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ABSTRACT: Polymer-based aerogels are tough, low-density, and
thermally insulating materials currently receiving increasing
attention. In this work, robust all-natural aerogel composites have
been obtained by incorporating nanoscale montmorillonite and
tannic acid into a gelatin matrix via freeze-drying. The prepared
aerogels exhibited low densities, good compressive properties, and
low thermal conductivities. The significant improvement in the
thermomechanical properties results from the strong bonding

anical resistant
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between gelatin and tannic acid. Under fire, the systems exhibited e e T ydrophobic
excellent flame retardancy with reduced thermal degradation rate b2 :
and cone calorimeter burning parameters. A straightforward surface =

treatment with polydimethylsiloxane gave the aerogels exceptional
and durable superhydrophobicity. These multifunctional composite
aerogels are considered promising eco-friendly alternatives to synthetic polymer-based foams.
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1. INTRODUCTION Gelatin is an inexpensive, biodegradable, water-soluble
protein that can be derived from the by-products of various
industries. It is usually obtained from the acidic or basic partial
hydrolysis of collagen extracted from animal or fish skin, bones,
and tissue. The thermal denaturation of collagen produces a
high molecular weight protein containing amino acids, glycine,
hydroxyproline, and proline linked to each other by peptide
bonds. The high number of functional groups in gelatin,
including aminos, hydroxyls, and carboxyls, can enhance its

The current climate emergency requires finding urgent
solutions to the environmental problems caused by human
activity. Developing highly efficient insulation materials is one
approach to save energy and reduce global warming. Synthetic
plastic foams based on polyurethane, polystyrene, or phenol—
formaldehyde are widely used. However, the pollution caused
by non-degradable plastic waste affects the land and the ocean.

Increasing concerns about fossil fuel depletion have generated properties, for example, through hydrogen bonding or cross-
great interest in finding ecological alternatives to these linking. In addition, the presence of significant amounts of
traditional non-renewable petrol-based materials. Among the nitrogen enables the possibility of using gelatin as a low-
possibilities, natural and biodegradable polymers have emerged flammable material. Mixing gelatin, chitosan, and glycerol,
as a logical solution to decrease waste and reduce the Zhang et al. have created a fully bio-based and self-healing
environmental impact."” coating suitable for protecting wood against fire.” On untreated
Aerogels are lightweight, solid, and open-porous materials wood, the coating delayed the ignition time six-fold and
obtained from a gel in which the solvent has been replaced by decreased the combustion rate by 24% due to the combined
air without collapsing the three-dimensional structure action of water cooling, CO, release, and char layer formation.
previously created. Their highly porous structure confers Moreover, the reversible hydrogen bond crosslinks between
aerogels with unique features, such as low density, high specific glycerol hydroxyls, chitosan, and gelatin chains gave the
surface area, and low thermal conductivity, making them useful coatings a self-healing ability. Despite the flame-retardant
for various applications, including oil absorption, thermal
insulation, and flame retardancy.””° Using polymers of natural Received: May 10, 2023 g
origin is one way to create sustainable foamed structures with Accepted: August 18, 2023
strong mechanical performance, low thermal conductivity, and Published: September 10, 2023
fire resistance. Achieving these objectives will facilitate and
promote the application of bio-based foam-like materials in

sectors such as construction, transport, or packaging.
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Figure 1. (a) Aerogel preparation and proposed reaction mechanism (created with Biorender.com Agrmt. no. PT2SNOGIDC), (b) aerogel
monolith photographs, and (c) FTIR spectra of representative aerogels.

capability of gelatin, some other drawbacks, such as low
mechanical properties and water sensitivity, limited its
potential applications.

Incorporating inorganic nanofillers, such as montmorillonite
(MMT), into polymer-based aerogels is an appealing way to
increase their performance.® MMT clay forms exfoliated gels in
water that are rearranged into a house-of-cards structure after
freezing. If the process combines clay with a soluble polymer,
networks between MMT and polymer chains can be formed,
enhancing mechanical and thermal performance.” Following
this idea, Li et al.'” have introduced layered double hydroxide
particles modified with a silane coupling into an aerogel using
glutaraldehyde as a crosslinker. Their results indicated an
increase in the mechanical properties, as well as in the thermal
conductivity, which reached values between 0.034 and 0.037
W/mK, comparable to that of conventional polystyrene foams
(0.033-0.064 W/mK). Zhu and co-workers'' have prepared
an organic—inorganic composite aerogel based on function-
alized attapulgite and gelatin through chemical cross-linking
and freeze-drying. The improved mechanical and thermal
properties were attributed to the good dispersion and excellent
assembly of the treated attapulgite nano-rods into the gelatin
matrix forming a micro/nano honeycomb like structure. In a
different approach, Wang et al.'> have used gelatin (9—16 wt
%) as the mechanical reinforcement and flame retardant agent
in polyvinyl alcohol/clay aerogels. While the reduction in
flammability was moderate, the compressive modulus was
nearly triple that of the aerogel without gelatin. This effect was
attributed to the variation in the aerogel microstructure due to
the increased hydrogen bonding interactions which changed
from a layered to a co-continuous structure.
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Another way to enhance aerogel properties is to induce
cross-linking of the polymer by a chemical reaction. Among the
possibilities, polyphenols are known to react with the amino
groups of proteins under oxidative conditions, forming C—N
covalent bonds as crosslinks in the gelatin matrix."”> Tannic
acid (TA) is a natural polyphenol compound containing five
digallic acids connected through ester linkages to a central
glucose core. TA is known to react with proteins via hydrogen
bonding, electrostatic bonds, coordination bonding, and
hydrophobic interactions.'*'® Hydrogen bonding can also
occur between the carboxylic and amino groups of gelatin and
the hydroxyl groups of TA. However, grafting and branching
reactions of TA hydroxyls with the gelatin amino groups can
considerably modify the raw properties of gelatin.'>'” Finally,
during the combustion process, the tannins form aromatic
structures such as graphite—carbon layers that are poor
conductors of heat and, therefore, can be used to protect
against fire."®

Gelatin and gelatin-based hydrogels have been studied
extensively, mainly for pharmaceutical or medical applica-
tions.'””” In addition, enhancing the mechanical properties of
the hydrogels through cross-linking has also been the object of
considerable research efforts.”’ Regarding gelatin-based aero-
gels, previous works have mainly focused on selective
adsorption of contaminants,”” wound healing,23 and drug
delivery,24 among others. However, few works have considered
gelatin-based aerogels as structural materials suitable for
engineering applications,”'”'"** and to the
knowledge, the effect of TA as a crosslinker in gelatin/clay
aerogels is described herein for the first time.

best of our
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Considering the above, this research aimed to produce
mechanically robust bio-aerogels with gelatin as the main
natural polymer, montmorillonite as a mechanical reinforce-
ment agent, and tannic acid as a natural cross-linking and
flame-retardant agent. Such gelatin/tannic acid/clay nano-
composite aerogels were more robust than unmodified gelatin
and gelatin/clay aerogels and exhibited enhanced resistance to
fire. Moreover, simple dip-coating with polydimethylsiloxane
and amino-treated SiO, nanoparticles provided superhydro-
phobicity to the samples, which is necessary for long-lasting
applications. The structure and the relevant properties of the
formed aerogels were determined and are reported herein.

2. EXPERIMENTAL SECTION

2.1. Materials. Gelatin (G) powder type B, 220—240 Bloom, was
purchased from Boter (Badalona, Barcelona, Spain). TA powder was
obtained from Merck (Mollet del Vallés, Barcelona, Spain). Sodium
montmorillonite clay (C), (PGW grade, p = 2.6 g/cm?) was obtained
from Nanocor (Hoffman Estates, Illinois, USA). Sodium hydroxide
was supplied by Riser (Les Franqueses del Vallés, Barcelona, Spain).

2.2. Aerogel Preparation. The gel precursors were prepared as
follows (Figure 1a): § g of gelatin and S g of montmorillonite (MMT)
clay were separately dispersed in 40 mL of DI water by magnetic
stirring, and the respective grams of TA powder was dissolved in 20
mL of DI water. The NaOH solution (34 g/100 mL) was slowly
added dropwise into the gelatin and TA solutions until a pH of 10 was
reached, measured by pH meter (VWR, Llinars del Vallés, Barcelona,
Spain). The MMT clay dispersion was then incorporated in the TA—
gelatin blend and stirred using a IKA T-2S Ultra-Turrax disperser at
9000 rpm for 20 min at 60 °C to homogenize the mixture. The final
solutions were poured into cylindrical molds (d = 30 mm, h = 25
mm) and square molds (100 X 100 X ~10 mm) and left to age for 3
h. The aged samples were then frozen in a dry ice/ethanol bath and
freeze-dried at —80 °C and 0.02 mbar (Figure 1b) in a lyophilizer
(Telstar, Terrassa, Barcelona, Spain). The samples are named for their
components and the amount in 100 mL of aqueous solution (Table
S1). For instance, GSCST1 refers to a sample containing S g of
gelatin, 5 g of clay, and 1 g of TA dissolved in 100 mL of DI water.

The hydrophobization of the aerogel was performed by immersion.
4 g of polydimethylsiloxane (PDMS) along with the hardener (1:10)
and 0.5 g of amino-treated SiO, nanoparticles were added to 100 mL
of tetrahydrofuran (THF) and magnetically stirred for 30 min at 60
°C. The aerogels were left for 30 min, washed, and dried in a vacuum
oven for 1 h at 70 °C to remove any trace of solvent.

2.3. Characterization. The molecular weight of the gelatin was
obtained from the intrinsic viscosity calculation using an Ubbelohde
Type 1B glass capillary viscometer and viscosimeter precision bath
VB-1423 (J.P. Selecta, Abrera, Barcelona, Spain) at 37.5 °C. The
influence of the pH on the stability of the precursor gels was
investigated by measuring the zeta potential in triplicate using a
90Plus Zeta Nanobrook zeta potential analyzer (Brookhaven, NY,
USA). The Fourier transform infrared (FTIR) spectra were recorded
using a Nicolet 6700 spectrophotometer with a resolution of 1 cm™
(Thermo Fisher Scientific, Waltham, MA, USA) in the attenuated
total reflectance mode. Dynamic rheological measurements were
performed at room temperature using an AR-G2 rheometer (TA
Instruments, New Castle, DE, USA) in a parallel plate (40 mm)
configuration under an N, atmosphere and with a constant gap of 1
mm. The limits of the linear viscoelastic region were determined by a
preset constant strain of 1%. The angular frequency range selected
was 0.1 < @ < 100 rad-s™".

Because moisture may affect the properties of the aerogels, all
samples were stabilized at 50% relative humidity for 8 days prior to
testing. The bulk density (p,) of the samples was determined by
dividing the mass of each aerogel by its volume and averaging the
values determined from five samples of each composition. The total
porosity was determined using an AccuPyc 1330 helium pycnometer
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(Micromeritics, Barcelona, Spain). Duplicate measurements were
performed.

The morphological microstructure and clay dispersion were
observed using a scanning electron microscope (Jeol 7001F,
Akishima, Tokyo, Japan) with energy-dispersive X-ray spectroscopy
(EDS). X-ray microtomography (u-CT) images were obtained using a
Skyscan 1272 MP (Bruker, MA, USA) with a source voltage and
current of 40 kV and 200 pA, respectively, with an exposure time of
1.5 s and an image pixel size of 0.8 #m. The mechanical resistance was
studied in the compression mode using a universal testing machine
(ZwickRoell Z010, Sant Cugat del Valles, Barcelona, Spain) with a
load cell of 10 kN and a 1 mm/min crosshead rate. A minimum of five
specimens of each composition were tested. To determine the total
water content, samples were placed in an HES3 moisture-loss analyzer
(Mettler Toledo, Columbus, OH, USA) operating at 160 °C with a
testing time of 30 min. The reported results are the average of three
replicants. A hot disk analyzer was used to measure the thermal
conductivity (1) and effusivity (e) of the aerogels based on the
modified transient plane source (TPS) (C-Therm, TCi Thermal
Conductivity Analyzer, Fredericton, NB, Canada). The tests were
done on cylindrical samples previously flattened by polishing. Each
test provided a minimum of seven measurements of thermal
conductivity. The specific calorific heat capacity (C,) and diffusivity
(a) were calculated using the following equations

2
e

C,=—
" dp, (1)
a= —/1

PC, )

where A is defined as the transport of energy through the unit-cross-
section of a material due to a temperature gradient, e is the rate at a
material can absorb heat from surroundings, C, is the quantity of heat
required to rise by one Celsius degree 1 g of a material, and « is the
rate of transfer of heat of a material from the hot side to the cold side.

The thermal stability analysis of the aerogels was done in a Mettler
Toledo TGA/DSC 1 instrument (Mettler Toledo, Columbus, OH,
USA). The samples (~10 mg) were placed on aluminum pans and
heated at 10 °C/min from 30 to 600 °C under a dry nitrogen
atmosphere. The combustion behavior was evaluated in an Ineltec
BECC cone calorimeter (Tona, Barcelona, Spain) following ISO
5660. Square samples of 100 X 100 X ~10 mm were exposed to an
external heat flux of 50 kW-m™. Due to the relatively large
dimensions of the specimens, only two samples per composition
were tested. When the difference between the values of the two initial
samples exceeded 10%, a third specimen was tested.

The water contact angle was measured using an optical contact
angle system (OCA) (Data Physics, Riverside, CA, USA) using a 3 uL
drop of distilled water. A total of five contact angle measurements
were made for each sample.

3. RESULTS AND DISCUSSION

3.1. Gelatin Molecular Weight. In the aerogel
nomenclature used, the different components are referred to
as G for gelatin, T for TA, and C for clay. For example, the
aerogel named “GSCST4” contains S g of gelatin, 5 g of clay,
and 4 g of TA in 100 mL of DI water to form the precursor
hydrogel.

The relative viscosity and intrinsic viscosity [#] were
calculated from the efflux times of three different gelatin
concentrations, 0.1, 0.46, and 0.7 g/100 mL. The molecular
weight was calculated by applying the Mark—Houwink—
Sakurada equation

] = k(M,,)" (3)

where M,, is the molecular weight, and k and a are the Mark—
Houwink—Sakurada parameters, which were found to be k =

https://doi.org/10.1021/acsapm.3c00971
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Figure 2. (a) GSCSTI sample submerged in water, (b) GS and GSCST1 aerogels submerged in hot water (60 °C), (c) GSCST1 aerogel
submerged in boiling water, (d) swelling behavior of GSCST1 and GSCST2 before and after being submerged in hot water, and (e) GSCST1 at

acidic and alkaline pH.

0.1614 cm*/g and a = 0.8198, yielding an intrinsic viscosity of
(7] = 29.03 cm*/g and a molecular weight of Mw = 563.2 g/
mol. The molecular weight of this gelatin is similar to the one
reported by Masuelli and Sansone.”

3.2. Zeta Potential of Hydrogel Precursors. The zeta
potential ({) was used to determine the optimal pH for
preparing precursor hydrogels. The zeta potentials of two
representative gels, GSCS and G5CS5T1, were measured at pH
6 and 10. The zeta potentials obtained under these acidic
conditions (—20.61 + 0.96 and —25.95 + 0.42 mV, for GSCS
and GSCSTI, respectively) indicated limited stability as a
result of low electrostatic repulsion between the different
components of the gel. In acidic conditions, the clay edges are
positively charged due to H* adsorption,”””® gelatin has
positive and negative charges,”” and TA is negatively charged.
This combination facilitates particle agglomeration and
flocculation.

In contrast, a displacement to more negative values (—38.79
+ 0.56 mV for GS5CS and —43.41 + 0.57 mV for GS5CS5T1)
was found when the pH was 10 (Figure S1), implying more
stable solutions."* Under alkaline conditions, { presented good
stability (lower than —30 mV) because the clay absorbed the
OH" ions onto its positive sites, resulting in a global negative
charge.” Gelatin, an amphiprotic protein, behaved as an anion,
while TA was highly dissociated, carrying approximately four
negative charges per unit.’' All these negative charges
increased the electrostatic repulsion between the components,
making the hydrogel a stable complex and avoiding particle
aggregation.

In addition to adding stability to the hydrogels, NaOH was
added to promote cross-linking between the gelatin chains and
the TA. This process has previously been performed in
hydrogels under highly oxidative conditions due to exposure to
bubbling oxygen® using NalO,'*** or other chemicals.**

3.3. Structural Characterization. The FTIR spectra of
three representative aerogel compositions are shown in Figure
lc. For clarity, the compositions were selected to best display
the structural changes. The FTIR spectra of all aerogels are
presented in Figure S2, and the chemical structures of the
different compounds are shown in Scheme S1.
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The absorption spectrum of gelatin shows bands at 3301—
3069, 2937, 1651, 1546, and 1239 cm™}, corresponding to
amides A, B, I, II, and IIJ, respectively. Amide A is associated
with the stretching vibration of hydrogen-bonded N—H
groups. Amide B is associated with the stretching vibration
of N—H groups coupled to C—H groups. The amide I and II
bands are the major bands of the protein infrared spectrum.
Amide I originates from C=0 and C—N stretching vibrations
and is related to the conformational shifts of the triple helix.
Amide II is associated with the in-plane N—H bending and C—
N stretching vibrations. Amide III is associated with C—N
stretching, N—H bending, C—O bending, and C—C stretching
vibrations.” ™’

After adding MMT clay to the gelatin (GSCS), the spectrum
showed new vibrational bands corresponding to Na-MMT
clay. The band at 3618 cm™ is due to AI-OH and Si—OH
vibrations, the Si—O stretching vibration appears at 1034 cm™!,
and the band at 917 cm™" corresponds to the ALOH bending
vibration. Three peaks located at 623, 520, and 461 cm™!
correspond to Mg—O—Si, Al-O—Si, and Si—O—Si bending
vibrations, respectively. A slight shift of the amide I and II
bands suggests a hydrogen bonding interaction between —OH
(at 1648 and 1533 cm™) from MMT clay and —COO™ and
N—-H corresponding to gelatin.”

In regards to TA, the stretching vibration of the hydroxyl
groups from the polyphenols of TA overlaps with amide A in
the region between 3700 and 3000 cm™’, whereas the band
assigned to CH, stretching vibrations overlaps with the
absorption band of amide B at ~2950 cm™'. When 1 g of
TA was added to the GSCS sample, the amide I band shifted
from ~1648 to ~1651 cm™". This effect was more pronounced
in the GSCST4 sample (Figure 1c). In this case, the signal
intensity increased with a displacement of the amide I band
from ~1651 to ~1660 cm™" and a shift of the amide II band
from ~1539 to ~1526 cm™" was also observed. These shifts
were attributed to the formation of new C—N covalent bonds
from the Schiff base and Michael addition reactions of the
quinones obtained by ambient oxidation of the phenol
hydrox;ll group with the nucleophilic —NH, groups of
gelatin 3% (Scheme S2). This band displacement also
indicates a significant loss of molecular order and structural
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changes in the gelatin, from helical to random coil, due to
cross—linking,39 resulting in insoluble aerogels (Figure 2a).
Finally, a significant increase in the intensity of the bands at
1349 and 1198 cm™' was observed in the GSCST3 and
GSCST4 samples and attributed to asymmetric C—C—0O
stretching and aromatic C—H deformation due to an excess of
TA.

Another technique employed to assess the effect of TA on
the gelatin/clay systems is the analysis of the rheology of the
hydrogels. In Figure S3, the characteristic parameters, that is,
the complex modulus (G*), storage modulus (G’), the loss
modulus (G”), and the complex viscosity (17*), are plotted as a
function of the angular frequency (). The relationships
between these parameters are defined in the following
equations

G/

* —

= )
G'=G +iG" ()

Two samples with and without TA were compared. TA
easily dissolves in water, showing a negligible contribution to
the viscosity of the dissolution. However, when TA was added
to a gelatin/clay alkaline solution, the complex viscosity and
the storage modulus increased by 2 orders of magnitude. An
order of magnitude increase in the loss modulus was also
detected. In the studied frequency range, the systems behave
like stable viscoelastic solids typical of rigid gels. The
significant increase in both #* and G’ is attributed to covalent
bonding between the gelatin and the TA.

Besides FTIR spectroscopy and rheology, cross-linking
between gelatin and TA was also verified by immersing
representative aerogels without and with a minimum amount
of tannic acid (GS, GSCST1, and GSCST?2) in different media.
The GS sample dissolved completely in water at 60 °C,
whereas GSCST1 did not dissolve (Figure 2b), even after 30
min of immersion in boiling water (Figure 2c).

However, because of their hydrophilic character, the
aerogels swell. For this reason, the swelling behavior of the
GSCST1 and GSCST?2 compositions was monitored with time,
and the swelling ratio was calculated as follows

S, (%) = 22— x 100

w

(6)

where w, is the weight of the dried sample, and w, is the
weight of the sample after immersion. Figure 2d shows the
aerogel before and after 140 h of immersion in water and the
evolution of the swelling ratio, which reached saturation (S,, =
450—500%) after 24 h.

Finally, the GSCST1 sample was also introduced into highly
acidic and basic solutions to further assess the stability of the
TA-modified aerogels. Apart from the aforementioned
swelling, no other changes were detected after 48 h of
immersion in these media (Figure 2e). Thus, TA is an effective
cross-linking agent for gelatin molecules, creating a strong and
stable aerogel skeleton.

3.4. Physical Properties. The moisture absorbed by the
aerogels was determined after the samples were lyophilized and
stabilized at 50% RH until they reached a constant weight;
these conditions are similar to the ones expected in
applications. The total free and bonded water content was
also determined by heating three replicas of each composition
to 160 °C for 30 min. The results showed the maximum
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amount for net gelatin and the minimum for the gelatin/clay
aerogel. The values increased with the TA content of the
blends (Table 1 and Figure S4).

Table 1. Physical Properties of Aerogels

sample Py (g/ cm®) porosity (%) water content (%)
GS 0.070 + 0.001 95.1 + 0.20 172 + 04
GSCS 0.098 + 0.005 94.9 + 0.18 93 +03
GSCST1 0.114 + 0.003 94.3 + 0.08 12.5 + 0.4
GSCST2 0.130 + 0.002 92.9 + 0.10 147 £ 0.3
GSCST3 0.155 + 0.005 91.9 + 0.0S 147 £ 0.2
GS5CST4 0.158 + 0.005 91.4 + 0.90 15.0 £ 0.3

As expected, the pure gelatin aerogel showed the maximum
amount of absorbed moisture among the samples. In contrast,
the G5C5 sample had the minimum absorbed moisture due to
the physical barrier effect of the clay. The high polarity of TA
caused an increase in moisture proportional to the amount of
added TA, increasing from G5C5T1 to GSCST4. Despite this
effect, the gelatin composite aerogels containing TA showed
lower moisture absorption values than the GS sample. This
behavior is attributed to the hydrogen bonds and formation of
crosslinks that reduced the number of free polar groups
exposed to the environment.

The bulk densities (p,) of the aerogels increased after
adding clay and TA. This increase was expected due to the
incorporation of the denser solids, clay (2.6 g/cm?®) and TA
(1.56 g/cm?), into the aerogel structure. The total porosity
decreased due to the cross-linking between gelatin and TA, and
the higher amount of solids reduced the volumetric expansion
of ice during freezing,

3.5. Morphology. The structure of the precursor hydrogels
governs the aerogel morphology, which in turn strongly affects
the final properties. The main factors are the processing rate
(stirring speed), aging time, viscosity, and molecular weight.40
In this work, a high stirring speed was applied while preparing
the precursor gels, which dispersed the clay particles well and
ensured a more uniform coating by the matrix. It has been
reported that long standing times in the precursor gels can
increase the mechanical properties of the corresponding
aerogels. Here, a relatively short aging time of 3 h was
selected. This short aging time avoided the formation of
gradients of clay concentration due to gravity-driven
sedimentation.

The micro-CT images of gelatin aerogels are shown in
Figure 3a. The 3D general view corresponding to the center of
the cylindrical aerogel monolith is shown on the left side. The
cross-sections through the X—Z and X-Y planes show a
structure with radial orientation due to the forces generated by
ice growth. The cross-section through the Z—Y plane shows
the front view of the porous distribution, which corresponds to
the holes left by the sublimation of ice. These images confirm
that ice growth drove the structure of the aerogel during
immersion in the —80 °C bath. Ice growth occurred from the
cooled surface of the circular molds to the center, the last zone
to be frozen.

The microstructures of the cryo-fractured aerogel surfaces
imaged by SEM are shown in Figure 3b. Pure gelatin exhibited
a pore size below S0 pm. The gelatin precursor hydrogel
offered little resistance to ice growth, yielding an irregular open
porous structure that tended to collapse due to the low
resistance of the gelatin matrix. With the introduction of clay,
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Figure 3. (a) 3D Micro-CT image of the gelatin aerogel structure, (b) SEM microstructure of pure and composite gelatin aerogels, and (c) EDS

dispersion of MMT clay performed on the GSCST3 aerogel.
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of aerogels studied.

the structure changed into a layered one, in which the gelatin
semi-encapsulated the clay. The addition of TA markedly
changed the structure: it became more uniform and evolved
into a three-dimensional honeycomb-like network. These
changes could be due to the increased viscosity from the
solid content that hinders ice growth,*' but they are mainly
attributed to the strong attraction between gelatin and tannic
acid. Although the density of the honeycomb slightly increased,
adding more TA (GSCST3 and GSCST4 aerogels) did not
substantially affect the microstructure or the MMT dispersion,
as can be observed in Figure 3c.

3.6. Compressive Behavior. The gelatin aerogel showed
the typical elastoplastic behavior of soft foam (Figure 4a). At
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low deformation levels (approximately <5%), a linear elastic
trend was observed, followed by a plateau at intermediate
levels of stress in which the wall of the pores bent and later
collapsed, and, finally, the sample densified at the highest
applied stresses. The values of the mechanical parameters
defining the behavior of the aerogels are presented in Table S2.
Adding clay slightly increased Young’s modulus from 2.1 to 2.4
MPa and the yield strength from 0.07 to 0.1 MPa (Figure 4b)
because the clay—gelatin interaction was only electrostatic.
The excellent dispersion of the MMT filler in the aerogels
strengthened the structure and hindered the free deformation
of the gelatin chains. Although the influence of the amount of
clay was not in the scope of the present research, aerogel
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Figure 5. (a) Thermal conductivity, effusivity, and diffusivity and (b) thermographic images of gelatin and gelatin composite aerogels in the axial

direction on a hot plate surface at 100 °C.

compressive modulus has been reported to increase monotoni-
cally with the clay content.*” Simultaneously, the stress at yield
also increased. However, the incorporation of clay notably
increased the viscosity of the precursor gels, making it difficult
to manufacture. A clay content of 5 wt % was the maximum
possible amount that allowed both good clay dispersion with a
suitable gel viscosity.

Introducing TA modified the mechanical performance of the
aerogels substantially, transforming them from soft to highly
rigid foams. A similar trend has been reported by Li et al. in
gelatin/layered double hydroxide-coated particles crosslinked
with glutaraldehyde.'” In the absence of TA, the clay sheets
can be clearly seen (see GSCS in Figure 3b). However, the clay
can hardly be seen in the SEM images of the compositions
containing TA. It is hypothesized that the clay particles are
encapsulated and confined within gelatin—TA chains, acting as
short fibers and contributing to the observed increase in
mechanical properties.

When the TA content was about 9 wt % (GSCST1), the
compressive modulus increased eight-fold, reaching 18.1 MPa,
and the yield stress increased six-fold. The elastic modulus
increased marginally at the higher TA contents, reaching its
maximum in the GSCS5T4 aerogel. Likewise, the energy
absorbed during compression increased as more TA was
added. This is attributed to the honeycomb structure
generated by the gelatin—TA linkage, compared to the layered
structure formed by the gelatin—clay. The highest TA
concentration introduced brittleness, a typical effect for
crosslinked polymer materials. Zhang et al.'® have reported a
decrease in mechanical properties when TA was in excess,
attributed to the dual role of TA as a crosslinker and
plasticizing agent. In this work, there was neither a decrease in
the yield stress nor in Young’s modulus, which, together with
the increase in brittleness of samples, indicates cross-linking
density increasing with TA.

The specific moduli obtained for GSCST1 and GSCST2
(153.4 and 133.6 MPa-cm®/g, respectively) indicated that 1
and 2 g of added TA are appropriate to achieve satisfactory
compressive performance, representing a five-fold increase over
pure gelatin. Higher values of the specific compressive
modulus, 330 MPa-cm®/g, have been found when phytic acid
salt and MMT were incorporated into a gelatin type A matrix,
resultin3g in a two-fold increase compared to that of pure
gelatin.

Combining surface-treated attapulgite and gelatin, Zhu et
al.'" have reported specific values of the compressive modulus
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of the aerogels, 63 MPa-cm®/ g, representing a six-fold increase
as compared to pristine gelatin aerogel. In contrast, Li et al.
have used layered double hydroxide particles as a reinforce-
ment and glutaraldehyde as a gelatin cross-linking agent. They
found a 12-fold increase in the specific modulus of the gelatin,
which reached a maximum value of 194 MPa-cm®/g."” Finally,
Wang et al. have built a three-dimensional crosslinked polymer
aerogel consisting of gelatin, phytic acid, and melamine—
formaldehyde, which exhibited high compressive strength
(1.98 MPa) and a self-intumescent response when exposed
to fire.”

The compression testing direction is transverse to the main
orientation of the polymer and clay particles, so it yielded
relatively low values of the mechanical parameters compared
with the radial direction. A representative image of GSC5T4
aerogel loaded with 10 kg is shown in Figure SS. According to
the stress—strain curves (Figure 4a), the GSCST4 aerogel
exhibited yield stress of about 1 MPa. For a specimen such as
that shown in Figure S4 of 30 mm diameter (transverse surface
of 706 mm*) and 1.68 g weight, this measurement implies it
can withstand a maximum total force of 700 N (or 70 kg)
without permanent deformation.

3.7. Thermal Conductivity. The thermal insulation
properties of the gelatin—clay—TA aerogels were determined
by analyzing aerogels through the longitudinal direction by the
modified TPS technique. Table S3 shows the thermal
conductivities (1) of aerogels, their effusivity (e), which
describes the ability of the material to exchange thermal energy
with its surroundings, the specific heat capacity (C,), and the
diffusivity (o), which determines the speed at which thermal
equilibrium is reached. The thermal conductivity of the pure
gelatin was the lowest, with an average value of 0.037 W/m-K.
This is consistent with previous results for similar polymer/
clay systems.”* Although the size of the pores left by the ice
was relatively large, the high porosity limited heat transport
between the aerogel surfaces over a long distance, keeping
thermal conductivity relatively low. As expected, when the clay
was introduced, the thermal conductivity increased (~13%),
and the effusivity also rose due to the high intrinsic thermal
conductivity of the inorganic clay (Figure Sa). Adding TA also
increased both parameters. This effect resulted from the
reduced porosity due to the closer connections between the
chains caused by gelatin—TA cross-linking.

Regarding C,, the GSCS sample had the highest value (1.88
kJ/kgK), influenced mainly by the percentage of clay in the
aerogel structure. After increasing the amount of TA, the C, of
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Figure 6. (a) TGA weight loss and (b) derivative thermogravimetric curves of gelatin composite aerogels.

the aerogel composites decreased by ~19% for sample
GSCS5T4: less energy was required to increase the temperature
of the material. The reduction of diffusivity (Figure Sa) in
samples modified by clay and TA means that heat moved more
slowly through the aerogel composite skeleton than through
that of the pure gelatin. The latter was also evidenced by
thermography (Figure Sb). Aerogels were placed on a hot plate
at a steady state temperature of 100 °C (Movies S1, S2, S3,
and S4). After 20 min of heating, the equilibrium temperatures
at the top surface of the aerogels were about 45 °C, indicating
that the porous structure of aerogels decreased heat
conduction and provided excellent thermal insulation.

3.8. Thermal Stability. The thermal stability of the
different aerogels was analyzed using TGA. Figure 6 shows the
thermogravimetric curves, and Table S4 summarizes the
results, that is, the onset temperature of thermal decom-
position (T, determined at 5% weight loss after water
evaporation, the maximum weight loss rate (dW/dT), the
maximum decomposition temperature (Td,,), and the
residual weight at 600 °C (Wp).

As seen in Figure 6a, the first degradation step below 150 °C
was attributed to water loss. The second step occurred
between T, and 400 °C. In this step, the gelatin
decomposed rapidly, associated with breaking the triple helix
and peptide bonds.*> When the clay was added (G5C5), a
significant decrease in the degradation slope was observed due
to the shielding effect. The presence of TA initially helped
flatten the degradation slope, possibly due to a combination of
water loss and the formation of stable charred compounds. In
addition, breaking the TA-—gelatin bonds requires more
energy, increasing thermal stability. This effect is better
distinguished in the derivative curves (Figure 6b). The lowest
dW/dT (0.14%/°C) was obtained in the sample containing 2 g
of TA (GSCST2). However, above this amount of TA, the
degradation accelerated due to unreacted TA, as observed in
the FTIR spectra of GSCST3 and GSCST4. The residual
weight obtained from the gelatin aerogel composites was
nearly double that of pure gelatin aerogel, demonstrating the
generation of a stable char layer from clay and TA.

3.9. Fire Behavior. The flame retardancy of the aerogels
was first qualitatively tested by Bunsen vertical burning. The
flame behavior of pure gelatin and gelatin-modified aerogel is
compared in Figure 7a. Pure gelatin aerogel emitted a vigorous
flame in the first few seconds and rapidly lost its structural
integrity. In contrast, the gelatin composite aerogels kept their
shape even after 6 min in contact with the torch (Figure 7b).

max)
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The aerogels are categorized as self-extinguishing because they
did not continue burning when the flame was removed
(Movies SS and S6).

A cone calorimeter was used to quantitatively evaluate the
combustion behavior properties of the aerogels as it shows a
good correlation between laboratory-scale experiments and an
actual fire scenario. The tests were done at a heat flux of 50
kW/m?, corresponding to the flux found in a developing fire.
The main parameters, which are the time to ignition (TTI),
the peak of heat release (PHRR), the time to peak of heat
release (TTPHRR), and the total heat release (THR), are
listed in Table 2. In addition, the fire growth (FIGRA) index,
the ratio between PHRR and HRR, the fire performance index
(FPI), and the ratio between TTI and PHRR were used to
compare the different aerogel compositions. FIGRA and FPI
are two critical parameters for the characterization of fire
safety. A low FIGRA or a high FPI indicates a low risk from a
potential fire. MARHE is the maximum average heat rate
emission, a parameter that ranks the ability of materials to
suppress flame spread and prevent propagation to other
objects.” As shown in Figure 7c, unmodified gelatin
immediately burned, while adding clay and TA helped retard
the TTL Upon ignition, gelatin showed a fast, vigorous burn
with a single peak on the HRR that reached a maximum of 261
kW/m? and depended only on the total fuel loading. In
contrast, the HRR signals in the modified aerogels had a
double-shouldered signal, with the maximum peak decreasing
four-fold to reach a minimum value of 64 kW/m? in GSCST1.
These curves are characteristics of thermally thick charring
materials in which a stable char layer is first formed. The
second peak corresponds to the breaking of the char layer or
increased pyrolysis.

Higher contents of TA did not further decrease the HRR; on
the contrary, the HRR increased in paralle]l with the THR
(Figure 7d). This is attributed to the combustion of pure TA,
which reached an HRR peak of 400 kW/m” when it was
directly exposed to radiation (Figure S6). Accordingly, TA is
only effective as a charring agent, provided it is protected from
oxygen action. This protection can be reached by adding
relatively low contents of TA to the blends. At high contents
(GSCST3 and GSCST4), free TA migrates toward the surface
of the aerogel, contributing to the rise in the HRR. It has been
demonstrated that well-distributed inorganic fillers such as clay
can significantly enhance the fire retardancy of polymer
composites.” In the present case, this decrease occurred
from the generation of a protective layer on top of the samples
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3,8,12,46—52

and (h) hydrophobized aerogel upside-down with a

water droplet dyed with KMnO, on the hydrophobized aerogel surface and contact angle measurement.

due to clay platelets re-organizing into a compact network
structure. At the early stages of the degradation process, this
layer reduced the amount of combustible volatile compounds
released, increasing TTI. The clay inhibited TA oxidation in
the second stage, allowing its pyrolytic decomposition to
carbonaceous structures. The TA decomposition also released
bound water that absorbs heat, lowering the temperature of the
solid phase and decreasing the PHRR. The final shoulder at
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long exposure times was due to the material burning at the
bottom of the specimens. The generation of small cracks in the
brittle carbonized surface allowed oxygen and radiation to
contact the underlying material, the burning of which caused
the second broad peak in the HRR plot. As shown in Figure 7e,
the results of both FPI and FIGRA confirmed that the
potential danger from fire notably decreases with the addition
of clay and TA.
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Table 2. Cone Calorimeter Parameters for the Aerogels in This Study

sample TTI (s) PHRR (kW/m?) TTPHRR (s)
GS 1+1 261 + 0.65 42+2
GSCS 4+1 96 + 1.02 33+1
GS5CST1 8§+1 65 + 1.82 30+3
GSCST2 8+ 1 75 + 141 30+3
GSCST3 9+1 74 + 125 393
G5CS5T4 12+2 84 + 0.50 39+2

THR (MJ/m?) FPI (kW/m?”s) FIGRA (s-m*/kW) Wy (%)
7.96 + 0.04 0.004 + 0.004 622 + 0.26 11.5 + 0.06
6.97 + 1.00 0.042 + 0.010 2.88 + 0.08 48.5 +2.73
7.63 + 0.54 0.124 + 0.012 2.14 + 0.12 46.7 + 1.50
8.62 + 0.96 0.106 + 0.012 2.52 + 0.17 48.5 + 0.80

12.31 + 0.44 0.126 + 0.003 1.89 + 0.10 444 + 0.38
1272 + 0.45 0.140 + 0.019 2.13 + 0.09 40.6 + 0.79

Further increases in TA did not enhance the fire resistance
of the samples. Although affected by a certain scatter, the
MARHE values were reduced by half with the addition of clay.
Similar to the HRR, these values increased with the added TA
(Figure S7) because of the increased burning mass in the
composites. The developed aerogel composites showed an
excellent balance between mechanical and fire properties,
making them suitable candidates for engineering applications.
As expected, the amount of residue left by the aerogels
increased with the addition of clay (GSCS), yielding black
carbonized ashes and matching the theoretical percentage of
clay in the blend well. When additional TA was added, the
residual char became a yellowish color due to the thermo-
oxidation of the excess TA at the surface of the aerogels
(Figure 7f). At the same time, the bulk TA charred, increasing
the amount of residue.

Finally, Figure 7g compares the specific moduli and PHRR
of our gelatin aerogel composites with those of other relevant
polymer—clay aerogels. In general, aerogels in this study
presented competitive values compared to those of these
similar systems.

3.10. Hydrophobization. Moisture absorption and
swelling after prolonged water contact may constitute a
significant handicap for future applications of gelatin-based
aerogels. However, these drawbacks can be overcome by a
simple process, surface hydrophobization.

The hydrophobization was carried out by immersion of the
aerogels in a THF solution containing PDMS and SiO,
nanoparticles. The tetrahydrofuran was used to decrease the
viscosity of the PDMS and disperse the nanoparticles. SEM
observations of the treated aerogels revealed a coating
completely covering the surface (Figure S8) and confirmed
the presence of SiO, nanoparticles on the surface.

Figure 7h shows images of a water droplet on the GSCST1
aerogel after surface hydrophobization. The darkish water
droplet dyed with KMnO, remained unaltered on the aerogel
surface. In addition, there were good surface adhesion
properties as large water droplets did not fall off after the
aerogel surface was inverted. The measurement of the water
contact angle yielded a value of 154 + 2° indicating a
superhydrophobic character. The surface energy of the
aerogels decreased due to the presence of the hydrophobic
groups (—CHj;) of PDMS. The combination of the low surface
energy of the PDMS coating and the micro-roughness from the
SiO, nanoparticles achieved superhydrophobicity on the
aerogel surfaces, maintaining the thermal insulation and fire
resistance properties in ambient humidity.

4. CONCLUSIONS

Mechanically robust and fire-resistant bio-aerogels formed
from gelatin, clay, and TA were prepared by a simple freeze-
drying process. Aerogels containing different amounts of TA
were prepared, and their properties were compared with those
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of unmodified aerogel. Crosslinked hydrogels were formed
under alkaline conditions due to covalent bonding between the
gelatin and the TA. These interactions led to stable aerogels
suitable for use in harsh environments. The TA-modified
aerogels exhibited much higher mechanical performance than
those without tannic acid, reaching Young’s modulus as high as
19.4 MPa and a 15-fold increase in the stress at yield. The
thermal conductivity was maintained in the lower range for this
type of aerogel. However, both cross-linking and clay
contributed to the increase in the thermal conductivity
compared to that of pure gelatin. The protecting action of
well-dispersed nano-clay particles promoted the pyrolytic
decomposition and charring action of TA, providing the
resulting aerogels with excellent flame-retardant capabilities.
The hydrophilic character of the aerogels was modified by a
simple coating method, which made the surface. The
combination of multifunctional properties in these fully bio-
based aerogels could expand the applications of these
sustainable foam-like materials, which could eventually be
used to replace traditional petrol-based foams.
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