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The upcycling of collagen-rich waste fibers into lightweight materials represents a potential opportunity to fulfill
current societal demands for a circular bioeconomy. With this objective, this paper reports a novel strategy that
relies on the use of polyelectrolyte complexes beyond their conventional application fields. To this aim, com-
pacted polyelectrolyte complexes (CoPECs) encompassing gelatin and nanocellulose are here used, for the first
time, as a structural matrix to upcycle collagen-rich fibers into mechanically robust, insulating and fire safe fiber
networks. The effects of pH complexing conditions on the strength of the dry CoPECs were investigated high-
lighting optimal mechanical properties at pH 6. This enabled the use of CoPECs for the preparation of fiber
networks characterized by a wide range of compositions (fiber content up to 75%) and densities (50 and 90 kg/
m®%). The CoPECs matrix stabilizes and improves the formation of strong fiber-fiber joints conferring structural
integrity to the networks with compressive strengths at 10% deformation up to 0.102 MPa. The thermal con-
ductivity can be as low as 0.043 W/(m-K). The intrinsic flame retardant characteristics of collagen-rich fibers
allow to easily stop flame propagation during flammability tests. When exposed to the heat flux of a developing
fire (50 kW/m?) these materials can achieve low heat and smoke release if compared with high performing state-
of-the-art solutions. This paper discloses a novel use of CoPECs for the production of advanced materials capable
of balancing sustainability and functional properties while also providing a greener and safer alternative to
conventional foams for transportation or building applications.

1. Introduction

The increasing global concern about the depletion of fossil resources
and the production of high amount of plastic wastes has fostered the
development of functional green materials with reduced environmental
impact [1]. Composite materials encompassing bio-sourced fillers can
represent a possible solution toward a more sustainable economy [2].
Indeed, in the last decades, natural fibers from both plant and animal
sources, have gained a lot of attention in the material science field
thanks to their low cost, large availability and biodegradability [3,4].
Among them leather shavings, a waste from tannery processes, might
represent a good candidate for the development of bio-sourced com-
posite materials. Indeed, while leather production is estimated to be
about 23 billion square feet annually [5], the sector is currently facing
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increasing challenges linked to the production of substantial amounts of
wastewater, sludge, and solid waste [6-8]. These latter are therefore the
object of current technological efforts aimed at either their limitation or
valorization [9-12]. Being generated after the tanning process, leather
shavings represent a major area of concern since they are tailored to
withstand biological degradation. Therefore, traditional disposing
methods such as landfilling and incineration typically result in a waste
of resources while potentially raising environmental issues. As
addressing these latter might significantly impact production costs, the
leather industry is now seeking for green and easily applicable tech-
nologies that enable the recycling or upcycling of wastes into functional
materials. In order to be impactful, such innovations should not only
mitigate environmental issues but also produce novel circular materials
therefore enabling a more sustainable and valuable manufacturing [13,
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14]. Within this context, the upcycling of leather shavings to produce
functional materials represent a relevant challenge toward the reduction
of the environmental impact.

Leather shavings are rich in proteins, especially collagen. Collagen
possess a unique hierarchical structure organized into a multistage ar-
chitecture comprising fibrils, fibers and fiber bundles until the final
structure of a fiber is reached [15,16]. Several studies proposed different
strategies for the valorization of the solid tannery wastes. Protein-rich
waste could be hydrolyzed to obtain collagen or gelatin for cosmetic
or biomedical applications [17,18]. By chemical treatment chromium
could be recovered and recycled for the preparation of pigments or
reintroduced into the leather making process [19,20]. In addition,
leather shavings, thanks to the high number of polar groups, have been
applied for the removal of organic compound and metal ions [21,22].
Beside processes aimed at extracting chemical, solid wastes could be
directly used to make composite materials. Dos Santos et al. used leather
wastes as a filler into expanded styrene-butadiene rubber to make
thermal and acoustic insulator material as an alternative to synthetic
rubbers [23]. Collagen fibers have also been used as flame retardant
filler for natural rubber modification [24]. Li et al. proposed to use
leather wastes, poly(vinyl alcohol) and polyaniline to make aerogel with
enhanced mechanical, flame retardancy and electromagnetic interfer-
ence shielding performances [25]. In particular, the field of lightweight
materials represent a great opportunity for the up-cycling of fiber
wastes. Foamed materials are widely used for different applications,
from the packaging to the construction sector [26,27]. Within this
context, it is well known that traditional petroleum-derived foams (like
polyurethane or polystyrene foams) present sustainability and
fire-safety problems [28]. As environmental consciousness rises, the use
of animal fibers to make functional materials can represent a valuable
solution. However, the production of stable, low density 3-dimensional
structures based on natural fibers is still challenging. The use of
bio-sourced polyelectrolyte complexes (PECs) in combination with
freeze-drying could offer a possible solution. The electrostatic
complexation of bio-based components is often considered as an envi-
ronmentally friendly approach for the development of novel materials.
Indeed, the process is typically performed in aqueous media without the
use of harsh chemicals or conditions and is straightforward to scale up
[29]. Stable PECs can be produced by mixing water-based sol-
utions/suspensions of oppositely charged polycations and polyanions in
controlled conditions [30]. The primary interaction is the electrostatic
attraction occurring between oppositely charged poly-ions; however,
additional interactions such as hydrogen bonding, ionic dipole forces
and hydrophobic interactions may also contribute to PECs formation
[31]. At a macroscopic level, the process results into a phase separation
into a dilute supernatant phase and a dense polymer-rich phase.
Depending on the interactions between the polyelectrolyte chains, the
dense phase could be a liquid-like coacervate or a solid-like precipitate.
The nature and the properties of the PECs could be influenced and
controlled by different parameters like charge density, pH, ionic
strength or temperature [32-34]. Since the dense polymer-rich phase
contains a significant amount of water, it can be further densified by
ultracentrifugation [35], extrusion [36], hot-pressing [37] or sedimen-
tation [38]. The obtained dense solid are called compacted PECs
(CoPECs) [39]. Thanks to the strong interactions occurring at molecular
level, PECs often can display a unique set of properties (e.g., high me-
chanical strength, flame retardancy and thermal stability) [40]. Recent
studies on PECs formation and processing conditions have therefore
opened up to many applications in different fields [29]. Indeed, PECs
have been used as biosorbents [41], self-healing hydrogels [42], carrier
for drugs [43] or thin films/membranes [44,45]. In addition, the for-
mation of stable PECs or CoPECs often enables easy and straightforward
processing options for their exploit as coatings or self-standing mem-
branes. For example, the gel produced by combining branched poly-
ethylenimine and cellulose nanocrystals allowed the deposition of the
PECs as FR coating on cotton by a simple doctor blading approach [46].
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Beside the use as coatings, PECs or CoPECs incorporating functional
particles have attracted great interest as potential route for the prepa-
ration of composite materials. For example, Schlenoff et al. developed a
nanocomposite based on poly(styrenesulfonate) and poly(dia-
llyldimethylammonium) PECs embedding iron oxide nanoparticles with
superparamagnetic properties [47]. Similarly, PECs hybrid composite
membranes filled with silica and carbon nanotubes were synthesized for
pervaporation applications [48]. Despite recent publications on
PECs-based composites, to the best of our knowledge, there are no re-
ports regarding the use of PECs as a matrix for the production of light-
weight porous materials.

To this aim, the main purpose of this work is to propose an easy and
straightforward approach capable of combining bio-sourced PECs and
the up-cycling of tannery fibrous waste into functional, lightweight and
flame retardant fiber networks suitable for thermal insulation applica-
tions. Gelatin (GEL) and carboxymethylated cellulose nanofibers (CNF)
were employed as PECs components. Collagen-rich leather shavings
were used as functional fibers to be included into the PECs matrix. Fig. 1
reports the schematization of the procedure employed for the produc-
tion of the lightweight porous fiber network structure developed in this
paper.

In the material design, the PECs act like a matrix and a binder be-
tween the fibers ensuring the mechanical integrity of the sample while
the fibers primarily contribute to the flame retardancy properties of the
network. The optimal complexing conditions capable of yielding stable
and mechanically strong CoPECs upon freeze-drying were thoroughly
investigated by infrared spectroscopy, scanning electron microscopy
(SEM) and compression tests. Lightweight and functional fiber networks
were then prepared by incorporating the collagen-rich fibers in the
CoPECs targeting different compositions (50/50 and 25/75 CoPECs/fi-
bers) and densities (50 and 90 kg/m®). The morphology was evaluated
by scanning electron microscopy (SEM). The mechanical and insulating
properties were measured through compression and thermal conduc-
tivity tests, respectively. The fire safety of the prepared fiber networks
was assessed by flammability (in horizontal and vertical configurations)
and forced combustion tests (cone calorimetry test at 50 kW/m?). The
fire performances were benchmarked against those of high performing
materials from the literature background.

2. Materials and method
2.1. Materials

Vegetable tanned bovine shavings were reduced into fibers by means
of a Pulverisette 19 grinder (Fritsch, Germany) fitted with a 1.5 mm
sieve [49]. Gelatin from cold water fish skin (GEL) and acetic acid were
purchased from Sigma Aldrich (Milano, IT). Carboxymethylated cellu-
lose nanofibers (CNF) were purchased from RISE (Sweden) as approx. 2
wt% gel. Gelatin was dissolved at 1 wt% in deionized water for 1 h while
CNF suspension was prepared by diluting the gel up to 0.25 wt% con-
centration and kept under magnetic stirring overnight. The so-prepared
CNF suspension was then homogenized for 10 min at speed 9500 rpm
using Ultra-Turrax high-speed homogenizer based on the rotor-stator
principle (Ultra-Turrax T25 basic, IKA-WERKE, Staufen, Germany).
The pH of gelatin was adjusted to 4, 5 and 6 using pure acetic acid or 1 M
NaOH solution whereas the pH of CNF was kept unmodified at 7. All the
solutions were prepared with 18.2 MQ deionized water supplied by a
Q20 Millipore system (Milano, Italy).

2.2. Polyelectrolyte complexes and fiber network preparation

The GEL solution (at different pH) and the CNF suspension were
mixed in equal volume and kept under magnetic stirring for 20 min.
Gelatin pH was modified with acetic acid or sodium hydroxide solutions
(1 M) in order to obtain the desired pH. The prepared suspensions were
then centrifuged (Eppendorf, Centrifuge 5702) for 10 min at 4400 rpm
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Freeze-drying

Lightweight, strong, insulating
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Fig. 1. Schematic representation of the approach developed in this paper. First gelatin solution and CNF suspension were mixed together and, after complexation, the
suspension was centrifuged in order to obtain the polymer-rich concentrated phase (CoPECs). The GEL-CNF gel was mixed with collagen fibers and then freeze-dried

to obtain the porous lightweight fiber networks.

(Fig. S1). The precipitate (in the form of a gel, CoPECs) was collected
and the supernatant was subsequently removed. The so obtained GEL/
CNF CoPECs gel had a dry content of 4 wt% (evaluated by drying the
PECs in a ventilated oven at 80 °C). CoPECs prepared at pH 4, 5 and 6
were frozen at a temperature of —40 °C for 12 h and then freeze-dried for
48 h using a vacuum freeze-dryer (Toption TOPT-10A, vacuum freeze-
dryer) to produce cylindrical samples in order to evaluate the dry-
CoPECs mechanical properties.

Before preparing the fiber networks, the collagen-rich fibers were
dried in the oven at 60 °C for at least 3 h in order to remove the moisture.
After that the CoPECs gel and the dried fibers were mixed in order to
obtain a weight ratio of 50:50 and 25:75 between the fibers and the
complex (based on the dry content of the gel). Deionized water was
added in different amount in order to achieve a final density of 50 or 90
kg/m°. The name of the samples and the calculated densities are
collected in Table S1. Finally, the mixture was mechanically stirred for 5
min at low speed to produce a stable suspension. The resulting suspen-
sion was subsequently cast into silicone molds (size related to the
characterization techniques as described in chapter 2.3), froze at a
temperature of —40 °C for 12 h and then freeze-dried for 48 h using a
vacuum freeze-dryer (Toption TOPT-10A, vacuum freeze-dryer) to
produce the fiber networks. In the following, the samples are coded
reporting the composition (CoPECs/fibers) and density (d): for example,
a sample coded 25/75 d50 refers to a fiber network encompassing 25 wt
% COPECs and 75 wt% fibers with a density of 50 kg/m?>.

2.3. Characterization techniques

Attenuated total reflection (ATR) Fourier Transform infrared (FTIR)
spectroscopy spectra of fibers, dried complexes and fiber networks were
collected at room temperature, in the range of 4000 - 400 cm™ (16 scans,
4 c¢m™ resolution) with an ATR- FTIR spectrometer (Frontier, Perkin
Elmer, Italy) equipped with a diamond crystal.

Surface morphology of the samples was investigated, after gold
sputtering, using Scanning Electron Microscopy (SEM) on a Zeiss EVO
15 model.

The sample density was calculated as the ratio between the weight
and the volume of cylindrical specimens. The specimens were weighted
using an analytical balance (RADWAG, Poland) and the dimensions
were measured using a high-resolution caliper. Samples were dried
overnight in an oven at 60 °C before weight measurement. The calcu-
lated density was the average of five samples.

Mechanical properties were evaluated by compressing cylindrical
samples of approx. 20 mm diameter and 20 mm height using a dyna-
mometer (Instron 5966, 2 kN cell, Canton, MA). The samples were

compressed between two horizontal plates at a constant rate of 10 mm/
min. Before the test the samples were stored into a climatic chamber at
23.0 £ 0.1 °C and 50.0 + 0.1%RH for 48 h.

Thermal conductivity was evaluated by a transient plane heat source
method (ISO 22007-2) using TPS 2500S instrument by Hot Disk AB
(Goteborg, Sweden) equipped with a Kapton sensor (radius 9.868 mm).
The measuring setup was placed in a container and immersed in a sili-
cone oil bath (Haake A40, Thermo Scientific Inc., Waltham, MA, USA)
equipped with a temperature controller (Haake AC200, Thermo Scien-
tific Inc., Waltham, MA, USA) to maintain the temperature at 23.00 +
0.01 °C. Square samples of 50 mm x 50 mm x 15 mm thickness were
tested. Before the test, specimens were stored in a climatic chamber at
23.0 £ 0.1 °C and 50.0 + 0.1%RH for 24 h.

The flammability of samples was performed both in horizontal and
vertical configurations. The sample (50 mm x 20 mm x 10 mm) was
ignited by a 20 mm blue methane flame (flame application: 2 x 6 s). The
test was repeated at least three times for each formulation and during
the test the ability to stop flame spread and final residue (%) were
evaluated. Prior the test, samples were conditioned in a climatic
chamber (23.0 & 0.1 °C, 50.0 & 0.1%RH) for at least 48 h.

The combustion behavior of the samples was investigated by cone
calorimetry (GAO1, ISO 5660, Noselab Ats, Italy). Square sample (50
mm x 50 mm x 15 mm) were placed under 50 kW,/m? heat flux and the
following parameters were registered: Time to Ignition (TTI, (s)), peak of
Heat Release Rate (pkHRR, (kW/mz)), Total Heat Release (THR, (MJ/
mz)), Smoke Production Rate (SPR, (mz/s)), Total Smoke Release (TSR,
(m?%/m?)) and final residue (%). The test was repeated 3 times for each
formulation and the experimental error was calculated as the standard
deviation (o). Before the test, specimens were stored in a climatic
chamber (23.0 + 0.1 °C, 50.0 + 0.1%RH) for 48 h.

Raman spectra of post-combustion residues were performed on an
InVia Raman Microscope (Renishaw S.p.A., Torino, Italy) equipped with
a 514 nm laser and a Leica DM 2500 optical microscope (Leica Micro-
systems S.r.l., Milano, Italy).

3. Results and discussion
3.1. CoPECs formulation and fiber network morphology

The fabrication process of GEL/CNF CoPECs is detailed in Fig. Sla.
Firstly, the effect of the pH of gelatin solution on the formation of the
polyelectrolyte complex was investigated. Gelatin solutions were pre-
pared at different pH, from 4 to 8, mixed with the CNF suspension and
stirred for 20 min. Subsequently, the complexes were centrifuged in
order to compact them and obtain a gel. Gelatin is a polyampholyte and
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due to its nature is able to interact with both negatively and positively
charged polyelectrolytes depending on the pH of the solution [50]. At
pH less than isoelectric point (pI) gelatin becomes positively charged
due to the protonation of amino group otherwise it is negatively charged
[51]. From visual observation, at pH higher than 6 and above the iso-
electric point, little to no complexation occurred and it was not possible
to obtain a CoPECs gel after centrifuging the mixture (Fig. S1b). This is
due to the fact that both polyelectrolytes are negatively charged in basic
conditions and no electrostatic complexation occurs. Below the iso-
electric point, pH equal to or lower than 6, a complexation reaction
occurs and the so formed PECs can be further compacted by centrifugal
forces into a gel (Fig. 2a). The compacted PECs were then freeze-dried in
order to obtain lightweight samples having a density of about 30 kg/m>
(Fig. 2b). Pure gelatin freeze-dried samples having the same density
were also prepared at different pH and considered as reference samples.
Upon freeze-drying the CoPECs yield a porous structure with cell walls
clearly displaying nanocellulose bundles embedded in a gelatin matrix
as pointed out by the arrow in Fig. 2c). Fig. 2d displays the ATR-FTIR
spectra of neat GEL and CNF and of GEL/CNF complexes obtained
varying the pH of gelatin solution. IR spectrum of neat gelatin shows the
characteristic signals linked to the different vibration mode of the pep-
tide bond. The large band between 3500 — 3200 cm™ could be ascribed
to Amide A (N—H stretching vibration) that overlaps with the broad
band linked to the O—H stretching vibration of water molecules. The
signals at 1630 eml, 1550 em’l, 1240 cm™! are associated with C=0
stretching vibration (Amide I), N—H bending vibration (Amide II) and
C—N stretching vibration (Amide III), respectively [52-54]. Pure CNF
spectrum shows a broad band centered at 3340 cm™! linked to O—H
stretching. C—H, groups are found at 2850 cm™. Carboxylate group
(COO™ asymmetric stretching) displays a signal at 1610 cm™ while at
1060 cm™ is visible the main peak ascribed to the C—O—C glycosidic
bond [40,55]. The GEL/CNF CoPECs show the characteristic peaks of
both components. Interestingly, the relative intensities of the main GEL
and CNF peaks change with the pH thus suggesting different relative
compositions of the PECs. The IR spectra of the supernatant phase
removed after centrifuging (Fig. S2) evidenced the characteristic signals
of GEL indicating that only a portion of GEL remained in the supernatant
phase whereas the CNF was completely included in the CoPECs. Given
the performed IR characterization, it can be concluded that the CoPECs
produced at pH 6 are the richer in GEL and CNF content.
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Compression stress-strain data, densities and calculated compression
moduli are reported in Table S2. As can be observed from the data, at pH
6 pure gelatin has a stress at 10% strain higher than the one measured at
pH 4. This behavior can be ascribed to the fact that, in acidic conditions,
the gelatin chains are mostly positively charged so that, upon freeze-
drying, the repulsive forces prevent the orientation of the GEL chains
into well-organized structure. On the contrary, when the pH is close to
the isoelectric point, a more compact and stronger configuration can be
reached upon freeze drying [56,57]. The addition of CNF to the PECs
promoted the formation of intermolecular hydrogen bonds and hydro-
phobic interactions with GEL while introducing bridging structures be-
tween molecules and therefore improving the foam stiffness [58,59]. As
observed for neat GEL, CoPECs produced at pH 6 show the best prop-
erties in terms of compressive modulus and compressive stress at 10%
deformation (Fig. 2d). These latter CoPECs were therefore selected as
matrix for the inclusion of collagen fibers. To this aim, GELpH6/CNF
complex gel was mixed mechanically with the collagen fibers at
different weight ratios (i.e., 50/50 and 25/75) and freeze-dried in order
to obtain porous fiber networks at two different densities (50 and 90
kg/m>) (Fig. S3).

The produced fiber networks are robust and can be easily handled
without damaging them (Fig. S4a). Conversely, it is worth to notice that
it is not feasible to make a comparable material made only with the fi-
bers because after freeze-drying there is no network formation, the
structure is very brittle and easily collapses upon being removed from
the mold (Fig. S4b). The structure of the prepared fiber networks was
investigated by SEM (Fig. 3). The morphology of neat fibers was also
investigated (Fig. S5). Collagen fibers displayed an irregular shape likely
due to their sources. Indeed, being recovered as waste from the tannery
process, these fibers exhibit a heterogeneous distribution in dimensions.
It is visible a hierarchical structure that consists of collagen fibrils, at the
nanometric scale, that self-arranged into fibers that are bound in a
longitudinal arrangement into fiber bundles [60,61].

As far as the fiber networks are concerned, the collected SEM pic-
tures, reported in Fig. 3, revealed the formation of a 3D structure where
the fibers are held together by the GEL/CNF CoPECs. During freezing,
the growth of ice crystal pushes the fibers and the matrix together. Upon
sublimation, the ice crystals left behind pores and the presence of the
PEC is essential to link the fibers and confer structural integrity. The
interpenetration of the coated fibers contributed to make entanglements

network
e
2.24 —— GEL pH4-CNF
2.0] —— GEL pH5-CNF
& 18] — GELPHE-CNF
o
=)
Py
2
L
3
c
S
2
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o

0 20 40 60 80 100

Compression strain (%)

Fig. 2. Production and characterization of polyelectrolyte complexes: (a) Schematic representation of the procedure employed to produce CoPECs; (b) Digital photo
of the GELpH6-CNF gel after freeze-drying; (c¢) SEM micrograph of the freeze-dried pH6 CoPECs; (d) ATR spectra of pure components and GEL-CNF complexes at
different pH; (e) Compression stress-strain curves for the freeze-dried CoPECs at different pH.
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Fig. 3. Digital photos and SEM images at different magnifications of 50 and 90 kg/m> fiber networks produced at different compositions: (a) 50/50, (b) 25/75.

and joints between the fibers, keeping them together and creating a 3D
network with structural integrity [62]. A difference in the microstruc-
ture between the two selected compositions is clearly observable. In the
50/50 samples (Fig. 3a) the fibers were embedded into the GEL/CNF
matrix resulting in a good adhesion between the matrix and the fibers.
Conversely, for the 25/75 compositions (Fig. 3b), due to the higher
content of fibers, the CoPECs mostly act as a glue joining together the
fibers and improving fiber-fiber interactions.

3.2. Mechanical and thermal insulation properties

The mechanical properties have been evaluated by compression tests
while the thermal insulation properties have been assessed by
measuring the thermal conductivity. Fig. 4 shows compression stress-
strain curves for both 50/50 and 25/75 compositions at different den-
sities, the evaluated compression stress at 10% strain and the compari-
son of the measured thermal conductivity values with reference
materials from literature background [63-66].

Upon compression, all the samples show a linear behavior at very
low deformation (< 2%), then the samples displayed a progressive
collapse of the structure reaching a densification stage at higher defor-
mation. The values of the compression modulus calculated and the
compression stress reached at 10% of strain are reported in Table S3.
The mechanical properties, for both compositions, scale with the density
with d90 samples being more rigid than d50 samples (Fig. 4a). In
addition, as reported in Fig. 4c, the stress measured at 10% strain further
highlights a different trend linked to composition. For example, 0.102 +
0.012 and 0.018 + 0.003 MPa are required to achieve a 10% compres-
sive strain for 50/50 d90 and 25/75 d90 networks, respectively, with a
similar trend also observed for d50 samples. From a composition point of

view, increasing the fibers content produced a decrease in the me-
chanical strength. This suggests that the CoPECs matrix as the main
component contributing to the stiffness of the networks. This is in
accordance with the microstructure observed by SEM investigation.
Indeed, for the 50/50 composition fibers are embedded inside a
continuous matrix while for the 25/75 composition the GEL/CNF
complex just acts like a coating around the fibers making joints between
the fibers thus producing a reduced effect on the compressive strength of
the material.

The thermal conductivity values for materials in this work fall be-
tween 0.043 + 0.002 and 0.063 £ 0.001 W/(m-K), which is in line with
typical thermal conductivity of insulation materials made with natural
fibers that are reported in the range of 0.03 and 0.1 W/(m-K) [63]. The
obtained values are below 0.065 W/(m-K) that is considered the upper
limit for thermal insulation applications [67]. Interestingly, the thermal
conductivity of the foams decreases by increasing the density (i.e., the
lowest value is achieved by 50/50 d90, Table S3). This behavior could
be ascribed to the fact that in fiber based porous materials the apparent
thermal conductivity actually depends on the combination of the
different heat transfer mechanisms, namely heat conduction within the
solid network, gas phase convection within the pores and radiative heat
transfer across the pores [68]. For the materials under study, the in-
crease in density is associated to a reduction of the pore size (Fig. 3),
which may reduce the convective and radiative terms to the point of
outweighing the expected increase in the conductive term as density
increases [69]. Fig. 4d shows a comparison between the thermal con-
ductivity values obtained in this work to other materials from literature
background. The measured values are higher than those of traditional
petroleum-derived porous materials (PU and EPS) but are comparable to
those of natural-based porous materials and fiberboards.
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Fig. 4. Fiber networks characterization: Compression stress-strain curves for (a) 50/50 samples, (b) 25/75 samples with a magnification in the compression range of
0-20%; (c) Comparison of the compression stress calculated at 10% strain of the samples prepared; (d) Comparison of the thermal conductivity of different materials,
PU: polyurethane foam (30 — 100 kg/m®), EPS: expanded polystyrene foam (15 — 35 kg/m®), Cellulose aerogel: regenerated cellulose aerogel (9 — 137 kg/m®), Myc-
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kg/m>).

3.3. Flame retardant properties

Flammability and cone calorimetry test were performed in order to
assess the flame retardancy properties of the prepared fiber networks.
The first evaluates the reaction of a material to the application of a small

Residue (%)

f
50/50 d50

24 %
50/50 d90

T
25/75 d50

25/75 d90

flame simulating a possible ignition source, the second is used to
establish the behavior of a material when exposed to a heat flux typically
found during the early stages of a fire [70,71]. Fig. 5 shows the snap-
shots taken during the flammability test in the horizontal and vertical
configuration of all the samples and residue values at the end of the test.

f
50/50 d50

50/50 d90

T
25/75 d50

25/75 d90

Fig. 5. Flammability of the prepared samples: Snapshots taken during the flammability test in the horizontal and vertical configuration for (a) 50/50 d50, (b) 50/50
d90, (c) 25/75 d50, (d) 25/75 d90; Residue (%) at the end of the test in (e) horizontal configuration (f) vertical configuration.
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Table S4 and Table S5 display the numerical data of flammability and
cone calorimetry test for all samples tested.

Flammability was first tested in the horizontal configuration. All the
tested samples did not ignite and the flame immediately self-
extinguished after the removal of the methane flame with an after-
flame time of 0 s thus suggesting a non-igniting behavior. This behavior
occurred at each flame application. At the end of the test, the samples
displayed little to no damage yielding residue values above 90%
(Table S4). The flammability in vertical configuration was also per-
formed. In this configuration the samples are tested in a more severe
condition if compared to the horizontal one. All samples showed a self-
extinguishing behavior but for both d50 samples the flames reached the
clamp during the second flame application and then self-extinguished
immediately after the removal of the methane flame. As reported in
Fig. 5, d50 samples display extensive char formation on most of the
exposed surface while for denser and fiber-rich samples (i.e., 25/75 d90)
the portion of sample that was damaged by the flame is reduced. Digital
images of the residue cross-sections revealed that only the surface was
actually damaged by the flame while the internal part of the sample was
not damaged (Fig. S6). The best results were obtained by 25/75 d90
samples which showed no flame propagation and immediately self-
extinguished after each methane flame application therefore exhibit-
ing a non-igniting behavior also in vertical configuration.

In order to provide complementary fire safety data, cone calorimetry
tests were performed to investigate the sample reaction when exposed to
a 50 kW/m? heat flux, simulating a developed fire scenario [71]. Fig. 6
displays digital images taken during the cone calorimetry test, cone
calorimetry HRR and average rate of heat emission (ARHE) as a function
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of time plot, pkHRR, THR and TSR values for the samples tested and a
comparison with the literature background [72-76]. Fig. S7 shows
digital images of the residue of the samples taken after cone calorimetry
test.

Upon the exposure to a heat flux the material starts decomposing,
releasing volatile gases that lead to sample ignition and flaming com-
bustion (Fig. 6a). For 50/50 samples ignition occurs after an average of
10 s while for 25/75 samples the time of ignition increases to 40 s. This
suggests the ignition being piloted by the amount of CoPECs matrix.
During combustion, extensive charring of the samples occurs, allowing
the maintenance of their structural integrity at the end of the test. As
displayed by HRR plots, for all tested samples the peak of heat release
rate (pkHRR) is reached right after ignition and then the HRR values
gradually decrease till flaming combustion ceases. pkHRR values display
a decreasing trend as the amount of collagen-rich fibers increases (e.g.,
152 £ 19 kW/m? vs 118 + 3 kW/m? for 50/50 d90 and 25/75 d90,
respectively). THR increases with the increase in density for both com-
positions (e.g., from 9.7 & 0.4 to 16.9 + 1.4 MJ/m? for 50/50 d50 and
50/50 d90, respectively), while it decreases as the fiber content is
increased at constant density (e.g., from 9.7 + 0.4 to 4.4 + 0.4 MJ/m?
for 50/50 d50 and 25/75 d50, respectively). Conversely, the total smoke
release (TSR) increases as the fiber content increases as demonstrated,
for example, by d90 samples that yielded TSR values of 187 + 12 and
241 + 58 m?/m? for 50/50 and 25/75 compositions, respectively. The
residue (%) at the end of the test increases with the increase of the
density of the network (Table S5). The average rate of heat emission
(ARHE) is reported in Fig. 6f. This parameter, defined as the cumulative
heat emission divided by time, and its peak value, the maximum average
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Fig. 6. Forced combustion characterization. (a) Snapshots taken during cone calorimetry test; (b) Cone calorimetry plot of heat released rate (HRR) as a function of
time; (c - e) Peak of heat released rate (pkHRR), Total heat released (THR) and total smoke released (TSR) measured for the samples tested, (f) Average rate of heat
emission (ARHE) as a function of time, (g) pkHRR and TSR of prepared samples compared to those of other porous materials from literature background, PU(Alg/
Clay): PU foam with surface coating made with alginate and clay aerogel; PIR-PUR: polyisocyanurate-polyurethane foam; APEG-1: PIR-PUR foam with ammonium
phosphate and expandable graphite; PVA aerogel: poly(vinyl alcohol) composite aerogel with ammonium polyphosphate and chitosan; AP-MMT/FPUF: PU foam

coated with phytic acid and clay; MDI-PUR-FF: commercial PU foam.
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rate of heat emission (MARHE), can be considered a reliable indicator of
the propensity of fire development under real scale condition [77]. In
particular, the MARHE value is a key fire safety parameter commonly
used for regulatory assessments across various application sectors, such
as transportation [78]. ARHE plots reported in Fig. 6f remain below the
110 kW/m? value indicating a reduced propensity to fire development.
For comparison, rigid polyurethane/polyisocyanurate foams based on
bio-polyols would fall in the 200-300 kW/m? range [79] . Samples
characterized by high fiber content show the best performances with
plots and MARHE values (see Table S5) that remain below 90 kW/mZ,
that is often considered as the threshold value for many applications (e.
g., building) [80]. The flame retardancy performance of the prepared
materials is further highlighted by a comparison with the pkHRR and
TSR values (evaluated under 50 kW/mZ) of flame retardant porous
materials from the literature background (Fig. 6g). The collagen-based
networks developed in this paper were located in the region of low
PkHRR and TSR, clearly highlighting their fire safety properties.

3.4. Post combustion residue analysis

The residues collected after cone calorimetry test were investigated
by SEM and Raman spectroscopy. Fig. 7 displays digital images, SEM
micrographs of cross-sections and Raman spectra of 50/50 d50 and 25/
75 d90 residues (i.e., the two extremes in terms of composition and
density). Fig. S8 displays the digital photos and SEM images of the 50/50
d90 and 25/75 d50 networks. Raman spectra of the same composition
are reported in Fig. S9.

After combustion, the fiber networks yielded a self-standing charred
residue that can be easily handled. From the digital photos is visible a
porosity at the macroscopic level while a microporosity is evidenced by
SEM micrographs at high magnifications. Raman spectra highlight the
formation of G and D bands that are characteristic signals typically
found in graphene and graphene related materials [81]. The former, at
1590 cm’}, is related to the stretching of sp? carbons while the latter, at
1350 cm™, is related to the presence of defects (e.g., edges, curvature
and inclusions) close to sp? carbon rings. For combustion residues, these
two bands are often broadened with respect to those found in pristine
graphitic materials due to the complexity of the charred structures
produced during thermal decomposition [82]. The evaluation of the
ratio between the area underneath the G and D bands (Ga and Da,
respectively) provide information about the quality of the aromatic
structure [83]. The measured spectra showed Dp/Gp ratios between 2.4
and 2.7, in agreement with those reported in the literature for graphene
oxide-containing combustion residues [84]. These results suggest the
formation, during combustion, of a carbonaceous char with partially
graphitic structure [62]. These results are ascribed to the inherent
intumescent feature and char forming characteristics of both the
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employed CoPECs and the collagen fibers. As visible in Fig. 6a, when
exposed to a heat flux, both the CoPECs and the collagen fibers start
decomposing releasing volatiles. Upon ignition, the release of CO2, NHs
and water from both the fibers and the gelatin contained into the matrix
promotes the expansion of the network, leading to the formation of an
intumescent, charred layer on the surface of the burning samples [24,85,
86]. At the same time, the CNF embedded within the matrix also starts
decomposing producing extensive charring that confer structural
integrity to the expanded structure of the network [87,88]. The forma-
tion of an expanded network at the flame interface limits the release of
volatile products while also reducing the heat transfer. These combined
effects eventually lead to the self-extinguished behavior observed during
flammability test along with the low heat and smoke production rates
observed by cone calorimetry.

4. Conclusion

In this work, in an effort to mitigate the environmental impact of the
leather industry, collagen-rich fibers from tannery wastes have been
upcycled into lightweight and flame retardant porous fiber networks by
exploiting the unique set of properties and processing versatility of bio-
sourced PECs. Gelatin and carboxymethylated cellulose nanofibers were
selected as building blocks for the production of CoPECs to be used as
matrix capable of conferring structural integrity to the fiber networks.
The effects of the pH complexing conditions on the dry CoPECs me-
chanical properties were investigated. pH 6 was found to promote effi-
cient interactions between gelatin and CNF that resulted in optimal
mechanical properties of freeze dried CoPECs. This enabled the use of
the CoPECs for the preparation of lightweight fiber networks encom-
passing collagen-rich fibers with different compositions (50/50 and 25/
75 matrix/fiber ratio) and densities (50 and 90 kg/mB). SEM observa-
tions pointed out that for the 50/50 composition the fibers were incor-
porated into the PECs matrix while, in the 25/75, the CoPECs mainly
acted as a glue between them, greatly improving fiber-fiber interactions.
Such microstructure affected the mechanical properties of the network
with the 50/50 composition yielding higher compressive stresses if
compared to the 25/75. Density also influenced mechanical properties
with d90 specimens for both compositions exhibiting improved stiffness.
These results underlined the fact that the strong interaction achieved in
the CoPECs significantly contributed to the mechanical strength of the
fiber networks. Thermal conductivities values were found to be in the
0.043 - 0.063 W/m-K range that is below the threshold commonly
employed for materials in insulating application. From the fire safety
point of view, all prepared networks prevented flame propagation dur-
ing horizontal flammability tests while only the networks prepared at
high fiber content displayed a self-extinguishing behavior in vertical
configuration. Forced combustion test performed at 50 kW/m? pointed

Intensity (a.u.)
e ——

800 1000 1200 1400 1600 1800 2000
f Raman shift (cm”)

Da/Gp =
2702

Intensity (a.u)

800 1000 1200 1400 1600 1800 2000

Raman shift (cm'”)

Fig. 7. Analysis of the residues of 50/50 d50 (first row, a-c) and 25/75 d90 (second row, c-f) networks collected after cone calorimetry tests: digital photos of the
cross-section of the residues (a, d), SEM micrographs (b, e) and Raman spectra (c, f).
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out how denser and fiber rich samples can yield very low peaks of heat
release rate (i.e. pkHRR 118 + 3 kW/m? for 25/75 d90 sample) whereas
lighter samples prepared with an equal amount of CoPECs and fiber
achieve the best performance in smoke release (i.e. TSR 113 + 4 m?2/m?
for 50/50 d50 sample). A comparison with the literature background
further highlights how these materials can rival with high performing
solutions commonly employed by the state of the art. These outstanding
results were mainly ascribed to the inherent flame retardancy of
collagen fibers. The 90 kg/m® (25/75) fiber network displays the
optimal balance between the amount fibers upcycled and the achieved
mechanical, thermal insulating and fire safety properties therefore
constituting a sustainable and high performing alternative to commonly
employed materials that are typically based on non-renewable re-
sources. In conclusion, the proposed work discloses a viable strategy for
the use of CoPECs and collagen-rich fibers for the production of sus-
tainable and functional materials for transportation or building
applications.
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