*Highlights (for review)

Highlights

-Quebracho tannin resin based foams prepared by combined mechanical and chemical
expansion.

-Faster curing and expansion favoring its application as projected foams.

-Improved density and mechanical properties compared to foams only based in
mechanical foaming.
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Abstract

A new formulation of quebracho tannin-based resin has been used to prepare bio-based
rigid foams. The proposed foams were blown by using the simultaneous combination of
two expansion methods: by mechanical expansion as used for fire-fighting foams and
by chemical expansion based on the release of water and other gases during the
exothermal self-condensation of furfuryl alcohol. The combination of both methods
allowed us to overcome certain limitations found in the preparation of foams
exclusively based on mechanical expansion These were the resulting density (16%
lower than that obtained by mechanical expansion) and the mechanical properties
(compressive strength improved of about 11%). Resin chemorheology was
characterized under stressed conditions using frequency and time sweeps as well as
temperature ramps. The evolution of the linear viscoelastic functions during the reaction
clearly showed the transition from viscous to strong gel-like behavior. The foaming and
hardening processes were followed by the use of FOAMAT equipment and the resulting
foams were characterized in terms of density (0.059-0.063 g/cm®), mechanical
properties (compressive strength of 0.090-0.144 MPa) and thermal conductivity (0.046-

0.048 W mK™).
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1. Introduction

Condensed tannins are natural polyphenolic materials, which comprise a group of
polyhydroxy-flavan-3-ol oligomers and polymers linked by carbon-carbon bonds
between flavanol subunits (Schofield et al., 2001). They are used as one of the main
components to prepare tannin-based rigid foams. These foams are a good substitute for
commercial synthetic foams as they are environmentally friendly porous materials with
excellent fire resistance properties and low thermal conductivity (Celzard et al., 2011;
Tondi et al.,, 2008). They have also been used in other applications such as the
preparation of lightweight sandwich panels (Tondi et al., 2016; Zhou et al., 2013). In
addition, the improvement of hydrophobicity of tannin-based foams has been recently

investigated (Delgado-Sanchez et al., 2016; Rangel et al., 2016).

Tannin-based foams can be prepared using different foaming systems. The most
conventionally used foaming method is the physical one (Basso et al., 2015; Li et al.,
2013). In the physical method, a solvent with low boiling point such as pentane or
diethyl ether causes resin expansion due to solvent evaporation. The solvent boiling
point is reached by the temperature increase caused by the exothermal self-condensation
of furfuryl alcohol. Others foaming methods used in the preparation of tannin-based
foams are chemical foaming (Basso et al., 2014), and mechanical foaming (Szczurek et
al., 2014). The latter achieves the foaming of the tannin resin thanks to a surfactant and
to the air introduced by energetic mechanical stirring. Finally, a last method of
mechanical expansion based on firefighting foam systems has been recently developed
(Santiago-Medina et al., 2018). All the foams obtained by these different methods tend
to exhibit a common weakness: their mechanical properties are often inferior to those of
the synthetic foams they are intended to replace. This is offset by the fact that they all

employ sustainable, environmentally friendly additives and components.
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Different rheological techniques have been successfully employed to mechanically
characterize a large number of adhesives, coatings and related materials, such as
polymeric adhesives (Mravljak and Sernek, 2011; Tenorio-Alfonso et al., 2017),
polyurethane-based oleogels (Borrero-Lépez et al.,, 2017; Gallego et al., 2013),
bitumens (Carrera et al., 2014), tannin extracts (Garnier et al., 2001; Kim and
Mainwaring, 1995), etc. These rheological characterizations give an insight on both,
materials behavior under stressed conditions and their physical and mechanical stability
by means of their viscous and viscoelastic responses, i.e. when viscous flow and
oscillatory shear tests are applied to them. Moreover, oscillatory shear tests, frequency
sweeps in particular, can be useful to obtain information about the molecular structure

of the samples.

The decrease in thermal conductivity of foams, directly related to a decrease in their
density, is one of the main challenges in the manufacture of tannin-based foams for
insulation applications. Barriers to the decrease of the density of tannin foams prepared
by mechanical foaming based on firefighting foams technology were found in previous
works (Santiago-Medina et al., 2018). This research presents a new foam formulation
where mechanical foaming, through the use of a foam concentrate, is combined with the
chemical expansion provided by the self-condensation of furfuryl alcohol in acid
medium to achieve a reduction in foam density. This approach generates a foam which
could find application as a wall-projected foam, i.e. by directly spraying the foam on the
wall. The resins used to prepare the foams have been characterized by rheological
measurements (viscous flow, temperature ramp and frequency and time sweeps).

2. Material and methods
2.1. Materials
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Sulphited quebracho (Schinopsis lorentzii and Schinopsis balansae) tannin extract,
called Fintan T, was kindly supplied by SilvaChimica (S. Michele Mondovi, Italy).
Furfuryl alcohol, Kolliphor ELP, glutarladehyde 50% water solution and glyoxal 40%
water solution were provided by Sigma-Aldrich (France), and used as supplied.
Phenolsulphonic acid 65% water solution was purchased at Capital Resin Corporation
(Columbus, OH, USA). Ethoxylated oleyl amine, OAM-10, was supplied by Saibaba
Surfactants Ltd (Gujarat, India) and the foaming agent used was SM2101, a proprietary
product supplied by Condat (Chasse-sur-Rhone, France) mainly composed of alkyl

glycols and modified fatty acid soaps.

2.2. Foam preparation
Foams formulations were prepared using the amounts of reagents listed in Table 1. The
foams were made by mixing two components. The first component is formed by a
homogeneous tannin resin (R1, which is composed by quebracho tannin, furfuryl
alcohol, glutaraldheyde, glyoxal, and ethoxylated castor oil (Kolliphor ELP). Once the
first component (R1) was prepared, the ethoxylated oleyl amine was added. The second
component is a liquid mixture which contains the catalyst (acid or mixture of acids, as
referred), the foam concentrate and the water. Using a special foaming blade stirrer as
shown in Fig. 1, the second component was shaken at 2000 rpm during one minute to
form a white liquid foam. The tannin resin was added immediately afterwards and the
blend was stirred during 20s with the same stirrer. When the blending step was finished,
a homogeneous brown liquid foam was obtained which was poured in a mould. This

foam quickly expanded and hardened into a rigid foam.

The foam formulations described in Table 1 are: Standard, which was prepared using
the above-mentioned method; WEA, the same that Standard foam but without using

ethoxylated oleyl amine; S10, similar to Standard formulation but 10% of
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phenolsulphonic acid was replaced by 10 % of sulfuric acid; and S20, where 20% of

phenolsulphonic acid was replaced by 20 % of sulfuric acid.

Table 1. Formulation components expressed in grams for each reactive.

Reactives (g)\Samples Standard WEA S10 S20
Tannin (Quebracho) 10 10 10 10
Furfuryl alcohol 16 16 16 16
Glutaraldehyde (50 wt.%0) 5 5 5 5
Glyoxal (40 wt.%0) 15 15 15 15
Ethoxylated castor oil (Kolliphor ELP) 1 1 1 1
Ethoxylated oleyl amine (OAM-10) 1.5 - 15 15
SM2101 (Foam concentrate) 2.6 26 26 26
Water 3 3 3 3
Phenolsulphonic acid (65 wt.%0) 17 17 153 136
Sulfuric acid - - 17 34

2.3. Rheological characterization of the resin

The tannin-based resin was rheologically characterized by using a controlled-stress
rheometer Haake MARS 1l (Thermo Fisher Scientific, Waltham, Massachusetts, USA).
Small-amplitude oscillatory shear (SAOS) tests were carried out within the linear
viscoelastic region (LVR) in a frequency range from 0.01-100 rad/s, at 25 and 100°C,
using a cone-plate geometry (@ 60 mm, 1°). The extension of the LVR was previously
evaluated by performing stress sweep tests at 1 Hz. In addition, viscous flow tests were
performed by imposing a stepped stress ramp in a stress range of 0.01 up to 100 Pa, at

25°C. Curing process of the homogenous tannin resin was evaluated with the aid of time
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sweep tests, using the same cone-plate geometry, at 25°C and 1 Hz. Finally, natural
resin was submitted to a heating rate of 2°C/min, from 25-100°C and at 1 Hz, by using a
Physica MCR501 (Anton Paar GmbH, Ostfildern-Scharnhausen, Germany) equipped
with a Peltier temperature controller and a cone-plate geometry (@ 50 mm, 0.1 mm gap,
1°). All the rheological results were presented as the arithmetic average of at least two

replicates.

2.4. Characterization of the rigid foams

2.4.1. Bulk density

The samples were cut in 30 x 30 x 15 mm?® specimens and, afterwards, they were dried
at ambient temperature during one week after preparation. Then, the bulk density, py,
was calculated as the weight /volume ratio of each sample. Average value of 5 samples

for each foam is shown.
2.4.2. Thermal conductivity

The transient plane source method (Hot Disk TPS 2500S) (Hot Disk AB, Gothemburg,
Sweden) was used to carry out the thermal conductivity measurements. This method to
calculate the thermal conductivity is based on a transiently heated plane sensor, which
acts both as a heat source and as a dynamic temperature sensor, consisting of an
electrically conducting pattern in the shape of a double spiral, which has been etched
out of a thin nickel foil and sandwiched between two thin sheets of Kapton®. The plane
sensor was fitted between two identical parallelepiped samples. The sensor used was
C5501 with radius 6.403 mm. The conductivity was calculated by the Hot Disk 6.1

software.

2.4.3. Mechanical resistance
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Compression tests were performed with an universal testing machine INSTRON 5944
(High Waycombe, UK) equipped with a 2 kN load cell. Samples of 30 x 30 x 15 mm®
were compressed at 2 mm/min. All the curves presented the expected characteristics of
cellular materials. The elastic modulus was defined as the slope of the first, linear region
of the compression curve, and the compressive strength was defined as the height of the

plateau region (Celzard et al., 2010). Three replicates were done for each foam.
2.4.4. Foaming capacity

The catalyzed resin was poured into the chamber of a FOAMAT 281 foaming
measuring equipment (Format Messtechnik GmbH, Karlsruhe, Germany) and the
different parameters were recorded during 1800s. This equipment measures and records
simultaneously the expansion, hardening, and temperature and pressure variation during
the foaming process. The chamber is composed of a cardboard cylinder set on the
manometer sensor. The pressure generated by the expansion is measured by the force
applied to the metal plate sensor. A K-type thermocouple is immersed into the mixture
and measures the temperature variation. The CMD (Curing Monitor Device) sensor
measures the foam’s dielectric properties during the transition from liquid to solid state.
It is a dielectric polarization sensor composed of two interdigitated electrodes disposed
on a printed circuit in such a manner as to form a type of flat capacitor at the bottom of
the foaming chamber. The foam height is constantly monitored by an ultrasound sensor
according to the pulse-echo method. The software “Mousse”, version 3.80, was used to

collect and process the data.
3. Results and discussion

The apparent viscosity versus shear stress plot of the resin R1, at 25°C, is shown in Fig.

2a. The different reagents of the resin R1 conferred to it an almost Newtonian behavior
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with an average viscosity of 0.081 Pa-s. This makes the viscosity of the homogeneous
tannin solution independent of the shear rate. This behavior is different from the one
shown by the viscous flow of aqueous solutions of other tannin extracts, such as pine
tannin extract, which exhibits a shear thinning behavior. This is due to the use of
sodium sulphite for their extraction, that causes the cleavage of the interflavanoid bonds
and the generation of lower molecular weight procyanidin-4-sulphonate derivates (Foo

et al., 1983; Kim and Mainwaring, 1996; Pizzi, 1979).

Fig. 2b shows the frequency sweeps at 25°C and 100°C for the resin R1. In general, the
viscous moduli (G”’) is higher than the elastic one (G’), indicating a liquid-like behavior
of the resin. However, at lower temperature (25°C), the viscoelastic functions are more
frequency-dependent, resulting in the typical evolution of Newtonian materials. Thus,
for example, more frequency-dependent in the terminal region, with slopes of 2 and 1
for the G and G” vs. frequency plots, than at higher temperature (100°C). This
dependence with the frequency of both moduli at 25°C indicates that the particles are
sufficiently separate to avoid any interaction among them by Brownian motion or by
repulsion or attraction potential (London or Van der Waals forces). Conversely, at
higher temperature, it is normal that the frequency dependence decreases as a results of
the greater number of interactions between particles. This is due to the increase in
Brownian motions and even to some entanglements appearing. This leads to a decrease
in the slope of both viscoelastic parameters vs. frequency plots, also associated to much
more similar values. Therefore, a more solid-like behavior, not very different to the so
called “critical gel” behavior (Lu et al., 2006), was found at 100°C. This
notwithstanding, at higher frequencies there is a crossover between both moduli
(G’=G"’) for both temperatures, after which G’>G’’. This crossover at high frequencies

just confirms that the resin behaves as a viscoelastic liquid, where no internal structure
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or significant interaction among particles occurs. Thus, the resulting G* and G” vs.
frequency curves are typical of non-structured polymer solutions and/or polymeric
systems with a broad molecular weight distribution (Ferry, 1980; Goodyer, 2013;
Mezger, 2002), as it is the case for the distribution of the different chain sizes of

quebracho tannin oligomers (Pasch et al., 2001; Radebe et al., 2013; Vivas et al., 2004).

The evolution of SAOS functions for resin R1 obtained under curing conditions is
shown in Fig. 3. The temperature ramp, from 25°C to 100°C (at 2°C/min and 1 Hz)

displays two well-defined regions:

-The first region, from 25°C to 75°C, is characterized by tan & >> 1, which indicates a
clear fluid-like behavior. The increase in temperature involves a slight decrease in G’
and G”’, tipically due to thermal agitation. This trend changes due to the increase in
particles interaction, thus, rising the values of both moduli, G’ and G’’, and also

decreasing the values of tan & respectively (Cordobés et al., 2004).

-In the second region from 75°C to 100°C, tan ¢ is still decreasing until an asymptotic
value close to 1, and the slopes of both moduli also tend to a plateau. In this region, the
sol-gel transition is almost reached (Sanchez and Burgos, 1997) despite that there is not

a clear crossover between both moduli curves.

Fig. 4 shows the evolution of the SAOS functions with time, at 25°C, once the resin R1
has been mixed with the ethoxylated oleyl amine and the second component (without
foaming concentrate). This test allows to follow the reaction that occurs in the resin
during hardening. Throughout the whole experimental time range considered, G’ values
remain higher than G” ones (tan 6 < 1) that clearly indicates the solid-like behavior of
the mixture. This result was expected, since the second component contains the

phenolsulphonic acid (catalyst) which creates the acid conditions, triggering the self-

10
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condensation reaction of furfuryl alcohol. Furfuryl alcohol self-crondenses and
crosslinks with the others components of the resin. This also promotes the reaction of
the other components, due to the increase in temperature caused by the heat released
during its self-condensation reaction. These reactions lead to the formation of a highly
structured network that causes the transition from a liquid resin to a solid-like material
which becomes progressively harder as crosslinking proceeds further. The hardening is
enough advanced developed from 320-350 s of reaction when disturbances in the
viscoelastic functions in the time sweep and, afterwards, developing a tendency to reach

a plateau is observed.

Fig. 5 shows the evolution of different parameters of the foam such as the temperature,
the dielectric polarization and the foam height as a function of time, during the foaming
and hardening process. The main difference between this new kind of tannin foam and
previously reported tannin foams is the use of mechanical foaming in a combination
with a well-controlled chemical foaming process based on the self-condensation of
furfuryl alcohol. The mechanical foaming was achieved by the use of a special
mechanical stirrer (Fig. 1) and a foam concentrate to obtain a stable liquid foam. The
reaction of self-condensation in acid medium caused an additional expansion of the
liquid foam due to the release of water vapour and of the other gases generated. This is
also a consequence of the heat released during the condensation reaction. The
temperature increment within the foam induces crosslinking reactions among the
components of the resin, hardening the tannin cellular structure formed during
mechanical expansion. The temperature (Fig. 5a) displays the characteristic progression
which has already been reported in the literature (Basso et al., 2013; Lacoste et al.,
2015). This is characterized by a quick increase in temperature until a maximum that

matches with the first and highest maximum in dielectric polarization. The simultaneity

11
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of these two peaks is a good indication that the formulation is well-balanced and that the
risk of shrinkage is almost avoided. This is due to the fact that hardening began just
when the expansion had finished, providing rigidity to the tannin structure. The absence
of shrinkage can be observed in Fig. 5c, where the maximum height reached after the
expansion was kept constant during the rest of the measurements. This is less evident
for the samples without ethoxylated oleyl amine (WEA) where a slight shrinkage is
observed. That lack of shrinkage is also probably due to the presence of oleyl chains of
the surfactant among the other components of the mixture. The oleyl chains help to
maintain the structure in place while the structure becomes hard enough. It should also
be noted in Fig. 5c that there is a first initial height, more visible for Standard and

WEA, due to the expansion of the resin after the initial mechanical expansion.

Conversely, Fig. 5b shows the evolution of the dielectric polarization. Two well-defined
peaks are observed in the spectrum, which may be associated to two different groups of
reactions. The first one mainly belongs to the self-condensation reaction of furfuryl
alcohol in presence of acid. The second peak, much broader than the first one, belongs
to the crosslinking reaction of glutaraldheyde and glyoxal with the tannin and the other
reactive compounds to form a hard network. These results are in agreement with the
destabilization observed in the time sweep diagram (Fig. 4), occurring around 330 s,
just after this second broad peak in the dielectric polarization curve. This indicates that
the structure presents a high level of hardness and also that the foam concentrate does
not have a direct influence on the resin hardening process. Although it is not a scientific
test, around 8-10 minutes after the expansion, the foam is hard enough and can be cut

with a knife without risk to damage the cellular network.

Table 2. Results of the characterization of the foams.

12
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Standard WEA S10 S20

Bulk density (g/cm®) 0.059 0.063 0.061 0.062
Thermal conductivity (W m™ K?) 0.046 0.048 0.047 0.047
Elastic modulus (MPa) 4.92 354 271 1.76
Compressive strength (MPa) 0.144 0.108 0.106 0.090

The results of the tannin foams characterization are gathered in Table 2. The use of the
combination of mechanical and chemical expansion in the preparation of foams allows
to obtain lower density foams than those obtained by means of mechanical expansion
only (density around 0.071 g/cm®) (Santiago-Medina et al., 2018). In addition, the low
densities obtained are comparable with those of other tannin foams which include some
foaming agent, as pentane or diethyl ether (Celzard et al., 2010; Lacoste et al., 2013b;
Meikleham and Pizzi, 1994; Tondi et al., 2009). The therrmal conductivity of the
prepared foams depends on their density due to their open-cell structure, as for other
tannin-furanic foams described previously in literature. The thermal conductivity values
of these foams are comparable with those already reported in the literature for other
tannin foams already published (Basso et al., 2014; Basso et al., 2015; Li et al., 2012).
Overall, all the results are within the range of the most common insulation materials
(0.020-0.055 W m™ K™) according to the Federation of European rigid Polyurethane
foam associations, and therefore they can be considered as good insulators (FERPFA,

2006).

Foams usually exhibit a compression stress-strain curve corresponding to three different
behaviors of the material. There is an initial linear step with the elastic behavior of the
foam controlled by cell wall bending. This region is followed by a plateau due to the
collapse of the cells, and finally a third region called densification, which occurs when

all the cells are collapsed. Fig.6 shows the compression curves of the foams

13
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studied—one of the repetitions for each foam— of the foams studied, which perfectly
display the three regions mentioned above. The main mechanical parameters obtained
are gathered in Table 2. The results of the compression test of these mixed foams are
much better than those prepared only by mechanical expansion (Santiago-Medina et al.,
2018). They also present better or comparable mechanical properties of other tannin
foams with similar densities, which used some additives to improve such properties
(Basso et al., 2015; Lacoste et al., 2013a; Li et al., 2012). Finally, the compressive
strength values obtained are suitable to foams with an application as insulating materials
(FERPFA, 2006). However, the role of sulfuric acid in such foams should be
emphasized. The substitution of sulphuric acid by a part of phenolsulphonic acid
reduces the induction time considerably (time at which the temperature starts to
increase, producing the beginning of the expansion). Thus, 10% (S10) and 20% (S20) of
substitution decreases the induction time by 15 and 30s respectively. However, the
mechanical properties are adversely affected. Sulfuric acid is well-known for having a
corrosive effect on organic matter, resulting in a loss of mechanical properties. Even
with these degradation in the properties, the material is still suitable for application.
Therefore, either a balance between acceleration and reduction of mechanical
properties, or the replacement of sulfuric acid by an acid stronger than phenolsulfonic

acid, but less corrosive than sulfuric acid, can be envisaged.

4. Conclusions

Quebracho tannin-based rigid foams were prepared using a novel methodology which
combines the mechanical expansion based on the fire-fighting foams technology with
the chemical expansion of the resin to achieve the foaming. This procedure leads to a
decrease of foam density in relation to foams prepared previously exclusively by

mechanical methods. This is beneficial. In addition, these new foam formulations show

14
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mechanical and thermal properties within the frameworks established by the Federation
of European rigid Polyurethane foam associations, and, therefore, they can be

considered as good insulators.

The rheological response of tannin resins follows a Newtonian behavior under stressed
conditions, whereas the evolution of the linear viscoelastic functions during the reaction

shows the transition from viscous to strong gel-like behavior.

Conversely, the foaming and curing times have also been decreased in relation to the
traditional mechanical methods. The latter can be controlled by the regulation of the
dose of acids, letting the expansion and the hardening of the foam to occur more
rapidly. This could reduce the time that the liquid foam stays on the wall before

hardening, as in the potential application as a wall-projected foam.
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462  Figure legend
463  Fig. 1. Foaming blade

464  Fig. 2. Viscous flow at 25°C (a) and frequency sweeps at 25°C and 100°C (b) for the
465  resin R1.

466  Fig. 3. Temperature ramp for the resin R1.

467  Fig. 4. Time sweep of the mixture resulting from resin R1, the ethoxylated oleyl amine

468  and the second component.

469  Fig. 5. Foamat results for the four samples: (a) temperature, (b) dielectric polarization,

470 and (c) height, as a function of time.

471  Fig. 6. Stress-strain curves for a sample of each of the foams presented in Table 2
472  submitted to compression.

473
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