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ABSTRACT: Tannins are polyphenols widely present in the plant kingdom, commonly divided into two groups:
condensed and hydrolysable tannins. Sustainable furanic bio-foams based on condensed tannins have been largely
studied, but little is described about the use of hydrolysable tannins for this material. This study examined the potential
of hydrolysable chestnut tannin in comparison to condensed mimosa tannins to produce furanic foams by chemical
expansion. Due to the low reactivity of the hydrolysable tannin, the use of an external source for its polymerization
and curing was necessary. Through Fourier transform infrared spectroscopy (FTIR) chromatography, it was possible to
observe that the new foams presented small differences in functional groups compared to the condensed tannin foams,
presenting peaks related to carboxyl groups. In terms of physical properties, the chestnut foams showed an apparent
density 36% higher than the conventional mimosa tannin foams and a superior hydrophilic character. In terms of
thermal properties, both foams exhibit high thermal stability, with the acacia tannin foam being slightly superior. In
summary, this research paves the way for new applications of hydrolysable tannins in bio-foams and materials science.
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1 Introduction

Condensed tannins are natural polyphenols found in various plant sources and commonly extracted
from the bark of acacia (Acacia sp.), pine (Pinus radiata), spruce (Picea abies L.) or quebracho (Schinopsis
sp.) [1,2]. It can be copolymerized with furfuryl alcohol, a liquid organic compound issued from furfural,
which is produced by acid hydrolyzing polysaccharides from agricultural waste [3,4] to create porous mate-
rials [5-11]. The properties and applications of these tannin-based cellular materials have been extensively
investigated in previous studies [5,10,11]. They have been shown to be suitable for various purposes, such
as thermal insulation [6-9], floral foams [12], flame retardant materials [13], adsorbents for heavy metal
ions [14], polyurethane products [15] and other applications.

Furanic bio-foams have high environmental sustainability due to their composition consisting of
95% renewable plant-derived products [10,11], in contrast to commercial foams that are derived from
petrochemicals [11]. The main component of these foams is a furanic-tannin resin, which is combined with
various additives, such as a catalyst, crosslinker, surfactant, solvent, and foaming agent [11]. Different foaming
methods can be applied to prepare these foams, including mechanical [8,16], chemical [7], or microwave-
assisted techniques [17]. The chemical route involves either alkaline [18] or acid-catalyzed conditions [7].
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Tannins from different sources, such as quebracho [19], acacia [20], pine [21,22], and spruce [23], are
commonly used with furfuryl alcohol to react with different cross-linking compounds, such as formaldehyde,
glyoxal, glutaraldehyde, and nanocellulose to synthesize cellular foams [5-13]. Tannins present natural
phenolic structures similar to those of commercial polyphenols enabling thus their involvement in such
applications [1].

Tannins are generally classified into two groups: condensed tannins, which are polymers based on
catechin monomers, and hydrolysable tannins, based on complex structures consisting of sugar esters with
different galloyl units [24,25]. Condensed tannins account for about 90% of the global tannin produc-
tion [26], but the valorization of hydrolysable tannins is still relevant, as they constitute a large part of the
tannins production in countries like France, Slovenia and Italy [27].

The raw materials used in the past for these bio foams were mostly condensed tannins, which are
not available in all tree species. This tends to limit the use of other species to produce these foams. Few
attempts have been made to use hydrolysable tannins to prepare cellular porous materials, either in the form
of non-isocyanate polyurethane (NIPU) foams [28,29], as phenol-formaldehyde-chestnut tannin resins [18]
or by producing tannin-furanic foams with diethylene glycol or other surfactants using the mechanical
foaming method [30]. However, none of these studies have produced tannin-furanic foams under acidic
conditions without surfactants. Therefore, this work aims to create and characterize a new foam based on
the exothermic reaction of hydrolysable chestnut (Castanea sativa) tannins with furfuryl alcohol using acid
catalyst to expand the range of applications of this type of tannins.

2 Experimental
2.1 Materials

The commercial condensed tannin (CT) extract from Acacia bark (Acacia decurrens), known as
FINTAN OP in the market, was utilized in this study and was provided by SilvaTeam from Italy. The
hydrolysable tannin (HT) extract from chestnut (Castanea sativa) was supplied by KingTree from France.
Furfuryl alcohol (>97%, FA) and p-toluenesulfonic acid monohydrate (>98%, p-TSA) were purchased from
Sigma-Aldrich Co., Ltd. (Saint Louis, MO, USA). Formaldehyde (37 wt% solubilized in water, stabilized with
5%-15% methanol, FO) was acquired from Acros Organics Co., Ltd. (Strasbourg, France). Diethyl ether (Pure
stabilized with BHT, DE) was obtained from Carlo Erba Co., Ltd. (Val de Reuil, France). All the chemicals
were used without any further purification before application.

2.2 Preparation of Hydrolysable Tannin Bio-Based Foam and Condensed Tannin Bio-Based Foam

Two types of furanic foams were prepared, one using condensed tannins using the methodology
presented in Meikleham et al’s work [31] and the other using hydrolysable tannins with an external heat source
to form the foam. The applied methodology is summarized in Fig. 1. Comparison of the properties of the
different foams obtained allowed to evaluate the interest of using hydrolysable tannins instead of condensed
ones. The foam formulation is described in Table 1.

To prepare foams based on condensed tannins, furfuryl alcohol, formaldehyde, and distilled water (DW)
were combined in a beaker. Acacia tannins powder was then gradually incorporated into the solution and
manually mixed. Once a uniform mixture was obtained, the blowing agent, diethyl ether, was added. The
mixture was then manually stirred until uniformity was restored. The acid catalyst (p-TSA solution with
a m/m concentration of 65% in water) was subsequently added, and the solution was continuously stirred
manually for 10 to 15 s. The reaction began after a few seconds, leading to foam formation. The exothermic
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reaction between furfuryl alcohol and the acid catalyst generated enough heat to evaporate the blowing agent
(diethyl ether), allowing expansion of the resin formed between furfuryl alcohol, tannins, and formaldehyde.
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Figure 1: Methodology applied to produce CTF and HTF foam

Table 1: Formulation of foam samples

Sample HT (g) CT(g) FA(g) FO(g) DE(g) DW(g) p-TSA(g)

CTF - 30 10.5 7.5 3 6 11.1
HTF 30 - 10.5 7.5 3 6 11.1

The same procedure was applied for the hydrolysable tannins foam, excepted for the polymerization
of the foam, which need an external heat source (drying oven) set at 65°C, following the addition of the
acid catalyst (initiation of reaction). This temperature was chosen by analogy with the exothermic reaction
temperature recorded during the formation of furan condensed tannins foams [32].

2.3 Characterization
2.3.1 Physical Characterization

For each type of foam, three cubes measuring 30 mm x 30 mm x 30 mm were cut and weighed on
an analytical balance, in standard laboratory atmosphere at 20°C, their apparent density was calculated
according to the ASTM D1622-03 standard. The density (p) of each obtained sample was calculated by
measuring its length (1), width (w), height (h), and weight (m) and applying the equation p = m/(l x w x h).
To ensure homogeneity for the density calculation, only the center of the foams was used. Thus, the outer
part of the samples was discarded (about 1 cm).
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To analyze the surface morphology of the material, numerous images of the surface of the foams were
taken at a magnification of 50x, 100x and 250x using a Hitachi TM3000 scanning electron microscope
(SEM). The samples did not undergo any type of surface treatment to obtain the images. The Image] program
was used to estimate the thickness and width of the cells using several photos, with the diameter of each cell
being calculated by the mean of these two measurements.

2.3.2 Thermal Properties Analysis

The foams were crushed using a pestle and mortar system until a fine and homogeneous powder was
obtained. Then, 10 + 1 mg of each foam, chestnut tannin or acacia tannins were used for thermogravimetric
analysis using a Mettler Toledo brand differential gravimetric analyzer, model DSC 1 equipped with the
STAR® system. The tests were carried out between 30°C to 800°C with a temperature increase rate of
10°C/min.

2.3.3 Fourier Transform Infrared (FTIR) Spectroscopy

To study the functional groups of the condensed tannins (CT), hydrolysable tannins (HT), condensed
tannins foam (CTF), hydrolysable tannins foam (HTF) infrared chromatography (FTIR) was performed
using the Frontier IR chromatograph from Perkin Elmer, with a range of 650-4000 cm™' and with 20 scans

at a precision of 4 cm™!.

2.3.4 Isotherm Analysis

To analyze the hydrophilic character of the foams, 20 + 1 mg of the homogeneous powder of each
foam was analyzed using the dynamic vapor absorption instrument from Surface Measurement Systems,
model DVS IntrisicPLUS. The Dynamic Vapor Sorption (DVS) technique was used to automatically generate
different humidity levels for the measurement of the sorption isotherm. The instrument records the change
in mass over time (dm/dt) to determine when equilibrium is reached. When dm/dt approaches zero, the next
humidity level is automatically set. The test was carried out with air from 0% to 90% humidity at a constant
temperature of 25°C, with control points at 0%, 15%, 25%, 45%, 60%, 75%, and 90% humidity. The analysis
ended after more than 70 h.

3 Results and Discussion
3.1 Preparation of Hydrolysable Tannins Bio-Based Foams and Condensed Tannins Bio-Based Foams

The appearance of the different foams produced is shown in Fig. 2.

To produce HTF foams, an external heat source was essential. Without it, the foam formation reaction
occurred but retracted completely within a few minutes, failing to form a cellular material. Heat improved the
curing and hardening process, preventing retraction and allowing the foam to retain its expanded volume.
This effect does not occur in traditional condensed tannins foams (CTF), for this reason, no external heat
source was used to produce foams with condensed tannins.
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Figure 2: Furanic bio foams made from (I) condensed acacia tannin and (II) hydrolysable chestnut tannin

3.2 Physical Properties

Due to the different raw materials and processes of the CTF and HTF foams, the apparent density and
morphological properties of the produced foams were significantly different. Average apparent density, cell
length, thickness, diameter and orthotropicity (length/thickness ratio) measurements are given in Table 2.

Table 2: Physical and morphologic properties of the studied tannin foams

Sample Apparent density  Celllength  Cell thickness (um) Cell diameter (um)  Ortho.

(kgm™>) (um)
CTE 98 + 115 256 + 129 194 + 92 225 + 108 132 + 0.24
HTE 153 + 0.75 424 + 139 323 + 114 373 + 122 133 + 0.21

The density obtained for the acacia tannins foams is similar to values reported in the literature. The
density of HTF is 36% higher than the CTF foams, but the pores of the hydrolysable tannins foams are
larger. A deeper analysis of the structure using SEM shows that a CTF foams present a greater number of
pores and holes compared to HTF foam, thus explaining their lower density (Fig. 3). In both cases, the foams
have irregular and heterogeneous structures and most of the cells in each foam are oval-shaped and have a
similar orthotropism.

3.3 Thermal Properties Analysis

Thermogravimetric analysis (TGA) was performed to analyze the thermal stability of the different foams
and of the tannins involved in their preparation of CT, HT, CTF and HTF (Fig. 4).

Similarly to HT and CT tannins, the TGA curves obtained for both CTF and HTF foams exhibit
similar behavior. By analyzing the peaks presented in the DTG curves of the samples, it is possible to
determine that the first stage of mass loss of the tannins and foams occurs before and near 100°C; this
is mainly due to the loss of moisture from the foams and tannins [9,20,33,34], as well as the evaporation
of residues from the foaming agent and the cross-linker (formaldehyde) [34]. Immediately afterward, the
HTF foams showed a degradation stage from 100°C to 200°C, linked to the thermal decomposition of
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gallic acid into pyrogallol [35]. This peak was not observed in the case of the DTG curve of HT. This
is likely due to experimental conditions (acid catalyst, temperature and water) allowing the formation of
gallic acid by hydrolysis during the polycondensation of furfuryl alcohol with the tannins. The second mass
loss step of CTF occurs between 200°C-400°C, corresponding to the condensed tannins degradation [20]
which is also observed in DTG curve of TC between 200°C-300°C. The third degradation step of the HTF
occurred between 200°C-380°C, corresponding to hydrolysable tannins degradation observed in the same
temperature range for HT. The last peak of mass loss of CTF and HTF occurred respectively between 450°C-
550°C and 400°C-500°C, both caused by the breaking of polymer chains forming lower molecular weight
compounds [9,20,34]. The CTF foams preserved about 46% of their mass when reaching 800°C, while the
HTF foams preserved 40% of their mass at the same temperature. The lower residual mass of the HTF foams
is due to the easier degradation of the carbohydrates skeletal chain of HT.

HL x100 1 mm HL x100 1 mm

Figure 3: On the left the SEM image of the CTF foams and on the right that of the HTF foams at 100x magnification
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Figure 4: (I) TGA and (II) DTG curves of HC, HT, CTF and HTF samples
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3.4 Fourier Transform Infrared (FTIR) Spectroscopy

FTIR chromatography was performed to compare the functional groups present in the HT and CT
tannins as well as in the HTF and CTF foams (Fig. 5). Thus, in a general way, possible differences in the
chemical structure between the materials analyzed can be observed.
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Figure 5: FTIR spectrometry of CT, HT, CTF and HTF samples

The spectrum of both foams and of both tannins present quite similar absorption peaks indicating that
there are not great differences in the chemical composition of the raw materials (CT and HT) and their
respective foams (HTF and CTF). All the spectra presented the characteristic hydroxyl absorption peak
between 3700-3000 cm ™!, the C-H stretching peak between 2950-2800 cm™’, the C-C peaks of the aromatic
ring skeleton at 1603, 1503, 1449 cm™! and the aromatic C-H at 812 and 682 cm™' as reported in previous
studies [35].

The peak between 1740-1700 cm™ of compounds corresponding to the carbonyl group is present in all
the spectra except for the CT tannin. However, in each sample, the peak appears at a different position and
with a different intensity compared to the nearest peak at ~1600 cm™!. In CTF, this peak appears in 1709 cm™,
represents a saturated and acyclic ketone group, formed by the opening of the furfuryl alcohol ring in its self-
polymerization [36,37]. For the HT tannin the peak shifts to 1721 cm™! corresponding to the carboxyl group
present in gallic and digallic acids and/or esters groups present in the hydrolysable chestnut tannin [38]. For
the HTF foams, these peaks appear at 1712 cm ™! with a higher intensity than the peak at 1603 cm™, which
may represent a sum of ketones created by the furfuryl alcohol, carboxylic acids and esters bonds present in
chestnut tannins. In the case of spectra of foams, characteristic peaks of C-C aromatics or C-O bonds show
different intensities compared to the spectra of CT or HT due to the combination of the band of the different
polymers. A small band around 700 cm™" appeared also in the two spectra of foams, which could be assigned
to 2-5 disubstituted furan rings [39,40]. The intensity of the peaks at 3000-3600 cm™! corresponding to O-H
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bond stretching decrease in the spectra of foams, compared to tannins spectra, indicated that polymerization
has been effective.

3.5 Isotherm Analysis
Fig. 6 shows the result obtained in the dynamic vapor sorption (DVS) analysis of CTF and HTF foams.
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Figure 6: Graph showing the cycle of the DVS analysis of CTF and HTF foams in (I) change in mass by time and (II)
change in mass by target moisture

The two foams present hydrophilic character, but the HTF foam indicated an higher water absorption
compared to CTF foam (mass increase of 28% compared to 23%). Thus, it is possible to observe that chestnut
tannins foam are more hydrophilic than the acacia tannins foam, due to their higher carbohydrates content.
To complete the cycle between 0% and 90% relative humidity, the two foams took approximately 73 h. The
two foams show a hysteresis behavior, with the CTF foam having a more constant hysteresis, close to 2%
among all the control points. Conversely, the HTF foam shows a hysteresis of 2.5% at humidities close to 10%
relative humidity, which decreased to 1% at higher relative humidities, showing a greater ease in gaining or
losing moisture at higher humidities compared to the CTF foam.

This difference between the two foams may be related to the differences in their tannins’ chemical struc-
tures. Being hydrolysable tannins, HT possess in their structure galloyl moiety as well as carbohydrate moiety,
presenting both high affinity for water, increasing thus their hydrophilic character. Another possibility is the
size of the cells present in the HTF foams, whose diameter is larger than the CTF cells, which could increase
their water retention.

4 Conclusions

The Novel, environmentally friendly tannin-furanic rigid foams have been prepared with hydrolysable
chestnut tannins using the same formulation of the classical furanic foam obtained with condensed tannins
reported originally in the early 1990s. The methodology is quite similar, the only difference being a heating
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step to ensure that the HTF foams maintain their volumes and structures. This approach is an attractive way to
valorize chestnut tannins by increasing the variety of raw materials that can be used to produce furanic foams.

In terms of physical properties, these new foams demonstrated a 36% increase in density and a more
hydrophilic character than the CTF foams, being able to absorb up to 28% of their mass in water. This is
an indication of its preferable use for floral foams, for example. The cells present in the HTF foams are
considerably larger, with an average diameter of 373 um, while the CTF foams have an average diameter of
225 um. SEM images indicate more holes and pores in the CTF foams, which may explain their lower density.

The similarities of FTIR spectra of the different foams make it difficult to identify differences in the
chemical structure of the two types of foams. FTIR analysis alone does not permit the accurate identification
of the difference in the properties of foams according to the nature of the tannins used.

TGA indicates that the HTF foams exhibit similar behavior to the CTF foams, both presenting excellent
thermal stability. However, the CTF foams demonstrated a slightly lower degradation at 800°C. Another
significant difference is the early degradation of the HTF foams at a temperature of around 150°C due to the
degradation of gallic acid resulting from the hydrolysis of HT.

In the future, mechanical characterizations of these new HT foams will be necessary to evaluate more
deeply their potential applications. Evaluation of different sources of hydrolysable tannins could also be
interesting to evaluate the effect of their structures on the properties of the resulting foams. Studies on the
formulation of the foams could also be necessary to adapt their properties according to their final utilization
and obtain smart materials.
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