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ABSTRACT: The valorization of chitinous biomass from
underutilized renewable carbon feedstock offers alternative routes
for bioproduct development, reducing our dependence on
nonrenewable and nonbiodegradable materials composed of fossil
carbon. This work utilizes crustacean waste consisting of inedible
shells to isolate chitin and its derivatives, chitin nanocrystals and
chitosan, from lobster (Homarus gammarus) and spider crab (Maja
squinado) shells. Chitin nanocrystals (ChNCs) with a degree of
acetylation >93% and crystallinity >90% were obtained by
demineralization, deproteinization and acid-hydrolysis, while
chitosan was obtained by chitin deacetylation. Free-standing
chitosan/ChNCs films were then fabricated from lobster and
spider crab after dissolution and casting using 1.5% v/v formic
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acid. Lobster-derived materials exhibited a good balance between UV-shielding ability, blocking >96% of UV-C and UV-B, while
being transparent at visible wavelengths. Neat chitosan films are semiductile, with elongations at break >13% and Young’s modulus
values of 2.3 + 0.7 and 3.4 + 1.2 GPa for lobster and spider crab-derived chitosan, respectively. Besides, the incorporation of ChNCs
increases the Young’s modulus to 5.5 + 0.8 GPa at 2 wt % for lobster-derived films. Life cycle assessment (LCA) was conducted to
quantify the environmental impact of film production and identify process hotspots for future optimization. A carbon footprint of
79.8 kg CO, equivkg™" is obtained for chitosan/ChNC films processed using a 100% renewable energy mix. Results demonstrate
that lobster-derived materials are relevant contenders toward defossilization by developing renewable-carbon containing bioproducts
with competitive performance against fossil-based materials due to their optical and mechanical properties, as well as their potential

biodegradability.
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1. INTRODUCTION

The linear use of fossil-derived materials remains at the core of
the unprecedented global challenges that faces our society.' ™
The growing population and rise in prosperity are accelerating
the demand for materials. In this context, plastic production is
projected to reach 1231 t annually by 2060, representing a
threefold increase compared to the production in 2019.* The
excessive use of nonrenewable plastics threatens resource
availability and generates large amounts of durable waste that
accumulates in an uncontrolled manner in terrestrial, river, or
marine ecosystems. In this context, materials derived from
renewable carbon feedstock can provide an environmentally
sustainable and cost-effective alternative to conventional
plastics.”® The transition from the current linear fossil-based
materials to circular biobased materials that rely on abundant,
nontoxic, and renewable/biodegradable sources is attracting
enormous attention.

Polysaccharides, polymeric carbohydrates, can balance the
often self-exclusive attributes of renewability, biodegradability,
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and competitive functionalities, including processability,
thermomechanical performance, and ease of functionaliza-
tion.””” Chitin, the second-most abundant natural polysac-
charide on Earth and consisting of repeating f(1,4)-N-
acetylglucosamine units, is becoming increasingly popular as
an alternative to nonrenewable materials.”'”"" Chitin offers
additional benefits in comparison to other biopolymers, which
include structural strength and flexibility, hierarchical structure,
and presence of acetyl groups and amino groups.'” Chitin can
be further modified to obtain chitin derivatives that show
enhanced functionalities over the parent chitin polymer. In this
context, chitin is partially deacetylated to produce chitosan, the
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most important chitin derivative for various applications.
Chitosan becomes soluble in aqueous acidic media at
deacetylation degrees above 50%, making its process much
easier. The cationic nature of chitosan, along with its
processing ability, enables biomedical, cosmetic, agricultural,
and food applications. In addition, chitin can be fibrillated
down to obtain nanochitin, which consist of chitin nanocrystals
or chitin nanofibrils. These colloidal entities possess out-
standing mechanical and self-assembly properties,”'’ making
them useful in various technological applications as mechanical
reinforcing material,'” into biomimetic photonics,'" packaging
applications,"* or battery electrolytes.'®

Economically feasible methods for obtaining chitinous
biomass typically involve controlled deconstruction of
discarded crustacean shells. Crab endocuticles,'® and shrimp
shells,'”"® have been the primary feedstock utilized for chitin
valorization. However, there are still several chitinous sources
that remain open to exploration for chitosan and chitin
nanocrystal isolation. These sources may potentially result in
larger yields or improved functionalities due to composition
and morphology differences. For instance, lobster exoskeletons
have a higher chitin content (20.3 wt %)"’ compared to Maja
squinado spider crab (16 wt %).”° Notwithstanding the clear
environmental benefits that arise upon marine waste valor-
ization,”' which render materials containing renewable carbon,
the use of acids as well as the need for large quantities of water
and energy could endanger the overall sustainability of the
material. These material and energy requirements can notably
increase the embodied carbon, resulting in biobased materials
with an increased CO, footprint. In this context, standardized
and comparable procedures are necessary to quantify environ-
mental impacts. The life cycle assessment (LCA) methodology
conforms to ISO 14040/44 and addresses this growing
demand,** for evaluating environmental impacts, including
greenhouse gas emissions, water needs, acidification potential,
eutrophication or particulate matter formation resulting from
different materials and processes.”> Implementing LCA for
crustacean shell waste can identify environmental hotspots in
chitin and chitosan processing and provide guidance for future
optimization.

This work demonstrates the valorization of raw ocean waste
into chitin, and its subsequent conversion to chitin nanocryst-
als through acid hydrolysis, or chitosan by deacetylation.
Lobster and spider crab shells were used as source materials
due to their limited attention by previous studies. Following
isolation and physicochemical characterization, freestanding
nanocomposite films composed exclusively of crustacean shell
waste were produced by solvent casting. This strategy enables
the fabrication of materials containing solely renewable carbon
(from the biosphere), thereby avoiding the utilization of fossil
carbon from the geosphere.”* A clear benefit of these materials
is their contribution toward defossilization, that is, utilizing
solely renewable carbon, where the renewable carbon circulates
between the biosphere, atmosphere, or technosphere to create
a carbon circular economy. Furthermore, the optical, thermal
and mechanical properties of the films demonstrate a
reinforcing effect of the nanocrystals depending on their
source. Additionally, the environmental impacts of chitin
nanocrystal and chitosan valorization, as well as their
subsequent processing into films, are quantified using life
cycle assessment.

2. EXPERIMENTAL SECTION

2.1. Materials. Crustacean shells of lobster (Homarus gammarus)
and spider crab (M. squinado) were purchased from a local store in
San Sebastian. Hydrochloric acid (HCL, 37%), sodium hydroxide
pellets (NaOH, ACS reagent) and formic acid (>95%) was purchased
from Sigma-Aldrich.

2.2. Chitin Nanocrystal and Chitosan Isolation. The chitin
(Ch) was isolated from lobster shells (Chyypy) and spider crab
(Chap)- First, demineralization was performed, which consisted of a
1 M HCl hydrolysis for 30 min at room temperature at a 1:15 (w/v)
ratio. Second, the material was deproteinized using a 1 M NaOH
treatment for 300 min at 85 °C at a 1:15 (w/v) ratio.”> These two
treatments were repeated again. At the end of each step, the solid was
filtered and neutralized with distilled water. The obtained chitin was
then used as a source material for chitin nanocrystal and chitosan
fabrication. On the one hand, chitin nanocrystals from lobster
(ChNCgpser) and from spider crab (ChNC,,,,) were isolated using an
acid hydrolysis to remove the amorphous regions of chitin. For this
aim, Chygpe, 01 Chy,,, was treated with 3 M HCI for 90 min at 100 °C
at 1:30 (w/v) ratio. After that, the resulting solid was dispersed in
distilled water and then washed by centrifugation. The sample was
then dialyzed for S days with SpectraPor 12,000—14,000 molecular
weight cutoff (MWCO) regenerated cellulose dialysis membranes
(Spectrum Laboratories). Deionized water was changed every 12 h.
The solid was filtered under pressure employing a 0.22 ym pore-size
nylon filter and neutralized with distilled water. The two gel-like
samples were finally stored in a refrigerator at 4 °C.>*> On the other
hand, the chitin was deacetylated to obtain chitosan (CSjgpyer and
CSqap)- To do so, chitin was treated using a 60% (v/v) NaOH
solution for 240 min at 130 °C at 1:15 (w/v) ratio, under N,
atmosphere. Finally, the solid was filtered and neutralized with
distilled water.

2.3. Chitosan/ChNC Film Fabrication. Chitosan/ChNC films
(CS/ChNC film) were prepared by solvent-casting. First, chitosan
(1.5% w/v) was dissolved in a solution of formic acid (1.5% v/v)
under constant stirring for 24 h at room temperature. Then, ChNC
(ChNCjpster O ChNC,,,) were added at different 1 and 2% w/v. The
solution was homogenized using an Ultra-Turrax (Heidolph Silent
Crusher M., Germany) and bubbles were removed. Nine milliliters of
the solution was casted onto polystyrene Petri dishes (50 mm in
diameter) and was allowed to dry for 48 h.

2.4. Characterization. Fourier transform infrared (FTIR)
spectroscopy analyses for isolated materials and fabricated films
were performed using a PerkinElmer Spectrum Two using an
attenuated total reflection (ATR) mode from Waltham (MA, USA).
Spectra were collected after 64 scans in the range of 4000—600 cm™’
with a resolution of 4 cm™.

Solid-state carbon nuclear magnetic resonance (*C NMR) was
used for the acquisition of the spectra of Ch, CS, and ChNC, using a
Bruker Avance III 400WBplus (Bruker, USA).*® The degree of
acetylation (DA %) was estimated according to”’

I
CcH,
X 100
Ici+Ica + Iz +Icy +Ics + Ics

6 (1)

where Icy, corresponds to the integral of the methyl carbon (CHs,),

DA % =

and I, to Igs account for the integrals of the carbons of the p-
glucopyranosyl ring from C1 to C6.

Powder X-ray diffraction (XRD) patterns of chitin, chitosan, and
chitin nanocrystals were obtained by a Philip X’pert Pro (Phillips
N.V,, Amsterdam, Netherlands). Data was obtained at 20 angles from
S to 70° using Cu Ko radiation at 40 mA and 40 kV. The crystallinity
index (CI %) was determined as

Lo—1
CI%=|M X 100

110

)

where I;;, corresponds to the maximum intensity (110) plane and I,
accounts for the amorphous diffraction (260 = 12.5—13.5°).
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The thermal degradation behavior of isolated Ch, CS, and ChNC
and produced films was studied by means of thermal gravimetric
analysis (TGA/SDT 851 Mettler Toledo. Six milligrams of samples
were heated from 25 to 800 °C at a rate of 10 °C-min~" with a 20 mL-
min~' N, flow.

Atomic force microscope (AFM) was used to analyze the
morphology and size features of chitin nanocrystals. AFM images
were collected using a Dimension 3100 NanoScope IV (Veeco, USA).
The images were scanned at room temperature using tapping mode
with silicon nitride cantilever and 10 nm nominal radius tip at a
frequency of 1 kHz. Samples of 3 X 3 cm?® were utilized with AFM
image dimensions of § X S ym* and 10 X 10 ym® To quantify the size
of the nanocrystals (length and width), measurements have been
taken at random locations on each sample and average values have
been calculated with NanoScope Analysis 1.9 software.

The zeta-potential of water-dispersed ChNCs (0.02 mg-mL™") for
pH values from 2 to 10 was determined using a Malvern Zetasizer
Nano-ZS. The pH was adjusted by the addition of 0.1 M NaOH or
0.1 M HCL

Films transparency was assessed by UV—vis transmission spectra
with a V-730 (Jasco, Germany) spectrophotometer. Total trans-
mittance experiments have been analyzed in the range of 200—800
nm with a sampling interval of 1 nm.

The thermal degradation behavior of CS/ChNC films was studied
by means of thermal gravimetric analysis (QS50-0545, TA Instru-
ments) in platinum pans at a heating rate of 10 °C-min~" with a 60
mL-min~! N, flow. The mechanical behavior of films was studied by
uniaxial tensile tests using a vertical universal tensile tester (IDM
MTC-100) equipped with a S00 N load cell at a deformation rate of 1
mm-min~". Specimens 50 mm long and 10 mm wide with thicknesses
of 300 + 60 ym were used. The mean average value and standard
deviation Young’s modulus (E) (0.5—1.5% strain region), stress and
strain at yield (o, and ¢, respectively), and stress and strain at break
(o, and &y, respectively) were determined from five measurements.

To determine the moisture content (MC), the samples were cut
into squares of 1 cm” Then, the samples were weighed and dried for
24 h at 106 °C (Memmert UN160 plus Twindisp, Germany). The
MC was calculated as

L % 100

Wi (©)

where W), represents the weight before drying (g) and W, is the
weight of the sample after drying (g). The samples were measured in
triplicate and the result was reported as the mean and its standard
deviation. The water contact angle (WCA) of the films was
determined using a DataPhysiscs Oca20 (DataPhysics Instruments
GmbH, Filderstadt, Germany) with the SCA20 software. At room
temperature, drops of 5 yL distilled water were deposited onto film
surfaces. Three replicates were performed for each sample. For
density measurements, the films were cut into 1 cm” squares and the
density was calculated by the ratio of film weight versus volume as

MCo% = =W

. W 3
density = ——
ensity h (g/mm”) )

where W is dry weight of the films (g), A is area (mm?), and Th
represents the thickness (mm). The measurements were performed in
triplicate and the results are given as the average and standard
deviation.

2.5. Life Cycle Assessment. Environmental impact studies were
conducted using the life cycle assessment methodology in accordance
with ISO 14040/44 standards.”® For the sake of transparency and to
facilitate future comparison, the life cycle inventory (LCI) of
chitosan/ChNC isolation, and subsequent film processing is disclosed
in Table 1. Additional process details can be found in Figure 1
(complete Life Cycle Inventory details are provided in Tables S1—S4
to enable future comparison). Briefly, the analysis considered the
acquisition of raw materials, and the subsequent film processing, as
well as all related upstream processes and the electricity for on-site
production (cradle-to-gate boundaries) when performing the analysis.

Table 1. Material and Energy Input Inventory for Chitin
(Ch), Chitosan (CS), Chitin Nanocrystals (ChNC), and
Nanocomposite Films (CS/ChNC)

CS/ChNC
material [unit] Ch CS ChNC 1wt %
inputs shells [g] 100.00

Ch isolated from 6.00 1.00
shells [g]

HCI (37%) [g] 65.66 331

NaOH (pellets, 20.00  54.00
99.9%) [g]

formic acid [g] 0.11
deionized water [L] 26.39 6.90 2.00 0.06
liquid N, [g] 90.00

water for cooling 120.00 36.00
(L]
CS, dry basis [g] 0.99
ChNC, dry basis 0.01
(g]
electricity [kW h] 4.09  2.03 1.73 0.30
HCl [g] 65.66 331
NaOH [g] 2000  54.00

waste water 22823 6.92 37.50 0.06
(proteins, CaCOj,
dissolved) [L]

formic acid [g] 0.11
liquid N, [g] 90.00

Ch [g] 18.30

cs [g] 3.93

ChNC [g] 0.89

CS/ChNC film [g] 1.00

outputs

A medium voltage electricity source for Spanish grid is considered.
The study also considered the amount of dissolved CaCO; and
proteins as the main byproducts from the crustacean shells based on
the theoretical composition of dried lobster (H. gammarus) (23.2 wt
% protein, 38.2 wt % ash content, 20.3 wt % chitin)."”*° To that end,
the demineralization process was assumed to occur upon CaCO;
decomposition into CaCl, and CO, as*®

2HCI + CaCO, — CaCl, + H,0 + CO,1 (5)

The environmental impacts were assessed using the OpenLCA
2.0.3 software and ecoinvent v3.9.1 database (released on December
2021) through a life cycle impact assessment. The ReCiPe 2016
Midpoint (H) methodology was used to obtain 18 environmental
impact indicators. Although the study focused the global warming
potential (GWP, kg-CO, equiv per kg of material), additional impact
categories such as water consumption (m® per kg of material),
freshwater ecotoxicity (kg of 1,4-DCB per kg of material), and
terrestrial acidification (kg SO, equiv per kg of material) are also
disclosed. Regarding the functional unit, the impacts are normalized
to 1 kg of material (dry basis) using a mass allocation, as we
understand this physical property results the most relevant character-
istic to its future comparison.

3. RESULTS AND DISCUSSION

3.1. Chitin Nanocrystal and Chitosan Isolation.
Attenuated total reflectance-Fourier transform infrared spec-
troscopy (ATR-FTIR) was used to characterize the isolated
material. As displayed in Figure 2, chitin and ChNCs show
transmission bands corresponding to the O—H and N—H
stretching vibrations at about 3440 and 3260 cm™},
respectively. In addition, the amide I, amide II and amide III
bands were also observed around 1630, 1550 and 1310 cm™},
respectively.” Further, peaks centered at 1378 and 1029 cm™
arising from the CHj; symmetrical deformation and C—O—-C

https://doi.org/10.1021/acssuschemeng.4c01205
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Figure 1. Scheme showing chitin, chitin nanocrystal, and chitosan isolation from crustacean shell wastes, and their subsequent processing into films.
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Figure 2. ATR-FTIR spectra of chitin (Ch), chitin nanocrystals (ChNC), and chitosan (CS) isolated from (a) spider crab and (b) lobster.
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Figure 3. 3C NMR spectra of Ch, ChNCs, and CS isolated from (a) spider crab and (b) lobster.

groups in chitin are also seen.” On the contrary, the chitosan corresponding to amide I and amide II, respectively. Besides,
spectra solely display the bands at 1645 and 1545 cm™ upon deacetylation of chitin, the band at 1655 cm™" decreases
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Figure 4. (a) XRD patterns of Ch, ChNCs, and CS isolated from spider crab (left) and lobster (right); (b) contact-mode AFM height images of

isolated ChNCs from spider crab (left) and lobster (right).

while the band at 1545 cm™! increases, indicating the
prevalence of NH, groups.” In addition, the C—H stretching
vibration has also been observed at 1400 cm™.

BC NMR was applied to obtain further insights on the
conformational characteristics of isolated material. Figure 3
summarizes the *C NMR spectra of isolated materials from
crab and lobster sources. All the samples present the signal
corresponding to the methyl group (CH;) at around 20 ppm
and the carbonyl group (C=O) at 170 ppm. The large
intensity of the CHj signals for Ch and ChNCs over the weak
signal observed for CS sug%est that high degree of acetylation
values have been achieved.”® In addition, the signal from the p-
glucopyranosyl ring is observed between 5S and 105 ppm as
indicated by the C2, C6, C4, and C1 signals. Interestingly, a
doublet (green highlighted) is observed at CS and C3 for Ch
and ChNC samples (70—75 ppm), while these signals appear
overlapped for CS. The DA values extracted from these spectra
(eq 1) very similar values for ChNCs extracted from both
sources (94.7% for ChNC, e and 93.0% for ChNC,,,) in
line with literature. On the contrary, very low DA values of
13.3 and 10.9% are obtained for CS extracted from lobster and
spider crab, respectively. Such high degree of acetylation for
Ch and ChNCs, and low values for CS, prove the suitability of
lobster and spider crab to isolate high purity chitinuous
biomass. Finally, no traces of protein could be observed (C—O
at 180 ppm, C—N at 55 ppm),”’ proving the suitability of
lobster and spider crab to render neat chitinuous biomass.

The crystal structure of isolated materials was studied by
XRD. As depicted in Figure 4a, the diffraction patterns barely

10367

change depending on the source material (lobster of spider
crab shells) and are characteristic of a of a semicrystalline
material, with well distinguishable crystalline peaks overlapped
with an amorphous domain. Ch and ChNCs present well-
defined diffraction peaks centered at 26 = 9.3, 12.7, 19.3, 23.3,
and 26.3°.”" These peaks can be identified with native a-chitin
(similarly to previous reports on ChNCs isolated upon acid
hydrolysis),"®**** having a orthorhombic cell structure and
large degree of acetylation for Ch and correlate to the
crystalline planes of (020), (021), (110), (130), and (013),
respectively.””>* The crystallinity index was obtained through
the peak height method, which accounts for the intensity ratios
between the intensity of the most crystalline reflection (110)
with the intensity of the diffuse halo according to eq 2. Results
show an increase from the 87.8—89.4% for Ch, to 90.1—92.2%
to ChNCs (in line with the intensity increase observed),
underlying the removal of the amorphous regions upon HCI
hydrolysis. On the contrary, CS solely presents two broad
diffraction peaks corresponding to the (020) and (110) planes
and located at 20 = 11.0 and 20.4°. Reduced crystallinities over
Ch and ChNC are obtained (59.0 and 74.8% for lobster- and
crab-derived CS, respectively) due to the disruption of H-
bonding upon deacetylation.” This material amorphization for
CS quantified by XRD correlates well with the degree of
acetylation estimated by *C NMR.*°

The morphology of ChNC was observed by atomic force
microscopy (AFM). AFM images in Figure 4b show the
occurrence of well-dispersed nanoparticles as a result of the
excellent colloidal stability of ChNCs in aqueous solutions.®
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Figure S. (a) UV—vis transmittance spectra and (b) opacity values of CS/ChNC nanocomposite films.

As expected, both ChNCs exhibited a rod-like morphology
being longer for ChNC . In fact, the ChNC,y,., showed
lengths and diameters of 550 + 37 and 57 + 5 nm, while
ChNC,,, presented dimensions of 407 + 29 nm and width 50
+ 3 nm. As a result, the aspect ratio varied between 9.7 for
ChNC ., and 8.1 for ChNC,,,,. Such lengths results are in
the upper range of literature values for nanochitin isolated
from crustacean exoskeletons utilizin% chemical hydrolysis top-
down isolation procedures, """ where the Ch hydrolysis
at the glycosidic bond with hydrogen ions from HCI
dissociation yields nanoparticles having lengths that remain
between 110 and 560 nm and widths of 40—60 nm when
isolated from shrimp or crab shells. In particular, Phongying et
al. obtained needle-shaped nanocrystals having a length of
200—560 nm and a width between 18 and 40 nm (shrimp
shells treated at 3 M HCI for 105 °C and 3 h),’” while rod-
shaped chitin nanocrystals from shrimp and lobster shells have
been reported to present lengths of 300—390 nm and widths of
around 42—60 nm,”>”” or the ChNCs having particle sizes of
200—600 nm isolated from crab shells by acid hydrolysis.*”
The surface charge of water-dispersed ChNC_,, ChNC\p.,
has been determined by zeta-potential measurements. Figure
S1 reveals a positive net charge at low pH values for both
nanochitins due to protonation of the N-acetyl groups of
chitin. As the pH increases, the nanoparticles get continuously
(negatively) charged from the starting +31.8 and +29.9 mV to
reach an isoelectric point of pH 6.7 for ChNC,,,, and 7.2 for
ChNC,gpsen respectively, matching literature observations.'®*°

Besides, the thermogravimetric analysis (TGA) curves of
isolated Ch, CS, and ChNCs are shown in Figure S2. Two
major mass losses are observed for all the samples. The first
thermodegradation event comprises around 5—8% mass loss
and occurred around 100 °C due to the evaporation of
physically adsorbed and hydrogen-bonded water. ChNCs
adsorb more water (by weight) in comparison with Ch and
CS, in line with recent results.® Then, the second mass loss is
attributed to the degradation and dehydration of the
polysaccharide backbone and the decomposition of the
acetylated or deacetylated units.””*’ Finally, dehydration and
deoxygenation of residual polymeric chains occur to yield a
residual carbon of ~40 wt % for ChNCs 20—35 wt % at 700
°C.* Importantly, the second event from the degradation of 2-
amino-2-deoxy-D-glucopyranose units in Ch occurs at temper-
atures of 300—460 °C, while it is lowered to 280—400 °C for
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CS and to 250—350 °C for ChNCs. The reduced thermal
stability of CS and ChNCs compared to their parent Ch is
explained in terms of differences in hydrogen bonding between
carbonyl group (C=O0) to —NH, groups and —CH,OH
groups in the side chain.”® Besides, the chitinous biomass
isolated from lobster shells degrades at lower temperatures
over the material obtained from spider crab shells, probably
due to small differences in the degree of acetylation,
crystallinity degree and morphology.

3.2. Film Properties. Crack-free and homogeneous
freestanding CS films were fabricated by solvent-casting upon
CS dissolution in 1.5% v/v formic acid and biocolloid
dispersion using an Ultra-Turrax. Formic acid has been
selected because it is the simplest organic acid, it has a
widespread use in the industry (chemical, agricultural, textile,
pharmaceutical, and agro-food), it is relatively sustainable,
noncorrosive, and has antifungal properties. Moreover, both
formic acid and its formate ion degrade easily in seawater.*'
Although a Schiff's base may be produced when using formic
acid due to its lower pK, value over acetic acid, the
concentration used was sufficiently small to avoid undesired
secondary reactions with the aldehyde.

The films reinforced by ChNCs are entirely obtained from
lobster or spider crab endocuticles. Although the casting of the
chitosan/formic acid solution and subsequent drying for 48 h
to remove solvent is not preferable for industrial application,
this solvent casting approach continues being the major
manufacturing approach at laboratory scale. Alternatives to
reduce manufacturing time include electrospraying, ionic
gelation,* spin coating,** or exploiting the already existing
papermaking procedures.” In any case, the solvent casting
approach is adequate for fundamental science purposes as it
enables the preparation of well-dispersed nanocomposites at
low material quantities. The macroscopic appearance of the
films is shown in Figure S3, where diameters above 50 mm are
obtained. The curled and shrunk aspect of the films arises from
drying-induced capillary forces originating from increased
water—air surface area, causing tensile stresses in the films.*’
The films presented a yellowish tone, and shift from slightly
opaque to translucent after ChNC incorporation. The yellow
tone is often observed then chitosan is treated in alkaline
solutions at temperatures above 100 °C, and is due to a
Maillard reaction between the amino and carbonyl groups.”’
Therefore, future work should focus on shortening chitosan
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reaction times, using nonconcentrated alkaline solutions, and
lowering reaction temperatures. The optical properties were
further studied by ultraviolet—visible (UV—vis) spectroscopy
in transmittance mode for the 4 = 200—800 nm region and the
results are shown in Figure Sa,b. The films exhibit intermediate
transmittance values in the visible region together with strongly
opaque behavior in the UV region. Neat Chyg,,, and Ch,,
films offer UV-blocking efficiencies of 99 and 96% in the UV-C
region, while keeping optical transparencies of ~15 and ~10%
in the visible region, respectively. It is interesting to note that
the incorporation of ChNCs leads to a systematic increase in
transmitted light. This transmittance increase is due to the
dense packing of nanochitin with its host CS, limiting the
occurrence of cavities in the cast film that cause undesired light
scattering.48 Besides, a homogeneous dispersion of the
nanochitin within the CS host with no aggregation avoids
Rayleigh scattering effects. The addition of ChNC results in
increased transparency, making it suitable for developing
coatings or food-packaging films that require optical trans-
parency. The film opacity at 4 = 600 nm can be obtained from
these spectra according to*’

where Agy, corresponds to the absorbance at wavelength of
600 nm and L is film thickness in mm. The films derived from
lobster exhibit reduced opacities, with values of 7.84 + 0.06
and 19.49 + 0.20 for neat Chyg,g., and Ch,,, respectively
(Figure Sa,b). In agreement with UV—vis results, the addition
of ChNCs notable decreases opacity, indicating the potential of
isolated nanochitin to enhance the optical appearance of
biobased materials.

Besides, the occurrence of specific interactions between
composite constituents has been investigated by ATR-FTIR.
As depicted in Figure 6, all the samples present the CS around
3440 and 3290 cm™' assigned as O—H and N—H stretching
vibration, respectively, together with the amide II band at
~1565 cm™'>° The presence of ChNCs in the films is
evidenced by the two peaks at 1376 and 1370 cm™" originating
from the CH methyl groups of Ch.”’

One of the main motivations for this work is to obtain
freestanding films with improved mechanical performance at
relatively low environmental cost. In this context, alternative
choices for nanochitin isolation exist, such as chitin nanofibrils
(ChNFs), which could be isolated through simple disintegra-
tion of native chitin utilizing mechanical treatments without

opacity = Asoo the removal of the disordered and noncrystalline regions. A
L (6) priori, ChNFs may present reduced environmental impacts
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Table 2. Tensile Testing Parameters as a Function of ChNC Loading”

source wt % E (MPa) (= (%)
spider crab 0 3390 + 1160 1.6 £ 0.1
1 3770 + 810 N. O.
2 4220 + 870 N. O.
lobster 0 2270 + 690 21+03
1 3520 + 520 2.0 + 04
2 5530 + 830 N. O.

o, (MPa) &, (%) o, (MPa)
33.8 + 134 13.0 = 1.9 41.6 + 16.9
N. O. 9.1+ 14 30.7 £ 5.7
N. O. 6.1+ 1.8 29.8 + 44
268 + 5.2 172 £ 3.7 314 + 4.7
359 + 6.6 6.4 + 3.0 382+ 7.5
N. O. 5.1 +09 474 £ 7.7

“E: Young’s modulus; &, elongation at yield; o,: stress at yield; &,: elongation at break; oy stress at break. N. O.: not observed.
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Figure 8. (a) Moisture content, (b) density, and (c) water contact angle of fabricated CS/ChNC films. The dashed line shows the transition from

hydrophilic (values below 90°) to hydrophobic.

(per mass of material) over ChNCs as extensive chemical
treatments are circumvented. Nevertheless, such simpler
mechanical treatments often yield highly flexible ChNFs with
heterogeneously distributed lateral dimensions,® resulting in
materials suitable for hydrogel formation (physical entangle-
ments are achieved at low concentrations), but with reduced
mechanical reinforcing effects. Accordingly, this work utilizes
ChNCs rather than ChNFs to mechanically reinforce chitosan
films. In this context, uniaxial tensile tests were conducted on
CS/ChNC nanocomposite films under constant strain rate and
the results are disclosed in Figure 7a (average values over five
specimens are reported). Besides, Table 2 summarizes the
Young’s modulus (E), tensile stress and elongation at yield (oy,
Ey) , and tensile stress elongation at break (o, ¢,). The neat CS
films exhibit a semiductile behavior with modulus values of
2270 + 690 and 3390 + 1160 MPa for the material sources
from lobster and spider crab, respectively, and elongations at
break exceeding 10%. Yield values for both materials are close
to 2% for elongation, and 30 MPa for stress. These values
remain higher than those reported in the literature,*”>">*
indicating a good balance between stiffness and ductility
provided by the CS isolated from lobster and spider crab
exoskeleton valorization.

ChNC incorporation increases Young’s modulus and tensile
strength values at expenses of ductility, where break is obtained
before yield. On particular note is the E increase in the
CSiobster/ ChNCipger System, where the addition of 2 wt %
nanochitin enhances the modulus up to 5530 + 830 MPa. This
modulus increase may originate from the high electronegativity
of the O in the —OH groups, which facilitates the formation of
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H-bonds (and other interactions, including ionic) with the
cationic amino/acetamido groups in chitosan,” as well as the
spindle-shaped crystalline nature of the nanochitin that
efficiently reinforces the matrix. In this sense, it should be
noted that ChNC., incorporation yields notable increases in
tensile strength values (from 31.4 + 4.7 to 47.4 + 7.7 MPa
with 2 wt %), while the presence of 2 wt % ChNC_,;, reduces
the stress at break by 28%. This behavior indicates that
nanochitin having larger aspect ratios (9.7 vs 8.1 for
ChNCper and ChNC,,,;, respectively) results more efficient
in improving the mechanical properties (a similar trend is also
observed in terms of Young’s modulus).

Overall, an effective mechanical reinforcement of nanochitin
into CS is achieved. This is in contrast to other biopolymer
nanocomposite systems where the incorporation of fillers
reduces Young’s modulus due to weakened bonding (e.g,
carrageenan/anthocyanin/curcumin,”® CS/deacetylated Ch
nanofibers).” It is important to note that the mechanical
performance of the nanocomposite materials remains well
above the modulus and ductility shown by conventional
thermoplastics such as polybutylene succinate or poly(L-
lactide), whose modulus hardly goes beyond 2500 MPa and
elongation at break is found below 10%.%° Besides, the
observed embrittlement is a common feature in polymer
nanocomposites, where a premature fracture is observed due to
stress concentration effects at filler-rich regions.”’

The TGA curves of CS/ChNC nanocomposite films at
different ChNC concentrations are shown in Figure 7b. The
chitosan derived from lobster shows an increased stability
against thermodegradation events as indicated by the ~30 °C
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shift toward higher temperatures on the weight loss. Besides,
the addition of ChNCs to neat CS films delays thermode-
gradation by further 8 °C. Specifically, the onset of thermal
degradation, accounted as the temperature at which the first 20
wt % loss is obtained, increases from 259 to 264 °C after the
inclusion of 2 wt % ChNCs for crab-derived materials (292—
301 °C for lobster-derived materials). This enhanced
thermodegradation stability is consistent with previous
observations for natural rubber,’® or dental resin adhesives.>’
This delay is attributable to the high surface area of nanochitin,
which acts as an effective barrier to the permeation of
combustion gases.”” Notably, the thermal stability increase is
even greater when ChNCy.. is added because of its larger
aspect ratio of 9.7 versus 8.1 for ChNC,_,, which offers
enhanced gas barrier properties in polymer nanocomposite
films.”" Importantly, this behavior is opposite to the catalyzing
effect of sulfated cellulose nanocrystals when incorporated into
polymeric matrices,*” highlighting the potential of nanochitin
as an additive to enhance the thermal stability of polymeric
matrices.

Additionally, the moisture content, density, and water
contact angle of CS/ChNC films have been analyzed to
provide insights toward the use of these materials in food
packaging applications (Figure 8). The moisture content of the
neat chitosan films, 18.1 + 2.9 and 21.3 + 1.2% for CS_, and
CSjobster respectively, matches literature,®® and decreases upon
the incorporation of nanochitin. On the contrary, the film
density is increased from values around 1.07 g-cm™ for neat
films, to 1.19 g-cm_3 for the 2 wt % nanocomposite
counterparts because of the increased packing of highly
crystalline ChNCs with larger densities. Finally, the introduc-
tion of ChNCs into chitosan results in a differential effect.
Crab-derived materials transition from hydrophilic to hydro-
phobic upon ChNC incorporation as denoted by the water
contact angle (WCA) increase from 73.2 + 3.3 to 1024 +
5.6°. This behavior results adequate for packagin§ uses, were
reducing the contact with water is advantageous.”” Contrarily,
lobster-derived materials exhibiting a reduction in hydro-
phobicity. This affinity toward water may also explain the
differential behavior in tensile strength obtained upon ChNC
incorporation in Figure 7a, where an increased WCA is
correlated with a plasticizing effect of ambient water in the
mechanical behavior (i.e., reduced tensile strength from 41.6 +
169 to 29.8 + 4.4 MPa for crab-derived nanocomposites).**
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On the contrary, a reduced WCA is translated into a stiffening
effect of the material, increasing the tensile strength from 31.4
+ 4.7 to 47.4 + 7.7 MPa.

3.3. Environmental Impact Assessment. To identify
environmental hotspots during CS/ChNC film production we
applied a cradle-to-gate life cycle assessment using 1 kg of
material (dry basis) as the functional unit.'”*>°® Note that
although the experiments were conducted from 100 g of dry
shells, the functional unit of 1 kg enables comparison with
benchmark materials, for which impacts are typically provided
in reference to a kilo, regardless of the reaction scale. To
facilitate cross-comparison with literature data on chitinuous
film production, the global warming potential (GWP,
measured as CO, equivalent emissions) impact indicator is
first reported in Figure 9a. Considering raw material
requirements, chemical treatments and electricity consump-
tion, chitin could be isolated with a CO, footprint of 77.4 kg
CO, equivkg™". The 0.3 and 4.4 kg CO, equiv-kg™" obtained
for commercialized lignocellulosic materials such as cellulose
fiber (from postconsumer paper) and carboxymethyl cellulose
(processing of alkaline cellulose with mono acetic acid),
respectively (ecoinvent v3.9, ReCiPe 2016 Midpoint H)
demonstrate that the current chitin isolation from crustaceans
has a notable environmental cost. A possible alternative toward
low-environmental impact chitin results the utilization of
alternative sources where chitin does not coexist with CaCO;,
thus avoiding the need for demineralization procedures using
HCIL. In this context, fungi are emerging a promising feedstock
for chitin, where short mechanical treatments assisted by mild
alkali processing are sufficient.’®

Besides, the increased need for chemicals and electricity
results in GWP values for CS and ChNCs of 295.6 and 617.9
kg CO, equiv-kg™', respectively. These values remain in the
lower-range regarding the greenhouse gas emissions of 543.5—
906.8 kg CO, equiv-kg™" reported by Berroci et al. for ChNCs
isolated from crab and shrimp shells,’® or the 810.7 kg CO,
equiv-kg™! shown by nanofibrillated cellulose,”” indicating the
environmental soundness of the process developed here. From
the other side, with values ranging from 387.6 to 388.2 kg CO,
equiv-kg ™, intermediate impacts between raw CS and ChNCs
are obtained for the production of free-standing CS/ChNC
film. The higher impact compared to raw CS is attributed to
the additional use of formic acid, water and electricity for film
processing.
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Figure 9b displays the relative contribution of chemical use,
electricity consumption, and water needs to the GWP impact
category. For all materials considered here, the greenhouse gas
emissions are largely driven by electricity consumption, which
accounts for 77 to 94% depending on the isolated material. As
a general trend, the energy contribution increases with process
intensity. In other words, CS, and especially ChNCs and CS/
ChNC films, require additional synthetic steps (long hydrolysis
treatments or dissolution/dispersion steps), which increases
the energy use. In this context, we simulated a possible
reduction in the environmental impact of neat chitosan film
production upon transitioning from the current fossil-based
electricity mix to a 100% renewable energy mix. The GWP of
the sensitivity analysis (considering a renewable energy grid)
performed is shown in Figure 9a, with a significant reduction
from 387.6 to 79.7 kg CO, equiv-kg™" for a neat CS film (79.8
kg CO, equiv-kg™ for the CS/ChNC 2 wt % film). This drop
is in line with recent observations by Hao et al. quantifying the
environmental impact of large-scale cellulose nanocrystal
production,”® who pointed that regions with abundant low-
carbon energy produce materials with well-reduced greenhouse
gas emissions (for cellulose nanocrystals, the impact vary
between 13 and 800 kg CO, equivkg™' depending on the
electricity source). Importantly, the GWP of 77.4 kg CO,
equivkg ™" is very close to the ~77 kg CO, equiv-kg™"' recently
reported by Riofrio et al. for 1 kg of CS production from
shrimp shells for a plant with an annual processing capacity of
5000 tons (European fossil-based energy was used during their
analyses).%”

As summarized in Figure 10 and Tables SS and S6, a similar
trend is observed for the impact categories of particulate
matter formation, freshwater ecotoxicity, terrestrial acid-
ification and water consumption. In general, a 6-fold and 9-
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fold increase is observed for CS and ChNCs in comparison
with Ch. Specifically, water consumption significantly increases
from 1.64 to 5.61 m? and to 6.89 m? for Ch, CS, ChNCs,
respectively. Although such water need remains below
literature data for ChNCs isolated from shrimp and crab
shells (21.44 and 14.15 m?, respectively), future works should
address the extensive washing and purification steps required
during chitin and chitosan isolation so a reduced water
consumption could be obtained. As a matter of fact, we utilized
23.75 L of water for chitin purification, 6 L for chitosan
washing, and 1.5 L for ChNC neutralization (1 L dialysis, 0.4 L
centrifuge, 0.1 L filtering). Furthermore, it should be noted
that the use of 100% renewable energy during production
simultaneously reduces the freshwater ecotoxicity, and
terrestrial acidification of chitosan film production from 7.8
to 3.8 kg 1,4-DCB, and from 1.29 to 0.27 kg SO, equivkg™’,
respectively. However, the impact category of water con-
sumption increases notably from 6.5 to 21.0 m’® due to
hydropower generation, indicating the need for careful design
of an optimized process with attention to different environ-
mental impact categories (and not only greenhouse gas
emissions). In any case, this study demonstrates the suitability
of lobster and crab exoskeletons, especially when renewable
energy sources are implemented during processing, to obtain
renewable materials with competitive environmental perform-
ance.

Although this work is focused on the chitin isolation from
underutilized crustacean shell wastes, integrated biorefineries
converting biomass into chitin and additional coproducts (e.g.,
proteins, fats, astaxanthin, CaCO;) should be pursued in the
near future to enhance feedstock utilization and optimize the
energy/material use of the isolation processes. In this regard,
proteins could be utilized for human or animal feed, fats could
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be employed as feedstock for biogas production, CaCOj; could
be applied in construction, and astaxanthin could be utilized in
cosmetics. For example, the protein-rich effluent generated
during chitin isolation could be treated using a solid—liquid
extraction process at room temperature and ambient pressure
with acetone, ethanol or acetic acid.®” Regarding environ-
mental impact calculations, in multioutput processes such as
this, attributional LCA calculations subtract the environmental
burdens of obtained coproducts from the whole process, as the
need for new isolation procedures (proteins and others) is
displaced. Conversely, an allocation approach (a physical
parameter such as mass, economic value, or causal) could be
used to account for the environmental impacts for each of the
coproducts.”’ The two approaches offer significant reductions
in environmental impact, thus indicating that biorefinery
integration is a viable option.

4. CONCLUSIONS

This work investigates the potential for valorization of novel
chitinous feedstock from renewable carbon. Lobster and spider
crab shells are used as important chitin sources. The chitinous
biorefinery proposed in this study leaded to the production of
ChNCs with lengths of 550 + 37 and 407 + 29 nm for
ChNC ., and ChNC,,, respectively. The biocolloids
exhibited the characteristic features of a-chitin crystal
structure, with varying crystallinity degrees ranging from
92.2% for ChNCjpger to 90.1% for ChNC,,,. Additionally,
high degrees of acetylation of 94.7 and 93.0% were obtained,
respectively. Besides, the raw Ch was treated to obtain CS
having a notably low degree of acetylation of 10.9 and 13.3%
for lobster and crab sources, respectively. This CS achieved a
low crystallinity degree of 59.0 and 74.8% for both sources,
subsequently. Combining the products obtained, outstanding
CS/ChNC films were fabricated from lobster and spider crab
by solvent-casting. The thermodegradation onset temperatures
of the films were increased by ~8 °C due to the incorporation
of ChNCs. Besides, a good UV/vis shielding of the films was
achieved, with reduced opacity values for chitosan/ChNC\ pge.-
All formulations displayed a semiductile character, where the
incorporation of ChNC significantly enhanced the Young’s
modulus of the materials, making them competitive against
petroleum-based polymers. Additionally, this work disclosed
the environmental impacts of ChNCj e, and CSigpgeer
isolation, as well as the fabrication of CS/ChNC per
nanocomposite film based on a life cycle assessment. These
processes generated a CO, footprint ranging from 77.4 to
617.9 kg CO, equiv kg™!, most of which was due to energy
requirements. Importantly, the transition to a low carbon
energy mix could potentially reduce the GWP of CS/ChNC
films to 79.8 kg CO, equiv kg™'. With these thermal, optical
and mechanical properties, this work demonstrated the
potential of chitinous sources derived from renewable carbon
feedstock for the development of sustainable bioproducts with
competitive functional performance against fossil-based
materials and boost the implementation of a carbon circular
economy.
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