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ABSTRACT

Chitin (a biopolymer obtained from shellfish industry) was used as precursor for the production of
biochars obtained via pyrolysis treatments performed at mild conditions (in the 290-540+C range).
Biochars were physicochemical characterized in order to evaluate the pyrolysis-induced effects in terms
of both functional groups and material structure. Moreover, such carbonaceous materials were tested
as adsorbent substrates for the removal of target melecules from agueous environment as well as in
solid-gas experiments, to measure the adsorption capacities and selectivity toward C0;. Lastly, biochars
were also investigated as possible cathode materials in sustainable and low-cost electrochemical energy
storage devices, such as lithium-sulphur (Li-5) batteries. Interestingly, experimental results evidenced
that such chitin-derived biochars obtained via pyrolysis at mild conditions are sustainable, low-cost and
easy scalable alternative materials suitable for both environmental and energetic applications.

1. Introduction

The term “biochar” initially referred to a “carbon-rich product
obtained when biomasses (i.e., wood, manure or leaves) are heated
in a closed container with little or no available air” [1]. Actually, the
official definition of biochar as a “solid material produced by the
thermal decomposition of biomasses under limited supply of oxy-
gen, and at relatively low temperatures (i.e., below 700°C)" was
provided by the International Biochar Initiative (IBI) [2]. Since the
process used for obtaining biochar often mirrors the industrial pro-
duction of charcoal, it is mandatory to provide a clarification. In
particular, basing on the latter definition, the biochar category can
be extended also to all carbonaceous materials obtained from raw
materials and/or substances not directly related to the agriculture
and wood industry. Moreover, it is possible to clearly distinguish
a biochar (a carbonaceous material produced with the intent to be
applied in soils, and, in a broader sense, for environmental applica-
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tions) from a charcoal (a carbonaceous material produced with the
intent to be applied as fuel in energetic fields) on the basis of their
final application [2,3]. In all cases, biochar is produced by a single
pyrolysis treatment performed directly on solid precursors under
inert (absence/limited supply of oxygen) atmosphere.

According to the literature [4], carbon-based materials are
the most versatile substrates that can be used in both environ-
mental and electrochemical applications. Among the different
standard carbonaceous materials, carbon nanotubes (CNTs) and
graphene (i.e., a single-atom thick planar sheet of carbon atoms
organized in a honeycomb fashion) represent very interesting
nanostructured substrates, and since from their discoveries sev-
eral studies are involved in the exploitation of these promising
nanomaterials in several technological fields [5-7], ranging from
the environmental remediation of contaminated wastewater, in gas
separation/storage, catalysis, batteries and other energetic applica-
tions, and many others. In detail, CNTs are extensively studied as
attractive adsorbing materials for the removal of (in)organic pollu-
tants from contaminated wastewater due to their high surface area
|5], whereas, several studies reported that both the chemical and
electronic performances of such graphene and CNTs can be modi-
fied by introducing nitrogen heteroatoms in the chemical structure



[6,7]. Quite recently, there is a growing interest around the val-
orization of low-cost biopolymers obtained from natural sources as
possible sustainable/cheap precursors for the production of carbon-
rich materials [4,8-13]. Considering this interest, the present paper
faces the possibility of using chitin as carbon precursor.

Chitin is one of the most abundant natural biopolymer obtained
mainly from the external shells of crustaceans (crabs, shrimps,
lobsters), as well as from radulae, beaks and cuttlebones of
cephalopods (squid and octopuses), therefore itcanbe assumed asa
shellfish industry biowaste [14-16]. From the chemical viewpoint,
chitin is a B (1-4) glycan, formed by 2-acetamide-2-deoxy-p-
glucopyranose units, randomly N-deacetylated (DD below 50%)
[17]. Unfortunately, the utilization/processability of chitin is quite
limited by its insolubility in many common solvents [16]. In order
to overcome this significant limitation, chitin is preferentially con-
verted into the much more soluble chitosan (the corresponding
N-deacetylated form) [16,18], which found applications in several
technologic fields, mainly in water remediation as adsorbent or in
biomedicine as drug carrier/antimicrobial agent [19-27].

In our recent study focused on the pyrolysis behavior of
chitinfchitosan [17], the degradation pattern of both biopolymers
was unveiled, revealing the formation of N-containing heteroaro-
matic species as well as a significant carbonaceous residue, thus
pointing out the possibility of using such aminopolysaccharides as
precursors for the production of N-doped carbon-based materials
[28].

Actually, several studies report the use of chitin as sustainable
carbon precursor [28-37]. In many works, carbonization was car-
ried out by means of pyrolysis processes performed at temperature
higher than 700°C [28-34], whereas to the best of our knowl-
edge only in one case the pyrolysis temperature was maintained
at 600°C [35]. Conversely, carbonization at mild conditions (i.e.,
180-250°C) were performed only by means of other processes
different from pyrolysis (for instance, the hydrothermal carboniza-
tion) [29,36,37].

The aim of this work is the preparation and physicochemical
characterization of biochars obtained from chitin via pyrolysis at
mild conditions (in the 250-550°C range). Carbonaceous materi-
als were tested as adsorbent substrates for the removal of dyes
from aqueous environment. Dyes selected were the cationic methy-
lene blue and the anionic methyl orange. Additionally, adsorption
capacities were also evaluated towards the gas phase, measuring
the adsorption capacities toward CO; and Na.

Finally, the possibility of using these chars as cathode mate-
rials in sustainable and low-cost lithium-sulphur (Li-S) battery
system was also reported [38]. Electrochemical reactions in the
Li-S battery are multistep reactions with different lithium polysul-
phides equilibrium states. In the Li-S batteries the main drawback
is the polysulphide shuttle phenomena between the cathode and
anode with the capacity degradation during cycling. For these rea-
sons, suitable carbon host structures for sulphur with adsorption
properties towards lithium polysulphides are constantly under
development [39,40] and the synthesis of chitin-derived biochar
materials offers real low-cost and easy scalable materials with high
N-doped amount for Li-S battery application.

2. Experimental section
2.1. Materials

High purity commercial chitin (from snow crab, CAS 1398-
61-4, Heppe Medical Chitosan GmbH) was selected as biochar
precursor, whereas commercially available carbon Carboxen 1033
(Spherical carbon molecular sieve, Sigma-Aldrich) was chosen
as reference carbon material. Dyes selected for the adsorption

testing are: Methylene Blue (CygH;gCIN;S, MB in the following,
CAS 122965-43-9, purity = 82%, Sigma-Aldrich) and Methyl Orange
(Cy4H4N3Na0;5, MO in the following, CAS 547-58-0, purity = 85%,
Sigma-Aldrich). Other reagents used were: sodium hydroxide
(NaOH, purity = 98.0%, CAS 1310-73-2, Sigma-Aldrich), hydrochlo-
ric acid (HCl, conc. 37 wt.%, CAS 7647-01-0, Fluka), anhydrous
potassium chloride (KCl, CAS 7447-40-7, purity = 99.0%, Fluka),
potassium bromide (KBr, FTIR grade = 99%, CAS 7758-02-3, Fluka).

Polyvinylidene fluoride (PVdF, average M, 534000, CAS
24937-79-9, Sigma-Aldrich) and multi-walled carbon nanotubes
(MWCNT, purity = 98.0%, CAS 308068-56-6, Sigma-Aldrich) were
used for the electrode preparation. 1M LITFSI in TEGME:Diox
(purity 99.9%, EO57, Solvionic) was used as electrolyte.

All aqueous solutions were prepared using ultrapure water
Millipore Milli-Q™!. All chemicals were used without further purifi-
cations.

2.2. Biochars preparation via pyrolysis

The precursor chitin (ca. 2 g) was thermally treated in a quartz
tube reactor LTF 12/38/500 Lenton under nitrogen atmosphere (Nz
flux of 250 mLmin—!) with the following thermal program: heat-
ing from RT to the target temperature (heating ramp 10°Cmin—"},
followed by isothermal step for 1 h. Three different target temper-
atures of pyrolysis were selected: 294°C (the onset temperature
verified experimentally by TGA analysis as the initial temperature
of chitin degradation), 440°C and 540°C (these two conditions
selected at the end of the degradation process). The resulting mate-
rials were manually crumbled in an agate mortar for the further
characterization and testing. Samples were coded as Ch294, Ch440
and Ch540, depending on the temperature of pyrolysis, whereas
the bare chitin was denoted as Ch.

2.3. Physicochemical and morphological characterization

Preliminary thermal analysis was performed by means of a
TGA Q600 (TA Instruments) under nitrogen flow (flow rate of
100 mLmin~'). The sample mass was kept at about 10mg in an
open alumina pan and heated from RT to 800°C, heating ramp of
10°Cmin~'. Two replicas were performed.

The elemental composition of the solid was determined using a
Thermo FlashEA 1112 CHNS-0 analyzer. Two replicas were per-
formed and values were presented as® mass mean value+SD
(standard deviation).

Fourier transform infrared (FTIR) spectra were registered in
transmission mode using a Bruker Vector 22 spectrophotometer
equipped with Globar source, DTGS detector, and working with 128
scans at 4cm—! resolution in the 4000-400cm~! range. Chitin and
its biochars powders were spectroscopically analyzed as pellets by
dispersing the samples in KBr (1:20 wt ratio). Three replicas were
performed for each sample.

X-ray diffraction (XRD) patterns were obtained directly on pow-
ders by using an PW3040/60 X'Pert PRO MPD diffractometer from
PAMalytical, equipped with Cu anode, working at 45 kV and 40 mA,
in a Bragg-Brentano geometry with a flat sample-holder.

Gas-volumetric analyses were carried out performing Ny
adsorption/desorption experiments at 77 K by means of an ASAP
2020 instrument (Micromeritics) to determine both the specific
surface area (BET model) [41] and porosity (DFT model) [42] of the
samples. The density functional theory (DFT) was applied in order
to consider simultaneously microporosity and mesoporosity. Pow-
dery samples (ca. 0.5-1.0g) were previously outgassed for about
24 h at 150°C in vacuum (residual pressure 10-2 mbar) to ensure
complete removal of atmospheric contaminants from the materials
surface before adsorption/desorption experiments [43].



Zeta potential ({) measurements were evaluated on the biochars
suspensions by means of electrophoretic light scattering (ELS)
[Zetasizer Nano-Z5). In this technigue, the samples electrophoretic
mobility measured by light scattering was proportional to the {
potential by using the Smoluchowski equation [44]. The { potential
was measured suspending biochars (ca. 10mg) in 5mL of 0.01 M
KCl for 24 h, adjusting the pH of suspensions with 0.1 M HCI or
0.1 M NaOH to reach the desired circumneutral condition (pH - 6).
This way both the ionic strength and pH were maintained constant
during the analysis. Measurements were performed at RT, with
an equilibration time of 120s, and with a cycle of measurement
of 5 replicas for each sample. Experiments were run in duplicate
and values were presented as charge mean value +5D (standard
deviation).

Scanning electron microscopy (SEM) analyses were carried
out by using a ZEISS EVO 50 XVP microscope with LaBg source,
equipped with detectors for secondary electrons collection and
energy dispersive X-ray probe (EDS) for elemental analysis. SEM
micrographs were obtained after sputtering samples with ca. 15 nm
of a gold layer to avoid any charging effect (Bal-tec SCDO50 sput-
ter coater), therefore the presence of gold in EDS spectra (principal
signal at 2.2 keV) is due to this step and will not be further investi-
gated.

High-resolution transmission electron microscopy (HRTEM)
was used to evaluate the biochars morphology at the nanomet-
ric level. Micrographs were obtained by using a JEOL JEM 3010
instrument (300 kV) equipped with a LaBg filament coupled with
energy-dispersive X-ray probe (EDS). For the specimen prepara-
tion, a few drops of biochar-containing water suspensions were
poured on holed carbon-coated copper grids and left to RT dry
before analyses.

2.4. Isothermal adsorption of dyes from water

Adsorption experiments were performed in separate batch in
closed test tubes (containing 10 mL solutions) under continuous
shaking at room temperature (RT). Prior to perform the adsorption
experiments, ca. 10mg of biochars were dispersed in 0.01 M KCl
solution and the final pH value of 6.0+0.5 was adjusted by drop
wise addition of 0.1 M HCl or 0.1 M NaOH solutions (equilibration
time was 24 h). In order to optimize the capability of biochars in
removing the probe dyes, an initial screening was realized by mon-
itoring the depletion of the dyes main UV-vis signals fixing the dye
initial concentration at 100mgL~!. Additionally, kinetics experi-
ments (not reported for the sake of brevity) were performed by
varying the contact time in the 0-24h range. Experimental evi-
dences confirmed that the adsorption equilibrium was reached
at 24h. The isothermal study was conducted by adding to the
suspensions the dye-containing solutions (previously prepared in
KCl 0.01 M and at pH= 6) at different concentrations (Cy from 50
to 1300mgL-! of dye). Contacts were performed at circumneu-
tral pH, which did not change during the experiments. Afterwards
suspensions were shaken in the dark for 24 h at 25°C. After shak-
ing, 3 mL of supernatants were collected and directly measured by
UV-vis spectrophotometry (after performing an external calibra-
tion). The absorbance of the two dyes selected for testing were
analysed at X max: namely, 664 nm for MB and 465 nm for MO, using
a double-beam spectrophotometer UNICAM UV 300 (Thermospec-
tronic), equipped with both deuterium (for UV) and W (for Vis)
lamps, using a PMMA cuvette of 1cm of optical path.

The amount of dye sorbed (qe, mg g~ ') was estimated as follows:

ge = [V{Cp-Ce)]m~" (1)

Cp is the initial dye concentration in the solution (mgL-"), Ce is the
equilibrium concentration of unadsorbed dye measured by UV-vis
analysis (mgL-'),V is the solution volume (10mL) and m is the

sample mass (ca. 10mg) [45]. To evaluate the efficiency of the sorb-
ing materials, ge can be expressed also in mgm~2 by dividing it
for the BET specific surface area (m? g—'). For the sake of compari-
son also the performances of a commercial carbon Carboxen 1033
used as adsorbent were studied. Adsorption experiments were per-
formed in duplicate and average values were reported.

To evaluate the regeneration capabilities, desorption experi-
ments were performed for each separate batch by adding the
chosen washing medium directly to the wet biochars, submitted to
adsorption experiments after filtration, and keeping them in con-
tact under shaking for 24h at 25=C in the dark. Two desorption
washing media were selected: namely, the first washing step was
carried out with 0.01 M KCl at pH~ 6, whereas the second one was
performed by subsequent washing with 0.1 M NaOH.

2.5, Gas-solid adsorption experiments

Adsorption microcalorimetry was used to measure the heat of
adsorption of CO; and N3 at 30°C. A heat-flow microcalorimeter
(Tian-Calvet, Setaram) was employed, following a well-established
stepwise procedure, described elsewhere [46,47 |. In particular, the
calorimeter was connected to a high vacuum volumetric apparatus
(residual p =107 mbar), which enabled to determine simultane-
ously the adsorbed amounts and the heat evolved at increasing
equilibrium pressures for small increments of the adsorptive
species. A first adsorption run was performed on ca. 100 mg of sam-
ple (primary isotherms), and a second one after pumping off the
reversible phase at 30 °C(secondary isotherms), in order to evaluate
the irreversible component of the sorption process. The pressure
was measured by means of a transducer gauge (Ceramicell, Var-
ian, 0-1000 Torr). For this application, only the sample Ch440 was
investigated since this biochar presents the higher specific surface
area (vide infra), whereas the commercial carbon Carboxen 1033
was used as reference substrate for the sake of comparison.

2.6. Electrochemical characterization of lithium-sulphur batteries

Carbon and sulphur were ball milled in a mass ratio of 40wt.%
of carbon vs. 60wt.% of sulphur for 30min at 300 rpm. The car-
bon/sulphur mixture was transferred into a ceramic crucible and
placed into a quartz tube under argon atmosphere. The samples
were heated to 155°C with a heating ramp of 0.2°Cmin~', and
held at that temperature for 5h. The samples were cooled down
to RT at 0.5°Cmin~!. The electrodes were prepared by mixing
the carbon/sulphur composite, the polymer binder polyvinylidene
fluoride (PVdF), and the conductive additive multi-walled car-
bon nanotubes (MWCNT) in a mass ratio of 80:10:10. The slurry
was prepared in N-methylpyrolidine (NMP) and casted on carbon
coated aluminum foil. The electrodes were dried overnight at 50=C.
The typical sulphur loading on the electrodes were from 1.0 to
1.5mg per 2 cm?. The two electrode pouch cells were prepared
in an argon filled glovebox. The sulphur cathode (2 cm?® electrode)
was separated from metallic lithium anode with Celgard 2400
wetted with 1 M LITFSIin TEGDME:Diox(1:1). The electrolyte quan-
tity was normalized to 20 pL per mass of sulphur. The batteries
were cycled in the potential range between 1.5V-3.0V by using
Maccor 4200 galvanostat/potentiostat at a current density of C/10
(167.2mAg ")

3. Results and discussion
3.1. Optimization of the pyrolysis process via TGA analysis
TGA analysis of the selected precursor chitin was carried out

under nitrogen (inert/reducing) atmosphere in order to simulate
the pyrolysis process. Fig. 1 shows the chitin TG profile, which
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Fig. 1. TG(black solid line) and differential thermal (red dashed line) curves of chitin
heated under nitrogen atmosphere, The black dotted lines refer to the three temper-
atures investigated for the pyrolysis treatments {namely, the onset 294°C, 440°C
and 540=C}. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article,)

Table 1
Elemental compaosition of bare chitin (Ch) and its relative biochars (Ch204, Ch440,
and Ch540),

Samples C(wt) H(wtX) N (wtZ) C/N
Ch 434 64 53 1
Ch294 737 63 7.0 68
Ch440 727 15 83 87
Ch540 755 28 80 a5

presents two main weight losses: the first one due to the water
evaporation (centered at ca. 100°C), and the second one mainly
due to the degradation phenomena of the polysaccharide struc-
ture (in the 290-400°C range). Basing on the DTG profile, it is
possible to evaluate both the onset temperature (i.e., the initial
temperature of material degradation) and the maximum rate of
decomposition temperature (which corresponds to the maximum
of the DTG curve), which are 294 °C and 390°C, respectively. A car-
bonaceous residue, which represented ca. the 4.6 £0.6 wt.% of the
starting sample, was collected at 800 °C. According to the literature
[17], the degradation mechanism of chitin favered the formation of
H;0, CO5, CO, and CH3CO0OH, whereas ammonia does not seem to
be released since the fate of the nitrogen is preferentially the forma-
tion of N-containing heterocyclic rings (such as pyrazine, pyridine,
and pyrrole moieties) included in the carbonaceous residue andfor
subsequently released as wvolatiles. These results encourage the
use of chitin as green sustainable precursor for the production
of N-doped carbons. Thus, in order to convert chitin into biochar
without excessive nitrogen-loss and also trying to maintain the
largest amount of residual functionalities, pyrolysis of chitin was
performed at mild conditions. In detail, three different pyrolysis
temperatures were investigated: the onset temperature (294°C),
and two temperatures after the main degradation phenomenon,
namely 440°C and 540°C.

3.2. Physicochemical and morphological characterization of
biochars

The elemental analysis of chitin and its biochars is reported in
Table 1. In general, with respect to the initial precursor, it is possible
to observe that the elemental composition of the sample produced
at the onset temperature Ch294 (47.7 wt.% of C, 6.3 wt.% of H, and
7.0 wt.% of N) is almost similar to that of the neat chitin (43.4 wt.%

of C, 6.4 wt.% of H, and 5.3 wt.% of N), suggesting the high thermal
stability of the starting biopolymer.

Biochars produced at higher pyrolysis temperatures (i.e., 440°C
and 540°C) show a significant increase of the C amount with
the pyrolysis temperature (72.7 wt.% and 75.5 wt.%, respectively],
whereas the nitrogen content is in the 7.0-8.3 wt.% range. Other
samples described in the literature [29] present a better efficiency
in the carbonization process showing a higher amount of carbon,
but a direct and significant comparison is not possible because the
pyrolysis conditions applied were very different.

In order to unveil the pyrolysis-induced chemical modifica-
tions and the chitin-to-biochar conversion mechanism induced by
the different pyrolysis conditions, both FTIR spectroscopy (Fig. 2A)
and XRD analyses (Fig. 2B) were performed on the three samples
(Ch294, Ch440, and Ch540), and data compared to those of the neat
precursor (Ch).

The FTIR spectrum of chitin before pyrolysis (Ch) displays the
narrow peaks assigned to the crystalline polysaccharide structure.
The mainsignals in the spectrum are: a strong and broad band at ca.
3440 cm-! associated to the axial 0—H and N—H stretching modes,
followed by a signal at 2880 cm~! due to C—H stretching mode
(Fig. 2A, green box), the absorption bands at 1660 and 1630 cm™!
attributable to the axial (=0 stretching of the acetamido moieties
(amide 1), together with the one at 1580 cm~! due to the angular
deformation of N—H bonds of the amino groups (amide I} (Fig. 2A,
red box), the bands in the 1450-1350 cm™! range assigned to the
—CH; symmetrical deformation mode, and the finger print bands at
1150-900 cm™' range due to C—0 and C—0—C stretching mode of
the glycosidic ring (Fig. 2A, blue box ) [48]. In particular, according to
the literature the two crystalline phases (ce-chitin and B-chitin) can
be recognized by means of the FTIR analysis looking at the amide
I and I bands. In fact, in a-chitin the amide I band is splitted into
two signals at 1660 and 1630 cm™! [49], whereas the amide 11 band
is centered at 1558 cm~'. Conversely, B-chitin presents only one
signal due to amide I at 1630cm ™', whereas the amide 11 band is
shifted to 1562 cm~' [48]. Hence, on the basis of amide I and II
infrared vibrations here detected, it is possible to assume that the
precursor selected in this study is made by a-chitin. Additionally,
amide 1 and Il bands are also important for the determination of
the DD. Although, in our previous study we already determined the
chitin DD by means of TGA-FTIR (after previous calibration with 'H
NMR) being 54% [17].

The sample Ch294 obtained after pyrolysis at the onset tem-
perature (294°C) still maintains the main signals due to chitin
functionalities, and this is in agreement with the elemental anal-
ysis. Conversely, the two samples obtained at higher pyrolysis
temperatures (440-540°C) evidence the loss of all the main
relevant bands associated to chitin functional groups, with the
formation of a single broad signal in the 1600-1000cm~! range
associated to the formation of C—C and G=C bonds of a carbona-
ceous structure (Fig. 2A, violet box) [50]. Moreover, no further
substantial structural and chemical modifications were registered
between the two FTIR spectra of samples Ch440 and Ch540 (and this
is consistent with the TGA analysis in Fig. 1), apart from a slight
reduction of the relative intensity of the bands at ca. 3440 cm!
due to —0OH and —NH stretching modes by increasing the pyrolysis
temperature, confirming a further loss of heteroatoms (as already
evidenced by the elemental analysis).

The XRD pattern of bare chitin is reported in Fig. 2B. All the
crystalline planes reflection registered for such sample at 26 -9.3¢
(020), 12.7° (101), 19.2° (040) and (110}, 23.2° (130), and 26.3°
[013) are consistent with the presence of the a-phase of chitin (card
number 00-035-1974 from the ICCD Database) [51]. The a-phase
evidenced by XRD is also consistent with the position of amide | and
1 bands in the FTIR spectrum. Nevertheless, in analogy with both
elemental analysis and FTIR spectroscopy, the sample obtained at
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Fig. 2. Physicochemical characterization of bare chitin and its relative biochars (Ch294, Ch440, and Ch540). Panel A; Absorbance FTIR spectra in the 4000-400cm-' range
relative to chitin (Ch, black solid line ), Ch294 (black dotted line), Ch440 (red dotted line), and Ch540 (red solid line), The main relevant peaks are labeled. All specira are
collected in transmission mode through KBr pellets. Panel B: XRD patterns of the chitin (Ch, black solid line ), Ch294 (black dotted line), Ch440 (red dotted line), and Ch540
(red solid line), The main reflections due to chitin crystalline structure are highlighted and labeled. (For interpretation of the references to colour in this figure legend, the

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

Fig. 3. SEM micrographs at low (left) and high (right) magnification of Ch294 (A D), Ch440 (B.E), and Ch540 (CF).

the onset temperature Ch294 presents the same XRD pattern as
bare chitin, suggesting the absence of any structural modifications.
Samples obtained after pyrolysis at 440°C and 540°C evidenced
the complete loss of the crystalline reflections due to chitin ordered
structure and the formation of a broad amorphous signal centered
at 28 -23-25°. Additionally, two weak shoulders were registered
at ca. 26 =267 and 29°, which can be assigned respectively to the

formation of the (002) graphitic basal plans in the biochars [52] and
to residual inorganic CaCO5 from the demineralization process of
crab shells [53,54].

In order to evaluate the morphology of materials, SEM analy-
ses were performed on all chitin-derived biochars. In all cases, the
materials surface shows at low magnification (Fig. 3A-C) a certain
degree of roughness, with the presence of few defects and cracks.



Fig. 4. HRTEM micrographs of Ch204, (h440, and Ch540,

Samples obtained after pyrolysis at higher temperatures show the
formation of some filaments crossing the surface at high magnifi-
cation (Fig. 3D-F).

HRTEM images of all samples are reported in Fig. 4. Ch294
is made of large, disordered, dense, almost aggregated patches,
whereas both samples prepared by pyrolysis at high temperatures
(i.e., Ch440, and Ch540) evidenced the formation of amorphous
elongated particles, and some structural order can be perceived
in some parts of the materials, in agreement with the XRD profiles.
This trend suggests the beginning of the graphitization process (in
accordance to XRD peak at 26 - 267), which is usually expected at
higher temperatures (T=750-1000°C) [4].

Nitrogen sorption measurements at 77 K were performed on all
chitin-derived biochars and reference Carboxen 1033, and results
{in terms of specific surface area and pore volume) are summarized
in Table 2. Considering the simultaneous presence of micro and
mesoporosities (as evidenced by the pore size distribution curves)
in all samples, Langmuir model was excluded for calculation of
specific surface area and BET data are reported in Table 2. Only
the two samples obtained at high pyrolysis temperatures (Ch440
and Ch540) present relevant values of BET specific surface area and
porosity. According to the IUPAC classification, both isotherms (not
reported for the sake of brevity) show a profile IV, with a hystere-
sis loop of type H4 frequently associated to slit-shaped mesopores.
Additionally, the presence of a pronounced knee in the initial part
of the isotherms suggested the presence of a certain degree of
microporosity. The pore size distribution (Table 2} indicated the
presence of two families of micropores and small mesopores. In
order to evaluate the surface charge of the biochars produced, mea-
surements of zeta potential were performed maintaining constant
the ionic strength (0.01 M KCl) and the pH (pH=-6). Values of zeta
potential measured for all biochars (Ch294, Ch440, and Ch540)
and the reference Carboxen 1033 were reported in Table 2. At
the first sight, all carbonaceous materials are characterized by a
negatively charged surface, following the order Ch440 = Carboxen
1033 > Ch294 > Ch540 in terms of absolute values. The zeta poten-
tial variation with the increasing of the pyrolysis temperature can
be explained considering the chemical modifications induced by
the thermal treatments, i.e., loss of the functional groups.

3.3, Agueous dyes adsorption-desorption experiments

Adsorption experiments were performed in order to evalu-
ate the potential application of chitin-derived biochars for the

removal of pollutants from contaminated water at circumneutral
pH. Adsorption-desorption experiments were performed on two
model dyes: MB, cationic, and MO, anionic. The spectroscopic cali-
bration curves of both dyes were reported in Fig. 51 (A ma.(MB) = 664
nm) and Fig. 52 (A max(MO) =465 nm).

Adsorption experiments were performed in isothermal con-
ditions in separate batch in closed test tubes (containing 10mL
solutions) under continuous stirring at 25°C. Kinetics experi-
ments were performed by varying the contact time in the 0-24h
range (see for instance the MB-Ch440 performances in Fig. S3).
Experimental evidences confirmed that the adsorption equilib-
rium was reached at 24 h. Thus, by fixing both the sorbent
concentration (1000 mg L-') and the optimized contact time (24 h),
equilibrium isotherms were carried out at different dyes concentra-
tion (Cp=- 50-1300 mg L'}, maintaining constant the temperature
(25°C, in the dark), the ionic strength (i.e., [KCl]- 0.01 M), and the
pH(pH=-6).

Prior to isothermal studies, a preliminary screening was real-
ized fixing the initial dye concentration (Cp-100mgL-"). Results
evidenced that all three biochars are good adsorbents respect to
both dyes (Fig. 5A and C), and that the best performances were
reached for both Ch440 and Ch540.

The adsorption isothermal curve profiles (expressed as mgg!
vs. mgL-') are reported in Fig. 5B (MB) and D (MO). Results
evidenced that the best adsorption performances among the chitin-
derived biochars were reached by Ch440 for MB (qe-26.7mgg ')
and by Ch540 for MO (qe-16.0mgg '). These results can be
explained considering two factors.

i) On one hand the electrostatic component is one of the main
driving forces of the adsorption process. In fact, the best sorp-
tion performances against the cationic dye MB were reached by
the more negatively charged biochar Ch440 (-31.0mV), whereas
the negatively charged dye MO surely experiments a certain repul-
sive component in the sorption mechanism toward the negatively
charged surface of all biochars: in this situation the best per-
formances were reached by the sample with the less negatively
charged surface Ch540 (—18.5mV).

ii) On the second hand, it is necessary to consider the different
specific surface areas of the three samples, and this explains the
best performances obtained for Ch440 and Ch540.

Interestingly, expressing the adsorbed amount ge as mgm™2
(see Fig. 54), it is possible to evidence that the sample with the
lowest surface area Ch294 has the highest affinity for both dyes
(ge-2.5mgm* for MB and 1.0mgm 2 for MO), even more pro-
nounced than that observed for the reference Carboxen 1033
(ge-0.2mgm™2 for MB and ca. 0.1 mg m~2 for MO). This indicates
that the lowest the pyrolysis condition, the better the affinity of the
material surface towards the polar chemical substrates, as expected
due to the presence of residual polar functional groups on Ch294.
This result suggests to continue the optimization of the pyrolysis
conditions in order to reach the best compromise between a high
polarity of the surface (i.e., low pyrolysis temperature) and a high
surface development (obtained at higher pyrolysis temperature).

Desorption experiments were performed on Ch440, chosen as
reference substrate. As reported in the Experimental section, des-
orption trials were carried out in two following steps: by washing
the wet material with a solution of 0.01 M KCl (at pH~-6) and, sub-
sequently, with a solution of 0.1 M NaOH. The results obtained are
summarized in Fig. 6 and clearly evidences that the cationic dye
MB is almost irreversibly bonded to the negatively charged surface
of Ch440, since no removal of the adsorbed dye is observed for KCI
washing and only an amount <10% is removed in the presence of
MNaOH. Otherwise, as expected, the anionic dye MO, whichis weakly
sorbed at the biochar negative surface, shows a regeneration pro-
cedure more effective (about 20% is removed after KCl washing and
up to 60% is removed in the presence of NaDH).



Table 2

BET surface area, DFT pore volume (micro, meso and total), and zeta potential measured for the chitin-derived biochars (Ch294, Ch440, and Ch540) and the reference
commercial material Carbroxen 1033,

Samples BET surface area (m*g-") DFT pore volume (cm® g') Zeta potential { (mV £ 5D
Micropores Mesopores

Carboxen 10332 4207 015 010 -262+17

Ch294 gt - - -190+13

Ch440 338 0.08 o1 =-31.0+17

Ch540 333 0,09 0.08 —-185+10

3 Carboxen 1033 characteristics are taken directly from the Sigma-Aldrich database.

b The BET specific surface area of Ch204 is below the instrumental limit therefore the value reported is only approximative.

© The { potential was measured maintaining constant the biochar concentration, ionic strength (0,01 MK, and pH {pH= G). Experiments were run in duplicate and values
were presented as mean value + 50 (standard deviation ).
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These tests, although preliminary, confirmed that such chitin-
derived biochars obtained at mild conditions (in particular those

experiments were performed on the chitin-derived material with
the highest BET surface area value, namely Ch440 (338m2g-!).

obtained from pyrolysis at 440-540°C) are sorbing materials
promising for the removal of charged species from contaminated
water, which are immobilized at the carbon surface if positively
charged, whereas it is possible to evidence an interesting recy-
cling capacity of the materials in the presence of negatively charged
contaminants.

3.4. Microcalorimetry performances of chitin-derived biochar

In order to evaluate the capacity of such biochars as sequestrat-
ing agents of CO; molecules from the gas phase, microcalorimetric

Fig. 7Areports the gas-volumetric isotherms obtained at 30=Cin the
Pcoz range 0-500Torr. The comparison between primary and sec-
ondary runs evidences that the adsorption is completely reversible
suggesting an easy regeneration of the material. Sorption curves
show the typical hyperbolic trend and their shape suggests an high
sorption capacity, since they are still far from the saturation level.
Fig. 7B reports the molar heat of adsorption measured for the sam-
ple as a function of coverage. The values are almost constant in
the 50-60 k] mol~! range, indicating a high energetic homogene-
ity of the surface and confirming the possibility of regenerating the
material after CO; storage given the not too high interaction energy
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observed. For the sake of comparison, the performance of Ch440
was compared with that of the reference commercial carbon Car-
boxen 1033.The obtained results indicate that the sorption capacity
of Ch440 is promising if compared to the reference Carboxen 1033.
In fact, even though Carboxen 1033 presents higher adsorption
capacity (almost twice the Ch440 one, as evidenced in Fig. 7C),
the energetic feature is similar (Fig. 7D). Finally, to evaluate the
selectivity of Ch440 towards CO» adsorption, a microcalorimetric
measurement was performed using Ny as gas probe. The adsorbed
amounts and adsorption heats gave negligible values (not reported

for the sake of brevity), as in the case of Carboxen 1033. These
results indicate that Ch440 can reversibly and selectively interact
with COz, being potentially useable for environmental applications
as sequestering agent for reducing the emission of greenhouse
gases (such as COz).

3.5. Electrochemical characterization of Li-§ battery

The chitin-derived biochars (Ch294, Ch440 and Ch540) were
impregnated with 60 wt.% of sulphur (denoted as Sf{sample name)
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and tested as cathode material in Li-S batteries (Fig. 8). The Fig. 8A
shows the obtained discharge capacities and coulombic efficiency
for the three sulphur/chitin-derived biochar composites. The high-
est initial discharge capacity reaching 905 mAh g-! was obtained
with S/Ch440. However, the 5/Ch440 shows an initial rapid loss
in capacity in the initial cycles. After 50th and 100th cycles, a
retained capacity of 654 mAh g~ ! and 510 mAh g~! with a coulom-
bic efficiency around 90% was obtained. The S/Ch540 shows lower
initial discharge capacity of 751 mAh g~! and a retained capacity of
612mahg ! after 50th cycles and 555mAhg~! after 100th cycles
with a coulombic efficiency around 89%. The 5/Ch294 has the low-
estinitial discharge capacity of 679 mah g~!. On the other hand, the
5/Ch294 shows a stable cycling behavior in the initial cycles with a
retained capacity of 509 mAh g~ ' after 50th cycles and 548 mAh g !
after 100th cycles with a coulombic efficiency around 86%. The ini-
tial stable capacity of the 5/Ch294 is due to the remaining oxygen
and nitrogen functional groups, which have chemisorption affinity
towards the lithium polysulphides [55].

Fig. 8B—C shows the galvanostatic curves for the sulphur/chitin-
derived biochar composites. The voltage profiles of the batteries
have a characteristic Li-S signature. In the high-voltage plateau
at around 2.4 V the long-chain lithium polysulphides are formed
out of the elemental sulphur. In the transition state from 2.4 V to
2.1V, the long-chain lithium polysulphides are reduced into the
shorter lithium polysulphides. In the low-voltage plateau at around
2.1 V the short-chain lithium polysulphides are in the equilibrium
state with the lithium sulphide (Li»S) precipitation [56,57]. Fur-
ther analyses of the discharge and charge curves in Fig. 8B-C show
that the polarization is not increased during cycling. The sample
produced at the onset temperature Ch294 exhibits in the Li-S bat-
tery the highest polarization value of 142 mV. This is due to the
lower temperature of pyrolysis. The Ch440 and Ch540 show lower
polarization and higher coulombic efficiency, which is attributed

to improved electron transfer, due to higher pyrolysis temperature
and higher conductivity. Moreover, the higher amount of nitro-
gen doping in the chitin-derived biochars increases the adsorption
towards the lithium polysulphides that results in better capacity
retention during cycling [39].

4. Conclusions

In this work, chitin (a biopolymer obtained from shellfish indus-
try) was used as precursor for the production of biochars obtained
via pyrolysis treatment performed at mild conditions. Basing on
TGA analyses carried out under nitrogen (inert/reducing) atmo-
sphere, temperatures selected for the pyrolysis processes are the
chitin decomposition onset temperature (294 °C), and two temper-
atures after the main degradation phenomenon, namely 440°C and
540+=C. All biochars prepared were physicochemical characterized,
in order to evaluate the pyrolysis-induced effects in terms of both
functional groups and materials structure.

Moreover, carbonaceous materials were tested as adsorbent
substrates for the removal of target molecules (cationic MB
and anionic MO dyes) from agueous environment. Experiments
evidenced good adsorption capacities, modulable regeneration fea-
tures and some hints for driving the optimization of the materials
towards molecules adsorption. Additionally, adsorption capacities
were also evaluated towards gaseous CO; with promising results.
Finally, biochars were investigated as possible cathode materi-
als in sustainable and low-cost lithium-sulphur (Li-S) batteries.
Experimental results evidenced that biochar produced at the onset
temperature Ch294 exhibits high polarization and initial stable
discharge capacity, whereas Ch440 and Ch540 show lower polar-
ization with higher and stable discharge capacities and higher
coulombic efficiencies during prolong cycling.



Therefore, in this study chitin-derived biochars offer sus-
tainable, low-cost and easy scalable alternative carbonaceous
materials, which can be used in environmental remediation
treatments (both in liquid and gaseous phases), as well as for elec-
trochemical energy storage devices in Li-S batteries.
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