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Abstract

Chitosan and pyrolyzed chitosan, acting as protective frameworks of magnetic nanoparticles
(magnetite/maghemite and/or metallic Fe) have been investigated to be used in magnetically-guided
water remediation processes from polycyclic aromatic hydrocarbons (PAHSs). Chitosan-derived
magnet-sensitive materials were first obtained by a one-step co-precipitation method, then two
carbon-derived magnetic chitosan materials were obtained under N, gas flow at 550°C and 800°C,
respectively. The obtained materials were investigated by means of X-ray diffraction (XRD), FTIR
spectroscopy, Scanning Electron Microscopy (SEM), High Resolution Transmission Electron
Microscopy (HRTEM), Atomic Force Microscopy (AFM), Magnetic Force Microscopy (MFM),
and magnetization measurements. Thermal treatment conditions, along with the amounts of
chitosan used in the synthesis processes, played a critical role in the crystal structure and magnetic
properties of the obtained nanomaterials. The adsorption capacity of chitosan-derived magnet-
sensitive materials was tested towards PAHs. The results indicate high sorption capacity for
anthracene and naphthalene onto the chitosan-derived material pyrolyzed at 550°C. Furthermore,
experiments performed with a mixture of eight PAHs show that PAH molecules with higher
hydrophobicity and more extended aromaticity had stronger sorption capacity. Interestingly, due to
the obtained results, the use of chitosan is encouraged as a platform for the creation of green

adsorbents for further developments in wastewater purification treatments.
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Introduction

Since the beginning of the 20™ century, due to rapid industrial development, the
hydrophobic organic pollution of the marine environment is one of the main ecological issues [1-3].
In fact, significant amounts of polycyclic aromatic hydrocarbons (PAHs) have been released to the
environment by anthropogenic activities, including military operations, vehicular emissions,
agricultural production, residential waste burning, combustion of fossil fuels, leakage from the
petroleum industry, manufacturing of carbon black, coal tar pitch and asphalt, heating and power
generation, and emissions from internal combustion engines [4-5]. As for polycyclic aromatic
hydrocarbons, due to their hydrophobic nature and chemical resistance, it is known they are
persistent compounds having harmful effects on human health, wildlife and biological diversity.
According to this, the selection of a suitable clean-up technique for PAHs, as well as the
effectiveness of the remediation procedure on the surrounding environment is mandatory [6-8].
Recent works have shown that the most used techniques for water remediation from hydrocarbons
pollution are based on: i) physical (by using booms, skimmers, and adsorbents), ii) chemical
(photocatalysis or by using dispersants and solidifiers), iii) thermal (i.e. in situ burning), and iv)
biological (i.e. bioremediation) processes [9]. A comprehensive review on the different remediation
approaches is out of the scope of this manuscript and can be found elsewhere [4,9-12]. To the best
of our knowledge and limited to physical methods, the simplest process which can be used both in
open-space polluted areas as well as in wastewater treatment plants is the physical remediation by
means of adsorbents. Conventional adsorbents can be either synthetic or natural (in)organic in
nature. Among the main synthetic sorbents (the most used), polymeric (polypropylene, polystyrene,
polyester, and polyurethane) foams and activated carbons are preferred for their surface properties
(porosity and hydrophobicity) [9,13-14]. As far as the natural sorbents are concerned, bio-derived
products, with low cost source and environmental-friendly nature, have received a growing interest.
Among these, chitosan is an amino polysaccharide derived from very abundant chitin (component
of crabs, lobster and shrimps shells, squid and octopus radulae, beaks and cuttlebones, cuticles of
insects and cell walls of some fungi) [15-17]. Due to their chemical structure and physicochemical
properties [18-20], chitosan and related systems have been proposed as green adsorbents for
treatment of wastewater polluted by heavy metals [21], organic dyes [22], aromatic and linear
hydrocarbons [23]. Some more, recent works have shown that magnetic materials, consisting of Fe°

(zero valent iron, or ZVI) and/or iron oxide nanoparticles (typically magnetite and/or maghemite),



can be conjugated/encapsulated in a (bio)polymeric matrix for wastewater remediation processes
[24-26]. Such hybrid materials may combine the advantages of both components (i.e. the magnetic
core and the polymeric shell), which allow high efficiency and selectively for pollutant removal and
easy separation of the materials from the aqueous media after use by applying an external magnetic
field. It was also shown that carbon-encapsulated magnetic nanoparticles have received a great
attention with respect to the polymeric and silica coated ones, due to higher chemical and thermal
stability, biocompatibility, superior porosity and enhanced affinity toward hydrophobic substrates
[27,28]. Also in this field many studies are investigating both the preparation and the testing of
carbon and carbon-derived magnet-sensitive nanoparticles with promising results [29-32].

In this work, multifunctional nanoparticles, made of bio-derived adsorbent (chitosan) and
magnet-responsive materials, have been produced through a co-precipitation reaction in a one-step
procedure coupled to a pyrolysis treatment at 550°C and 800°C (i.e. before and after the iron oxides
interphase conversion, vide infra) [25]. A deep physicochemical characterization of the chitosan-
based magnetic materials were carried out and the sorption properties of these materials were tested
in magnetically-guided water remediation experiments from selected PAHSs. Interestingly, the
hybrid character of the obtained materials (hydrophobic surface and magnetic properties), together
with the precursor abundance, can make these materials suitable for sustainable and efficient

wastewater purification processes from PAHSs.

Experimental

Materials. Commercially available partially N-deacetylated chitosan (DD = 75-85%) of medium
molecular weight (M, = 190-310 kDa) with Brookfield viscosity of 200-800 cps (from crab shells,
Aldrich) is selected as stabilizing/polymeric matrix. Iron oxide precursors are anhydrous ferric
chloride FeCls (purity > 98%, Fluka Chemika) and ferrous sulfate heptahydrate FeSO,4 7H,0O (purity
> 99.5%, Fluka Chemika). Other reagents used are: ammonium hydroxide solution (NH3; essay 28-
30%, E. Merck), hydrochloric acid (HCI, 37 wt.%, Fluka Chemika). Naphthalene (NAP),
acenaphthylene (ACL), acenaphthene (AC), fluorine (FL), phenanthrene (PHE), anthracene (ANT),
fluoranthene (FN) and pyrene (PY) were purchased from Sigma-Aldrich (purity > 99.0%). All
aqueous solutions for adsorption experiments were prepared using ultrapure water Millipore Milli-

Q™_ All chemicals were used without further purification.

Synthesis of chitosan- and chitosan-derived magnet-responsive materials. FeCl; (3.7 g) and
FeSO4 7H,0 (4.17 g) salts (with Fe(lll)/Fe(ll) molar ratio = 1.5) were dissolved in 100 mL of

deionized water at RT and heated up to 90°C. As soon as the desired temperature was reached, two



other solutions were added in sequence: a) 10 mL of 25 %vol ammonium hydroxide, and b) 50 mL
of a previously prepared chitosan aqueous solution in a weak acid environment (i.e. to favor the
solubility of chitosan). In particular, three stock solutions having different content of chitosan (1, 2,
and 3 %wt) were prepared by using HCI (2, 4, and 6 %vol, respectively). Mixtures have been stirred
at 90°C for 30 min and then cooled to room temperature. The magnet-sensitive black viscous
solutions were then purified by washing twice with deionized water and oven-dried at 80°C
overnight. According to this procedure, dispersions of iron oxide particles in the chitosan matrix are
expected to form [25]. The so-obtained materials (here called MC1, MC2 or MC3, depending on the
chitosan quantity used in the synthesis: 1 %wt, 2 %wt or 3 %wt, respectively) were pyrolized in a
quartz tube reactor by thermal treatments at 550°C or at 800°C for 1 h (heating rate: 5°C min™)
under nitrogen flow (250 mL min™). Pyrolyzed materials were coded as MC1py550, MC2py550,
MC3py550, MC1py800, MC2py800 or MC3py800, where the first number indicates the amount of
chitosan and the second number represents the pyrolysis temperature. Finally, neat
magnetite/maghemite (MO0) was obtained from the previous procedure without chitosan addition
and pyrolysis treatment.

Structure, surface and magnetic characterizations. X-ray diffraction (XRD) patterns were
recorded by using an X’Pert PRO MPD diffractometer from PANalytical, equipped with Cu anode,
working at 45 kV and 40 mA in a Bragg-Brentano geometry on a spinner sample-holder (60 rpm).
The XRD pattern acquisition was performed with a 0.02° interval steps, 45 s step™ to improve the
signal to noise ratio. Fourier transform infrared (FTIR) spectra were recorded by means of a Bruker
Vector 22 spectrophotometer equipped with Globar source, DTGS detector, and working in
transmission mode with 128 scans at 4 cm™ resolution in the 4000-400 cm™ range. Samples were
previously dispersed in KBr (1:20 weight ratio). Potential magnetization measurements were carried
out by using a LakeShore 7404 vibrating sample magnetometer and the hysteresis loop of all
samples was registered at RT. The magnetic field was cycled between -20000 and 20000 Gauss.
Scanning electron microscopy (SEM) analyses were performed by using a ZEISS EVO 50 XVP
microscope with LaBg source, equipped with detector for secondary electrons. SEM measurements
were performed on metal sputtered samples (gold film thickness of about 15 nm, Bal-tec SCD050
sputter coater). High-resolution transmission electron microscopy (HRTEM) was used to evaluate
morphology and structure of the materials at a nanometric level. Micrographs were obtained using a
JEOL JEM 3010 instrument (300 kV) equipped with a LaBg filament. For the specimen preparation,
a few drops of NPs water suspensions were poured on holed carbon-coated copper grids and left to

dry before analyses. Atomic force microscopy measurements were performed in the intermittent-



contact mode by using a modified Easyscan2 AFM instrument (Nanosurf), equipped with a 10 pm
scan-head, high performance anti-vibration platform and a shielded (Faraday cage) and acoustically
insulated enclosure. Magnetic force microscopy (MFM) imaging was performed by using the same
instrumental setup in a dual-scan mode. The first scan was used for the morphological imaging,
while the second scan was operated at constant-height (H) above the same surface with a
commercial magnetic probe (Multi7Z5M-G, Bud-get Sensors; resonant frequency = 75 kHz, force
constant = 3 N m™) with a tip radius of about 60 nm by monitoring the phase and the amplitude
shifting. The magnetic tip was magnetized by an external magnet (magnetization along the tip-

sample axis) and tested on a magnetic grid prior to measurements.

Adsorption experiments of PAHs in water. PAHs adsorptions onto the prepared nanomaterials
were determined by batch experiments in closed Pyrex-flasks (containing 200 mL solutions) under
continuous stirring at 25°C. ANT and NAP were used as PAHs reference in independent
experiments. Kinetic experiments were carried out by contacting 500 mg L™ of the prepared
nanomaterials with a solution containing 50 pug L™ of ANT, and by sampling at fixed times up to a
maximum of 24 h. Contacts were performed at circumneutral pH, which did not change during the
experiment (data not shown for the sake of brevity). Equilibrium isotherm experiments were carried
out adding 50 mg L™ of nanomaterials to a solution with the initial probe (ANT or NAP)
concentration ranging from 20 pg L™ to 80 ug L™ (contact time of 4 h at RT). After contact, an
aliquot of 5 mL was withdrawn, the sorbent was magnetically separated from the solution and the
PAHs were analyzed on the supernatant. All adsorption experiments were carried out in duplicate.
The amount of PAHSs sorbed at equilibrium (e, #g g™*) was estimated as follows:

_ (G -C)xV
m

Q. (Eq 1)

where Co and Ce (ug L™) are the initial and equilibrium liquid phase concentration of PAH:s,
respectively. V (L) is the solution volume, and m (g) is the mass of the sorbent.

Competitive adsorption experiments with a mixture of eight PAHs onto MC3py550 were also
performed. The PAHs mixture, composed of NAP, ACL, AC, FL, PHE, ANT, FN and PY in
ultrapure water, was prepared from a dilution of a PAHs mixture stock solutions (20 mg L™ of each
PAH in methanol) with ultrapure water and agitation during 48 h at RT in amber borosilicate glass
containers. Final methanol concentrations were kept under 0.1% of the total solution volume to

avoid co-solvent effects. The initial concentrations of each PAH ranged from 2.2 to 44 pg L™ In



sorption experiments with the PAHs mixture, 50 mg L™ of adsorbent were used. The removal

efficiency of each PAHs (RE%) was calculated as follows:

(C,—C,) =100

0

RE% = (Eq. 2)

Analysis of PAHs: Two instruments were used: a fluorescence spectrometer (F-7000 Hitachi) and a
gas chromathograph mass spectrometer (GC-MS, Agilent 6890N GC and 5973 MSD). Each
instrument was used to determine the final concentration of PAHs in sorption experiments.
Fluorescence spectrometer was used for the analysis of ANT and NAP in the sorption kinetics and
adsorption isotherm measurements. The excitation wavelengths were 250 nm (ANT) and 220 nm
(NAP), whereas the fluorescence intensities were measured at 380 nm and 323 nm for ANT and
NAP, respectively. Slit widths of excitation and emission were 2.5 nm and wavelength scan speed
240 nm min™. GC-MS was used for the analysis of each PAH in the sorption experiment with the
mixture of PAHS, according to the procedures described in the literature [33-34]. Briefly: 200 mL
of sample extracted after the magnetic separation was eluted through Strata® RP-18 cartridge; then
PAHSs were recovered with 6 mL of dichloromethane. The fraction was concentrated to 1 mL under
a nitrogen stream, transferred to a glass vial and quantitated by gas-chromatography (GC-MS). A 30
m HP-5 MS fused silica column (0.25 mm i.d., 0.25 um film thickness) was used. Column
temperature: 38°C for 1 min, up to 300°C with ramping at 6 °C min™ and held 5 min at 300°C.
Samples were run in the electron impact mode at 70 eV and in the selected ion monitoring (SIM)
mode with a 4.04 s scan time over a 50-450 amu range resolution. Each compound was recognized

by a target ion and two qualifiers.

Results and discussion
Structure, morphology, and magnetic properties

The structure of the chitosan—based materials before and after the thermal treatments at
550°C and at 800°C, compared to the neat chitosan, has been investigated by means of XRD, FTIR
and HRTEM analyses. Similar results among materials with the different chitosan %wt were
obtained, thus, for the sake of brevity, only MC3-derived samples are discussed. XRD pattern
(Figure 1 and inset therein) shows many reflections, including maxima at 26 = 30.1°, 35.4°, 43.0°,
53.9°, 57.2° which can be associated with (220), (311), (400), (422), (511) X-ray diffraction planes
of magnetite (card number 00-019-0629, ICCD Database) [19] and/or maghemite (card number 00-
039-1346, ICCD Database) [25]. The two phases cannot be distinguished by means of XRD data,



but the presence of maghemite is supposed given the easy topotactic oxidation of magnetite into
maghemite which is a well-known phenomenon already described in the literature (see [25] and
references within). It is noteworthy that the signal at 26 = 33°, which is associated with ammonium
chloride (card number 01-073-0363, ICCD Database), disappears upon pyrolysis (C and D XRD
patterns in Figure 1), thus indicating that the removal of byproducts is effective upon the adopted
thermal treatments. In addition, from the XRD pattern of MC3Py800 (D pattern in Figure 1), the
gradual disappearance of magnetite/maghemite is shown together with the formation of metallic
iron (see labeled peaks with maxima at 20 = 44.7° and 65.2° associated with the (110) and (200)
planes of Fe° (card number 01-087-0722, ICCD Database).

FTIR spectra of MC3, MC3Py550 and MC3Py800 are shown and compared with neat
chitosan in Figure 2. The chitosan skeletal fingerprint (C-O and C-O-C stretching vibrational modes
of glycosidic functional groups) between 1150 cm™ and 900 cm™ is evidenced in MC3 (Figure 2,
curves B and E, green box) [18]. Furthermore, the chitosan signals at 1230-1400 cm™ (C-N axial
stretching and CH3; symmetrical deformation) [18,19], are partially covered by an intense and
narrow peak at ca. 1400 cm™ (Figure 2, curve B, red box), observed in all modified chitosan
samples (i.e. MC1, MC2 and MC3). Interestingly, the formation of this sharp peak could be
plausible due to the interaction between chitosan O-containing polar groups and iron species
[35,36]. The presence of modes at 575 and 620 cm™, due to Fe-O stretching vibrations confirms the
formation of the iron oxide phase (Figures 2, curves A, B and C in blue box) [25]. To verify a
possible N-deacetylation phenomenon involving chitosan, the biopolymer was treated following the
NPs preparation procedure in hot-base-containing environment at 90°C without the presence of the
iron-containing salts. FTIR data involving the amide functionalities of both neat and hot-base-
treated chitosan are reported in Figure S1 (Supporting Information). Basing on the results obtained,
it seems that no modifications in chitosan functionalities occurred after the treatment in the basic
environment at high temperature. After thermal treatment at 550°C, the disappearance of all
chitosan signals is shown with the formation of a very sharp signal at ca. 1600 cm™ typical of
graphite-like C=C stretching mode (Figure 2, curves C and D in violet box) which is attributed to
the incipient formation of a carbon phase, although bands in the region commonly assigned to Fe-O
stretching (550-700 cm™) are still present (Figure 2, curve C). After thermal treatment at 800°C
(Figure 2 D), a significant depletion of signals due to C=C aromatic species and the disappearance
of all signals due to iron oxide species were observed (Figure 2D). However, the relative intensities
of signals associated to C-H aliphatic streaching vibration (2852 and 2923 cm™) increased with
respect to the band of C=C stretching. The morphologies of MC3, MC3py550 and MC3py800,

obtained from SEM images, are shown in Figure S2 (Supporting Information). All samples are in



the form of micro-agglomerates with sizes of 0.5-5 um (Figures S2A,C,E), exposing an irregular
and quite complex surface. At higher magnification, more evident aggregation of nanoparticles are
shown (Figures S2B,D,F), but at the adopted resolution nothing more can be inferred at the
nanometric scale.

HRTEM images of the three samples are reported in Figure 3. Section A reports the images of MC3
sample before pyrolysis at low and high magnification. The presence of an amorphous phase,
probably organic, is visible in the inset together with crystalline circular optically dense particles
and crystalline acicular particles. The analysis of the fringe patterns of the latter dark particles does
not allow to distinguish magnetite (FesO4) and maghemite (y-Fe,O3) phases (it is evidenced the
pattern relative to (316) plane of both phases), whereas the less dark sections show the reflection of
(102) plane of chitosan (card number 00-039-1894, ICCD Database). Analogous behaviors are
shown by MC3py550 sample whose image is reported in section B: also in this case the fringe
pattern corresponding to (316) plane of magnetite/maghemite phase is visible whereas the
amorphous phase covers the entire sample and it is never possible to observe patterns due to the
presence of residual chitosan.

Completely different is the aspect of sample MC3py800 reported in section C. In general the sample
shows amorphous parts together with crystalline moieties of different shapes: the pattern of (222)
plane of magnetite and that of (110) plane of maghemite are evident in the amorphous framework.
In addition zero valent iron Fe® ((211) plane pattern) and wiistite FeO ((111) plane pattern, card
number 01-079-1968, ICCD Database) nanorods appear several time in the micropraphs. A
prismatic shape is expected for wiistite, not so common for Fe’, nevertheless the same shape can be
shown by the two phases when wustite is transformed into Fe® during the pyrolysis process. The
presence of these crystalline phases allows to confirm the reaction cycle expected for MC3 during
the thermal treatment under the inert (reducing) environment. In fact, magnetite or maghemite in the
presence of a carbon source (like chitosan) treated at temperature as high as 575°C in nitrogen
atmosphere reduce into wiistite phase (FeO). In turn, FeO disproportionates giving Fe’ and
magnetite phases [25].

An extensive magnetic characterization has been performed and the results are summarized
in Table S1 (Supporting Information). Furthermore, the magnetization curves of MC3, MC3Py550
and MC3Py800 are compared with that of neat magnetite/maghemite used as a reference in Figure
4. All samples exhibit superparamagnetic behaviors (i.e. very narrow hysteresis loop), with almost
zero remanence (Mr) and low coercitivity (Hc < 10 G). The saturation magnetization (Ms) of
chitosan-stabilized materials were 39 (MC1), 13 (MC2), and 12 (MC3) emu g™. Analogously to our

previous work, this trend indicates a different amount of iron oxide per gram of sample (i.e.



different chitosan coverage) [25]. Additionally, the decrease in Ms for all the samples compared to
the reference MO (64 emu g™*) is mainly due to the presence of not-magnet-sensitive species, such
as the organic coating. In fact, the presence of the polymeric matrix surrounding the magnetic NPs
reduces the magnetic moments in such NPs due to quenching of surface moments [24]. However,
even though there is a significant decrease of the Ms values for chitosan-stabilized materials, all
samples can be easily separated in few minutes by applying a permanent magnet and dried materials
are magnetically-stable due to the chitosan protective matrix (Figure S3, Supporting Information).
The pyrolysis treatment at 550°C mainly affects both remanence (Mr moves to values higher than
4.5 emu g) and coercitivity (78 < He < 111 G). Curiously, among MCpy550 samples, MC1py550
registered a slight reduction of saturation magnetization (from 39 to 30 emu g*), whereas the Ms
values for both MC2py550 and MC3py550 increased noticeably (from 13 up to 24 emu g™ for
MC2py550 and from 12 to 40 emu g™ for MC3py550). Conversely, due to the pyrolysis treatment
at 800°C, the Ms values of both MC2py800 and MC3py800 registered a remarkable increase,
reaching respectively 138 emu g™* and 93 emu g™. Both remanence and coercitivity were still higher
than those of non-thermally treated materials, although they were significantly lower than those of
samples treated at 550°C. The only exception is again sample MC1py800, which presents opposite
trend (i.e. lower saturation and higher coercitivity). The higher values in terms of saturation,
remanence and coercitivity for thermally treated samples confirm the formation of new magnet-
sensitive phases. In fact, magnetite/maghemite react, as discussed above, to form Fe’, which
presents a different magnetism (ferromagnetism instead of magnetite ferrimagnetism) with a large
saturation magnetization, and this is also reflected by the different magnetization curve profiles
reported in Figure 4.

Due to the peculiar surface, magnetic and sorption properties (vide infra), only magnet-
responsive chitosan treated at 550°C was selected for more accurate topographic and magnetic
characterizations, by means of AFM and MFM analyses as shown in Figure 5. After
dispersion/sonication in water (2 mg mL™), magnetic nanoparticles were separated by a permanent
magnet, deposited on a freshly cleaved mica and AFM imaged (Figures 5A and 5B). Sizes,
comprised in the 22-30 nm, have been obtained from height profiles of selected lines. On the other
hand, phase shift in the lift mode scan to analyze the magnetic interactions in a second tapping/lift
mode was used at different heights (H= 90 nm, 100 nm, 110 nm, 120 nm) to minimize topographic
effects. Furthermore, to avoid response variations all images have been acquired by using the same
tip probe. Negative phase shifting (darker regions in Figure 5C), typically associated with the
attractive interactions between the tip and the sample [37], was observed in combination with a

positive shift of the amplitude signal (Figure S4, Supporting Information). It is worth noticing that



the phase shifting gives a higher signal-to-noise ratio, and more interestingly, the reverse contrast
observed between phase and amplitude images has been recognized for magnetic interactions [38].
Notice that the phase image contrast is highly influenced by the lift height as well documented in

the literature.

PAHSs adsorption properties

Preliminary experiments were performed in order to evaluate the potential application of such
chitosan- and chitosan-derived stabilized magnet-sensitive materials in the adsorption of anthracene
(ANT) and naphthalene (NAP) used as PAH references at circumneutral pH. The optimization of
the experimental testing was carried out toward ANT, whereas adsorption isotherms at optimized
conditions were performed toward both ANT and NAP. As reported in Figure 6A, the kinetic of
adsorption of ANT (50 pg L™) toward the MC3-series (500 mg L™) depends on the preparation
condition of adsorbent materials. In particular, MC3 material is not a good adsorbent for apolar
substrate (ca. 26 ug L™ residual ANT, 48% of removal after 22 hours of contact). In analogy to our
previous study [25], the possible explanation of this behavior is due to the presence of chitosan
polar functionalities (as also evidenced by FTIR spectra in Figure 2). Otherwise, pyrolysis
treatments drastically change the adsorption capacity. In fact, after pyrolysis performed at 550°C
and 800°C, the adsorption performance increases (both MC3py550 and MC3py800 registered a
significant removal of ANT from the aqueous environment after only 4 h of contact, leaving in both
cases residual ANT minor than ca. 2 pg L™ corresponding to 96% or removal). This behavior is due
to the increased hydrophobicity of the material after pyrolysis (i.e. loss of polar functionalities) and
consequent formation of graphite-like structures. In fact, it is known that aromatic & systems, as
graphite-like materials, where the fused aromatic rings may behave as both n-donors and —acceptors
[39], can be engaged in n—x electron-donor-acceptor (EDA) interactions with a series of w-donors
(e.g. benzene, toluene, PAHSs) [40]. Figure 6B shows the effect of the chitosan loading used in the
adsorbent synthesis on the removal of ANT after 4 h of contact time. Based on the obtained results,
it seems that the higher the chitosan loaded, the higher the efficiency in terms of ANT recovery.
Additionally, the results clearly confirmed that the samples not thermally treated are not good
adsorbents for the removal of apolar substrates. Furthermore, the best adsorption behaviours are
shown by magnetic chitosan systems pyrolyzed at 550°C, while MCpy800 samples show different
behaviors depending on the amount of the initially loaded chitosan. This trend could be explained
again considering the reaction cycle already mentioned [25]. The high structural inhomogeneity of
pyrolysed systems could be responsible for the wider error bar characterizing the adsorption

experiments on MC2py800 sample. The best performances were obtained for all MCpy550 samples



and for MC3py800 one, for this reason these samples were tested in the following experiments. In
order to optimize the experimental conditions, and in particular to find out the minimum amount of
adsorbent needed for an effective PAHs removal, several trials were performed by varying the
adsorbents amount (25-500 mg L™). Data reported in Figure 6C show the residual ANT
concentration after 4 h of contact with MC3py550 and MC3py800. The best performance was
obtained for MC3py550. Additionally, the same experiments were also performed at different pH
values (3, 6 and 9 with 25 mg L™ of MC3py550 and 50 pg L™ of ANT) and negligible variations
were registered (data not reported for brevity). The equilibrium isotherms were performed for both
ANT and NAP as substrates on MC3py550 (50 mg L™) at RT and circumneutral pH (Figure 5D).
Adsorption isotherms were fit by the Freundlich model, g = KrC¢", where n is the Freundlich
exponent, which represents the linearity of a sorption isotherm, and K¢ (mg'™ L" g% is the
Freundlich adsorption coefficient. The parameters were obtained by non-linear least-squares
regression weighted by the dependent variable. Both ANT and NAP adsorptions on MC3py550
were almost linear in the range of concentrations studied, giving a Freundlich coefficient (n) of 1.08
and 1.10 and K¢ of 10.95 and 9.53 for ANT and NAP, respectively. These values are consistent
with those previously reported for other systems: carbon-based and magnetic permanently confined
micelle array sorbents [41,42].mesoporous organosilica [43], and mesoporous micelle silica hybrid
materials [44], whose application gaveKg of 1.98, 0.28, 1.28. These K values are significantly
lower than those obtained in this study using MC3py550, indicating a superior performance of
MC3py550 in PAHs removal efficiency

To assess the affinity of MC3py550 towards different PAHs (i.e. the removal capacity), a mixture
of NAP, ACL, AC, FL, PHE, ANT, FN and PY was contacted with 50 mg L™ of adsorbent (Figure
7). The results showed different removal capacities depending on the structure of PAHS, in
particular, high % removal (> 80%) was obtained for FL, ANT, PHE, PY and FN, whereas almost
no retention was observed for NAP. The removal capacity increased together with the number of
aromatic rings in the polycyclic structure, which increases the m-n interactions. This trend was
reported for sorption of PAHs on carbon nanotubes and multiwalled carbon nanotubes [45]. On the
other hand, although the isothermal adsorption tests using individual PAHs (Figure 6C) showed a
significant ge value for NAP, the low removal capacity observed in the PAHs mixture could be
accounted for the competition among the PAHSs for the active sites on the surface of MC3Py550.
Moreover, a clear trend of the removal capacity with the PAHs hydrophobicity (Kow) was also
observed (Figure 7). PAH molecules with higher hydrophobicity and more aromatic rings had
stronger sorption affinity. This could also explain the low % removal of NAP, since it is the least
hydrophobic PAH of the mixture (logK,w = 3.37). Experimental evidences confirmed that the PAHs



sorption occurs following two mechanisms: in the first one the hydrophobicity of the material
attracts PAHs to the adsorbing surface and in the second one the mn—m interactions allow the
adsorption of the molecules with the more extended aromaticity.

The obtained results along with the magnetic properties showed by these materials, clearly
demonstrate that chitosan-derived iron oxide systems can be used as an efficient, versatile and low

cost adsorbent for removing PAHSs from wastewaters.
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Figure 1. XRD patterns of MC3 (B, black solid curve), MC3py550 (C, red solid curve), and
MC3py800 (D, blue solid curve) compared to the neat chitosan (red dotted curve E, inset) and
magnetite/maghemite MO (A, black dotted curve). Main reflections due to magnetite are highlighted
(colored background). Black diamonds refer to the pyrolysis product Fe°, whereas not-labeled peaks

refer to by-products signals.
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Figure 2. Absorbance FTIR spectra of MC3 (B, black solid curve), MC3Py550 (C, red solid curve),
and MC3Py800 (D, blue solid curve), as compared to neat magnetite/maghemite MO (A, black
dotted curve), and neat chitosan (E, red dotted curve).
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Figure 3. HRTEM micrographs of MC3 (A), MC3py550 (B), and MC3py800 (C). Inset in panel A
refers to MC3 collected at low magnification, whereas insets in panel C refer to the presence of
different iron-containing phases. Phases and crystalline planes are highlighted in each figure.
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Figure 4. Magnetization curves of MC3 (black circles, black solid curve), MC3py550 (red circles,

red solid curve), and MC3py800 (white circles, blue dotted curve) as compared to neat
magnetite/maghemite MO (white triangles, black dotted curve).
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Figure 5. MC3py550AFM topography (A), height profiles (B), MFM phase images of the region
(C) obtained at various lift heights (H = 90 nm, 100 nm, 110 nm and 120 nm).
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Figure 6. Adsorption experiments toward ANT and NAP. (A) Kinetics of adsorption ANT on MC3
(black circles, black solid line), MC3py550 (red circles, red solid line), and MC3py800 (white
circles, blue dotted line). [ANT] = 50 pg L™, [sorbent] = 500 mg L™. (B) ANT removal obtained
with MC1-series (black histograms), MC2-series (grey histograms), and MC3-series (obliquely-
striped white histograms). [ANT] = 50 pg L™, [sorbent] = 500 mg L™, contact time = 4 hours. (C)
Effect of sorbent concentration on the adsorption of ANT. MC3py550 (red circles, red solid line),
and MC3py800 (white circles, blue dotted line). [ANT] = 50 pg L™, contact time = 4 h. (D)
Adsorption isotherms of ANT (red circles) and NAP (white triangles) on MC3py550. [MC3py550]

=50 mg L™, contact time = 4 h). All experiments are performed at both RT and circumneutral pH.
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Figure 7. Adsorption experiments of a mixture of PAHs on MC3py550. [PAHs] = 2.2 to 44 pg L™,
[MC3py550] = 50 mg L™, contact time = 24 h, RT and circumneutral pH.



