xerogel after the
pollutant adsorption indicates the presence of the F and S elements
which are representative of the PFBS molecule (Fig. S7). In addition, the
deconvolution of the high resolution Cls peak (Fig. 4(d)) reveals the
presence of the CFy bonds at 291.6 eV. Furthermore, as displayed in
Fig. 4(h), the contribution of the NH3 peak to the high-resolution N1s
spectrum of the PFBS-adsorbed xerogel is higher, compared to the CS/
PEI xerogel (20.7% vs 4.5%). This phenomenon implies that due to the
high electronegativity of the PFBS molecules, when in contact with the
xerogel, the amine groups donate and share the lone electron pair with
the empty orbit of the cationic compound, featuring thus weak-base
characteristics, forming protonated amine groups and favoring the
electrostatic interaction with the PFBS molecules [62,63].

The FTIR analysis of the PFBS-loaded CS/PEI xerogel demonstrates
the presence of various characteristic peaks of the specific molecule
(Fig. 3). In particular the peak at 1274 cm™!, 1210 cm™! and the sharp
peak at 1133 cm ! are attributed to the vs(CF5), while the rocking and
wagging vibrations of C — F were displayed over a range from 655 to
746 cm ! [1,29,64]. The peak at 1056 cm ! corresponds to the v,5(SO3)
of the PFBS, while the presence of major adsorption peaks representative
of the sulfonate group, including the S = O stretching, are observed in
the range of 1250-1150 cm ™! and 1075-1000 cm ™! which overlap with
the defined CF assignments [1,65]. Compared to the spectrum of the CS/
PEI xerogel, it is evident that the contribution of the peak attributed to
the ~-OH and N-H groups (broad peak at c.a. 3300) is significantly
reduced in the case of the PFBS-CS/PEI indicating the participation of
such components to the adsorption process. Furthermore, hydrogen
bindings between the PFBS molecules and composite xerogels caused a
distinguished shift in the position of C-N stretching from 1303 to 1248
cm™! confirming the contribution of the amine group in the adsorption
process.

Overall, for the so far conducted analysis it can be concluded that the
positively charged amine groups present in both PEI and CS backbone
are responsible for the uptake of the short-chain negatively charged
PFBS molecules likely by electrostatic interactions. On the other hand,
the presence of O-H and N-H bonds in the sorbent led to formation of
H-bonds among the adsorbent and the PFBS molecules.

After proving the effective adsorption of the PFBS on the CS/PEI
xerogel, the time needed to reach the equilibrium is explored through
the PFBS adsorption kinetics study. As shown in Fig. 5(a) the adsorption
capacity evolution over time for two different concentrations of the
PFBS, 500 ppb and 400 ppm is studied. At higher concentration the
adsorption capacity is higher, while the PFBS adsorption seems to be
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Fig. 4. Deconvolutions of XPS peaks of the C 1 s (a-d) and N 1 s (e-h) regions for pure CS, PEI xerogel, CS/PEI xerogel, and CS/PEI xerogel after PFBS adsorption,

respectively.

more effective at the first hours due to the higher possibility of inter-
action between the adsorbent and the PFBS molecules. On the other
hand, the equilibrium is reached in a slightly longer time for higher
concentrations.

The empirical data were fitted by the pseudo-first-order and pseudo-
second-order kinetic models in order to extract the adsorption kinetics
rate, and to explore if the adsorption process is diffusion-controlled,
which is well explained by a pseudo-first order rate law, or controlled
by the adsorption reaction between the PFBS and the xerogel, as the
pseudo-second-order kinetic model designates [66]. As can be observed
in Fig. 5(a), Fig. S8, and Table S1, all data were better-fitted using the
pseudo-second-order model, indicating the presence of an adsorption
reaction. On the top, the reaction rates are in the range of 10-10°2 for
PFBS concentrations up to 5 ppm while, above 10 ppm they become
slower (in the range of 10°%) proving the slower adsorption performance
for higher PFBS concentrations. The longer equilibrium time needed for
the sorption of PFBS at higher concentration is possibly related to the

complicated interactions with the xerogel, due to the rearrangement of
the adsorbed molecules and the possible formation of multilayers which
may block some active areas of the adsorbent, slowing down the
adsorption rate [39].

The evolution of the adsorption capacity in the equilibrium, at
different PFBS Cy (Fig. 5(b)) evidences that the adsorption capacity is
higher for higher Cy reaching up to 305 + 45 mg/g. This performance is
comparable to sorbents in the powder form, despite having a signifi-
cantly lower surface area (Table S2). Interestingly, in agreement with
previous observations [16], two different behaviors were observed for
PFBS Cy lower than 50 ppm and for Cy higher than 50 ppm, indicating
that different adsorption mechanisms occur. To elucidate such phe-
nomenon, as also the interactions between the PFBS and the adsorption
sites of the CS/PEI xerogel, diverse adsorption isotherms have been
applied for the fitting of the experimental data, such as Langmuir,
Freundlich, Sips, Temkin, and Redlich-Peterson. Using a single isotherm
for the data fitting in the whole concentration range was not possible,
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confirming the different adsorption processes observed at the low (Cy <
50 ppm) and high concentration range (Cyp > 50 ppm). In both cases,
Freudlich and Langmuir models do not fit well the data, indicating the
more complicated mechanism taking place during adsorption rather
than monolayer or multilayer adsorption. As shown at Fig. 6(a), at the
range of Cy < 50 ppm, the Sips isotherm fits better with the empirical
data. The Sips isotherm (Equation (4)) [67,68] is deduced from the
limiting behavior of the Langmuir and Freundlich models and it is
appropriate for estimating adsorption on heterogeneous surfaces. The
model is reliable for localized sorption without adsorbate-adsorbate
interplays [69].

(Ksce)n

=q, — 4
e qmaXH(KSCC)n @

where K (I/mg) and qmax (mg/g) represent the Sips equilibrium
constant and maximum adsorption capacity, C. is the concentration at
the equilibrium, while n is the dimensionless heterogeneity factor that
explains the system’s heterogeneity when n is between 0 and 1. When n
= 1, the Sips model approaches the Langmuir theory which connotes a
homogeneous adsorption behavior on a monolayer [70]. Therefore, as

presented in Fig. 6(a), considering the heterogeneity factor value for
Sips model, which is close to 1, Langmuir theory better defines the
adsorption mechanism up to initial PFBS concentrations of c.a. 50 ppm.
Consequently, it can be comprehended that within the concentration
range studied, maximum adsorption occurs when a saturated monolayer
of PFBS molecules is formed on the xerogel surface, the sorption energy
remains unchanged, and no relocation or interaction between the PFBS
molecules occurs on the surface of the sorbent.

As the PFBS Cy increases, adsorption behavior changes and the Sips
isotherm is no longer able to correlate the data. After comprehensive
analysis, Temkin isotherm showed the best conformity with the exper-
imental data (Fig. 6(b)). The Temkin isotherm model can be expressed as
[71]:

RT
q, = —In(ArCe)
by

()

where R, T, by, and Ay represent universal gas constant (8.314 J
mol ™! K’l), temperature (K), Temkin isotherm constant, which con-
siders adsorbent-adsorbate chemical interactions, and Temkin isotherm
equilibrium binding constant (1/mg), respectively. Temkin isotherm
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Fig. 7. The best configurations of PFBS molecules in adsorbed phase among the polymer chains: CS (a), PEI (b), and both CS and PEI (c); nitrogen atoms are in blue,
fluorine atoms in light blue, sulfur atoms in yellow, oxygen atoms in red, hydrogen atoms in light grey, and carbon atoms in grey; the distance between atoms
illustrated in the figure indicates the length of H-bond which can represent the strength of hydrogen bonds. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

indicates that the sorption sites accommodate more than a layer of
adsorbate and not all adsorbed molecules are in direct contact with the
top layer of the adsorbent [72]. From the fitting parameters listed in
Table S3 the br value is c.a. 8 J/mol specifying that, in the studied
concentration range, physisorption of the PFBS molecules occurs on the
CS/PEI xerogel [73]. In fact, Temkin isotherm suggests that electrostatic
interactions between adsorbent and adsorbate occur [73,74], consistent
with the presence of probable charge-assisted hydrogen bond in-
teractions between PFBS and PEI/CS [75]. Therefore, it can be
concluded that in lower PFBS concentrations, formation of a monolayer
adsorbate on the surface of the adsorbent is a dominant factor while in
higher concentrations a multilayer adsorption process [76] controls the
PFBS adsorption.

To discover the composite attributes and prove the affinity of the
adsorbent towards the target molecule, adsorbent-adsorbate in-
teractions were also evaluated by molecular docking studies. The most
probable configurations of adsorbent-adsorbate (receptor-ligand) ob-
tained from the docking process are visualized in Fig. 7. In particular,
are depicted possible configurations of the PFBS molecules in the pres-
ence of the polymer chains, as also the presence of possible interactions
between PFBS and active sites on the adsorbent’s surface. In particular,
Fig. 7 shows the most possible configuration of the PFBS molecule with
the individual CS and PEI chains and of the composite xerogel with the
most stable interactions. According to the docking results, the PFBS
molecule can interact with the amine and hydroxyl functional groups of
both types of polymer chains of the composite xerogel. In particular, as
can be observed, the -NH groups on both PEI and CS chains and the -OH
groups of the CS can be considered as active sites of the adsorbent and
are the most potent sites to create hydrogen bonds. In fact, as shown, the
F and O atoms of the PFBS molecule give rise to binding pose with the H
atoms of the prepared xerogel or the H atom of PFBS with the hydroxyl
groups of the adsorbent due to their high electronegativity. The intensity
of intermolecular interaction has been computed to be between 4.5 and
4.7 kcal/mol, which demonstrates strong affinity of the polymeric
composite toward PFBS molecules. This high affinity can be also proved
from the H- bond length which is<3 A in all cases. Such values indicate
the presence of “strong, mostly covalent” H-bonds (when the bond
length is in the range of 2.2-2.5 A) and “moderate, mostly electrostatic”
H-bonds (when the bond length is in the range of 2.5-3.2 Z\) based on

the Jeffrey’s classification [77]. In fact, as also proved by the FTIR
analysis, possible hydrogen bindings between the amine groups of the
xerogel with the fluorine atom of PFBS cause a shifting in the position of
C-N stretching peak after adsorption. It is worth mentioning that
repulsion of acceptor-acceptor (between two oxygen atoms) is also
probable which is not beneficial. Therefore, according to the intermo-
lecular energies estimated by molecular docking, the high affinity of the
prepared xerogel to the PFBS molecules has been confirmed, in accor-
dance with the FTIR and XPS analysis described before.

4. Conclusion

Highly porous CS/PEI composite xerogels have been successfully
synthesized via a cryogelation process in the presence of BDDE as
crosslinking agent, and their ability to uptake PFBS molecules was
assessed within a broad range of concentrations. After the detailed
characterization, it is proved that the xerogel is able to adsorb PFBS
molecules with a maximum adsorption capacity of c.a. 305 + 45 mg/g.
The interaction of the PFBS molecules with the xerogel’s surface is
proved to occur through electrostatic interactions along with the for-
mation of hydrogen bonds as also confirmed by the molecular docking
simulations. In case of adsorption mechanisms, two different behaviors
were observed. In particular, at low to moderate PFBS concentrations, a
monolayer of the adsorbate on the surface of the xerogel controls the
process while at higher concentrations multilayer sorption plays a key
role in the PFBS adsorption. Considering their great adsorption capacity,
CS/PEI composite xerogels may be potential adsorbents for the removal
of short-chain PFBS from aqueous media.
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