
Flexible Biofoams Based on Furanics and Fatty Acids Esterified Tannin

Elham Azadeh1, Ummi Hani Abdullah2,3, Christine Gerardin1,*, Antonio Pizzi1,*, Philippe Gerardin1

and Cesar Segovia4

1LERMAB, University of Lorraine, Blvd des Aiguillettes, Nancy, 54000, France
2Department of Wood and Fiber Industries, Faculty of Forestry and Environment, Universiti Putra Malaysia, Serdang, Selangor,
43400, Malaysia
3Institute of Tropical Forestry and Forest Products (INTROP), Universiti Putra Malaysia, Serdang, Selangor, 43400, Malaysia
4CETELOR, University of Lorraine, Epinal, 88000, France
*Corresponding Authors: Christine Gerardin. Email: christine.gerardin@univ-lorraine.fr; Antonio Pizzi.
Email: antonio.pizzi@univ-lorraine.fr

Received: 03 March 2023 Accepted: 25 May 2023 Published: 10 August 2023

ABSTRACT

Water repellant, flexible biofoams using tannin esterified with various fatty acid chains, namely lauric, palmitic
and oleic acids, by reaction with lauryl chloride, palmitoyl chloride, and oleyl chloride were developed and their
characteristics compared with the equivalently esterified rigid biofoams. Glycerol, while initially added to control
the reaction temperature, was used as a plasticizer yielding flexible biofoams presenting the same water repellant
character that the equivalent rigid foams. Acetaldehyde was used as the cross-linking agent instead of formalde-
hyde, as it showed a better performance with the esterified tannin. The compression results showed a significant
decrease of the Modulus of Elasticity (MOE) of the flexible foams in relation to that of the rigid foams, confirming
their flexible character. The lauryl- and palmitoyl-esterified biofoams presented similar mechanical properties,
while the oleyl-esterified biofoam presented different mechanical and morphological result not really showing
the expected flexibility. Both the esterified rigid and flexible tannin-based biofoams showed good water resistance
and their sessile drop contact angle analysis as a function of time confirmed this characteristic. Scanning Electron
Microscope (SEM) analysis showed the flexible foams to present a higher proportion of closed cells than the rigid
foams. Conversely, the cells depth of the flexible foams was lower than that of the rigid foam. As regards their
thermal resistance, the flexible foams showed a slight loss of mass compared to the rigid ones without glycerol.
Both types of foams presented much lower surface friability of non-esterified rigid foams.
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1 Introduction

Tannins are a complex class of natural polyphenols that are widely distributed in plant species, including
fruits, vegetables, and trees. Due to their unique chemical structure [1], tannins, especially commercial
condensed flavonoid tannin extracts have been used for a number of different applications in biomaterials
science [2,3]. Tannins have been used as binders to create composites either alone [4] with other
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renewable materials, such as lignin [5] and proteins such as soy [6–8]. They have unique properties,
including high mechanical strength and low flammability, making them suitable for use in the production
of insulation materials. Their addition to composites can enhance their thermal stability and flame
resistance, further increasing their potential as insulation materials [9]. Moreover, tannin-based
composites are biodegradable, making them a more sustainable alternative to traditional insulation materials.

Tannins have been shown to possess excellent thermal stability and can be easily modified to enhance
their performance as insulation materials. In addition, tannins are abundantly available in nature and can be
extracted using sustainable methods, making them a promising candidate for the development of eco-friendly
insulation materials [2,3,10,11]. One promising application is in the development of insulation foams
[12–14]. Rigid tannin foams are typically produced through reacting furfuryl alcohol, another biosourced
material [15] with tannins in the presence or absence of aldehydes and with or without a blowing agent
[12,16] or by the formation of non-isocyanate polyurethanes foams for both condensed flavonoid tannins
[17–20] and hydrolysable tannins [1,21]. The reaction leads to the formation of a crosslinked polymer
network, which imparts rigidity and mechanical strength to the foam. These foams are typically used in
applications such as fire and acoustic insulation [3,13,22], with also applications in hydroponics [23].

Conversely, flexible tannin foams have been reported by incorporating plasticizers or other additives into
the tannin reaction mix. The plasticizers reduce the crosslinking density of the foam and increase its
flexibility, making it suitable for use in other applications [24,25].

Tannin-based biofoams, however, also exhibit some limitations, such as friability, low water repellency
and their somewhat inadequate compatibility with hydrophobic compounds. Therefore, to overcome these
limitations and improve the properties of tannin biofoams, researchers have developed various methods to
modify them, including their esterification with a fatty acid [26]. Recently rigid foams presenting lower
friability and increased water repellence have been obtained by adding to tannin-furanic foams a
relatively small proportion of tannin, the flavonoid units of which were esterified by either lauroyl, or
palmitoyl or oleyl chlorides [27] to obtain structures of the type:

With n = 12 (lauroyl), 16 (palmitoyl) and 18 (oleyl). The esterification with fatty acids of condensed
tannins can be achieved through various methods, such as esterification [26–29], amidation, or
transesterification, which results in the formation of amphiphilic molecules with both hydrophilic and
hydrophobic properties. This modification enhances the emulsifying and dispersing properties of tannins,
as well as their solubility and compatibility with hydrophobic compounds, making them suitable for use
in various applications, such as coatings, adhesives, and bio-forms.

There are works reporting successful modification of tannins using fatty acids grafting such as oleic acid
[27,29], stearic acid [29], and lauric acid [27] and palmitic acid [26,27], which have resulted in improved
hydrophobicity and dispersing properties, enhanced thermal stability, and better compatibility with
hydrophobic compounds. Furthermore, the degree of modification and the type of fatty acid used can be
tailored to suit specific applications, making fatty acid-grafted tannins a promising avenue for developing
new materials with improved properties.

3626 JRM, 2023, vol.11, no.10



The main unresolved problem in extending the applicability of these foams is the lack of the coupling of
the fatty acid esterification technology with the flexibility technology due to the addition of plasticizers. The
coupling of these two technologies would allow easier fitting foams for applications such as thermal
insulation to steam or water pipes, as well as more adaptable acoustic insulation fitting to a number of
different surface geometry. The work presented here does then aim to combine fatty-acid esterification of
a commercial condensed flavonoid tannin extract by adding glycerol to obtain flexible, water-repellant,
non-friable, fire-resistant flexible bio foams and to compare their characteristics with those of rigid
tannin-based foams both with and without fatty acids esterification.

2 Materials and Methods

This research is divided into two parts:

(1) Preparation of esterified tannin that is involved in the reaction between the flavonoid’s groups and a
fatty acid compound such as oleoyl chloride and palmitoyl chloride in a solvent. Previous work had
determined how synthesizing the grafting of the tannin with the fatty acids [27].

(2) The conception of water-repellant tannin-based bioforms. Their formulations are indicated in
Table 1.

2.1 Materials
Mimosa (Acacia mearnsii formerly mollissima, de Wildt) tannin extract as the main structural

compound of this work was supplied by Silva Chimica (St. Michele Mondovi’, Italy). Furfuryl alcohol
was purchased from Acros Organics (Geel, Belgium). Para-toluene-sulphonic acid (pTSA), diethyl ether,
acetaldehyde, glutaraldehyde and glycerol were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Lauroyl chloride, oleoyl chloride and palmitoyl chloride were acquired from Alfa Aesar (Kandal,
Germany). Chloroform was obtained from Merck (Darmstadt, Germany).

2.2 Tannin Oil-Grafting Method
Tannin oil-grafting was performed by modifying how it was done in previous work [27]; a commercial

extract of mimosa tannin, 5 g, was placed in a reaction flask of 250 mL, 80 g of chloroform was added, and
then 3.75 g of fatty acid chloride.

Table 1: Formulations used to prepare the rigid and flexible foams

Formulation STD rigid
foam

Esterified rigid foams
(R)

Esterified flexible foams
(F)

Category of foam STD (C12, C16, C18) (C12, C16, C18)

Mimosa tannin extract (g) 15 13.75 13.75

Fatty acid-grafted mimosa
tannin (g)

0 1.25 1.25

Furfuryl alcohol (g) 5.5 5.5 5.5

Acetalaldehyde 3 3 3

Water (g) 3 3 2

Glycerol (g) 1.5 0 5

Diethyl ether (g) 1.7 1.7 1.7

pTSA (g) 5.5 5.5 5.5
Note: R (C12, C16, C18) are: the rigid water-repellant tannin foams with added tannin esterified with three types of fatty acids.
F (C12, C16, C18) are: the flexible water-repellant tannin foams with added tannin esterified with three types of fatty acids.
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The reaction was left for at least 16 h while maintaining the temperature below 40°C and then
evaporated. This procedure gives an esterified tannin that doesn’t have to be washed by a solvent and it
can be used directly afterward.

2.3 Foam Preparation
Each esterified mimosa tannin extract was mixed with furfuryl alcohol. Then, the non-esterified mimosa

tannin extract was added and mixed with acetaldehyde (99% solution) and water. For the flexible foams,
glycerol was added at this stage and mixed rapidly. Last, a 65% water solution of the catalyst para-
toluene-sulfonic acid (pTSA). The blowing agent then added was diethyl ether, and the mix was
vigorously stirred for 40 s. The rigid foam was obtained rapidly and the flexible foam acquired its final
structure within 2–3 min. 24 h were then allowed to eliminate by evaporating from the foam the trapped
blowing agent residue. The formulations used are shown in Table 1.

2.4 Characterization of Tannin-Based Foam

2.4.1 Initial Observations
First, some properties such as apparent density, induction time (min), and the absorption resistance time

of a drop of water on the surface of a foam have been registered. The bulk density was calculated as each
sample’s weight/volume ratio of a sample of the dimension of 30 mm × 30 mm × 30 mm.

The induction time is the time necessary to complete the foaming procedure.

2.4.2 Scanning Electron Microscopy (SEM) Analysis
The foams were analyzed by scanning electron microscope (SEM, Hitachi TM-3000) (Milexia, Paris,

France). To determine their morphology and microscopic structure. 0.5 cm2 was the cross-section used
for all the specimens. A gold palladium thin layer was then applied to the foam surface of the foams to
improve image definition.

This analysis was carried out to compare the effect of different types of esterified tannin on the foams cell
structure, and additionally to observe the differences between the rigid and flexible foams.

2.4.3 Resistance to Compression
Three foam specimens of 30 mm × 30 mm × 20 mm size for each case were prepared and their

compression strength parallel to foam growth was tested by an Instron 4301 (Elancourt, France) rig at a
compression rate of 2.0 mm·min−1. At least three samples were tested for each foam.

Three samples of 30 mm � 30 mm � 20 mm were placed under 10 cycles of compression at a strain of
10%, 20%, and 40%. The Modulus of Elasticity (MOE), strain, and stress values were calculated and
compared to observe the different behavior of rigid and flexible foams.

2.4.4 Contact Angle Measurement
The foams water wettability was determined by their contact angles, as well as their maintenance as a

function of time. A Krüss Gmb (Villebon-sur-Yvettes, France) CCD camera high resolution video measuring
equipment was utilized for the purpose. The specimens were placed on the flat sample-holder of the
equipment and the same size droplets of 20 microliters were added by micropipette on the foam sample
surfaces to ensure reproducibility. The angles outline of the water drops were determined by the video
system by measuring them during 180 s. Each drop accounted for 60 images. This yielded the variation
trend as a function of the time of the water contact angle.

2.4.5 Thermogravimetric Analysis (TGA)
A thermogravimetric (TGA) analysis was performed by TGA/DSC1-TMA/SDTA 84Xe instrument

from Mettler Toledo (Viroflay, France) equipped with a STARe v.11 fr System program. This analysis
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was realized to measure the foam’s thermal stability. Ten milligrams (±1.00 mg) of each sample powder were
placed in an alumina crucible (the exact mass was automatically weighed by the instrument) followed by
heating the sample at a temperature rate of 25°C up to 600°C.

3 Results and Discussion

3.1 FTIR Result of Oil-Grafted Tannin
The characterization by FTIR of oil-grafted tannin has been reported in recent research [27] as the three

oil-grafted tannins showed almost the same results; the FTIR of the tannin grafted with acid lauroyl chloride
has been studied in this research work (Fig. 1). In the spectrum of the grafted tannin sharp peak at 1740 cm−1

appears. This is the stretching peak of C = O groups indicating the esterification of tannin by the fatty acids.
Conversely, for unreacted lauroyl chloride and lauric acid, these peaks appear at 1802 and 1700 cm−1,
respectively this being the stretch bands for the carboxylic acid C = O. The tannin spectrum peak at
1616.12 cm−1 belongs to the tannin aromatic moieties C–H vibration [30,31].

The tannin grafting mechanism is shown in Fig. 2. The tannin used was a commercial tannin extract,
thus it contained a minor percentage of carbohydrates oligomers either linked to the phenolic part of the
tannin [32] or free [33], derived from the fragmentation of hemicelluloses in the extraction process. As a
consequence, the esterification with fatty acid chlorides occurred both on the hydroxyl groups of the
tannin as well as on some hydroxyl groups of the carbohydrates fraction. The species illustrated in
Scheme 1 were identified doing the esterification of tannins for rigid foams [27].

3.2 Initials Observations
The initial observation for the two series of foams is shown in Tables 2 and 3.

In all the modified foams, flexible and rigid ones, the lengths of time taken for water absorption and
wettability have increased, indicating that water repellency is much improved when a percentage of the

Figure 1: Comparison of FTIR spectra of mimosa tannin, lauric acid, and fatty acid-grafted tannin using
lauroyl chloride
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tannin is esterified with a fatty acid. The density increases slightly with the addition of glycerol. The
induction time increases with the addition of glycerol because as the addition of the glycerol has reduced
the temperature, the induction time for completing the foaming has increased and the flexible foams are
smaller than the rigid foams. This could be attributed to the diminution of temperature and energy of
foaming.

In the two series of foam, the modified foam with oleyl-grafted tannin shows a cell structure slightly
different from the other modified foams but the glycerol addition has markedly increased this difference
and the water repellency of the flexible foam. The foam modified with an oleyl-grafted tannin showed the

Figure 2: Schematic visualization of the esterification of a commercial condensed tannin extract

Table 2: The initials observation for the modified rigid foams

Formulation STD.R C12-R C16-R C18-R

Induction time (s) 10 24 21 28

Density (g/cm3) 0.09 0.093 0.11 0.13

Water absorption (min) 1 120 120–180 110

Table 3: The initials observation for the modified flexible foams

Formulation STD.F C12-F C16-F C18-F

Induction time (s) 48 50 56 52

Density (g/cm3) 0.10 0.11 0.12 0.14

Water absorption (min) 5 180 150–180 150
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smaller size cells than the rigid-modified foam grafted with the same fatty acid. Elastic foams appear visually
less brittle than rigid foams.

The unmodified foam STD without glycerol is very brittle and the temperature of the reaction did not
allow it to complete the procedure of foaming correctly, but the addition of glycerol made it less fragile.
Another point important in this work is the quantity of acetaldehyde as a cross-linker agent. The classic
formulation to prepare tannin furanic foams with formaldehyde indicated 3.7 g of acetaldehyde for 15 g
of tannin but this proportion crushed the structure of the cell and a part of the foam was useless and
destroyed. For this reason, the quantity of acetaldehyde was decreed to 2.5–3 g for 15 g of tannin.

3.3 Scanning Electron Microscopy (SEM) Analysis
The microstructure and micromorphology of the various foams were observed by SEM. The foam

specimens SEM images include unmodified foams (STD.R and STD.F, Fig. 3), modified rigid foams with
fatty acid-grafted tannin (C12-R. C16-R, C18-R), and flexibly modified foam (C12-F, C16-F, C18-F). All
these were compared.

The comparison between the unmodified foams (STD.R and STD.F) shows the change in the size and
form of the structure of the cell in the foam with glycerol. The cells of foams with a high proportion of
glycerol are stronger than the foam without or with a small proportion of glycerol. In the foam STD-R
which contains 1.5 g of glycerol, the holes are bigger and the wall structure of the cells seems weaker
than the cells in the STD-F which contains more quantity of glycerol.

The cells in the unmodified foam with the glycerol are the same or slightly bigger than the foam STD.R
but the cells are closer. Both foams were fragile and brittle but they have shown a result different in reaction
with oil-grafted tannins.

In the second step, the water-repellant foams including rigid and semi-flexible ones were compared and
the results are presented in Fig. 4. The foams containing glycerol appear to have cells slightly bigger than the
rigid foams. But the cells have a somewhat closer structure (Fig. 4).

3.4 Compression Resistance and Module Elasticity
The test of compression has been carried out to observe the flexibility comportment of flexible foams

and to have a comparison between the rigid and flexible foams.

Figure 3: Comparison between unmodified foams without (STSD.R) and with glycerol (STD.F)
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C12-R C12-F

C16-R C16-F

C18-R C18-F

Figure 4: Comparison between rigid (C12,16,18-R) and flexible (C12,16,18-F) fatty acid-grafted tannin
foams. (C12-R): Rigid lauric acid-grafted foam; (C12-F): flexible lauric acid-grafted foam. (C12-R):
Rigid palmitic acid-grafted foam; (C12-F): flexible palmitic acid-grafted foam. (C12-R): rigid oleic acid-
grafted foam; (C12-F): flexible oleic acid-grafted foam
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Two methods have been used that include rupture and multicycling under certain strains.

All the foam were cut into 30 mm � 30 mm � 20 mm samples to observe the resistance against an
applied force up to rupture. For this the foams were subjected to a 2KN force applied perpendicular to
the 30 mm � 20 mm face at a displacement rate of 2 mm/min.

The elastic behavior of the foams was evaluated in the direction perpendicular using (Instron 4301,
Elancourt, France) subjected to a 1 KN for each foam. 3 samples of 30 mm � 30 mm � 20 mm were
subjected to 10 cycles of compression at strains of 10%, 20% and 40%. The Modulus of Elasticity was
calculated on the basis of the relation between stress and strain value at the yield point using the
following formula:

E ¼ s=e

where: E = Modulus of Elasticity (Pa or MPa) and (σ) = stress (force per unit area, typically in N/m² or MPa);
ε = strain (change in length per unit length, typically expressed as a decimal or a percentage). In the first step,
the average strength of the rigid and flexible foams has been calculated (Figs. 5 and 6).

Figure 5: The average compression strength of the rigid unmodified and oil-grafted foams with the three
different fatty acid chains

Figure 6: The average compression strength of the modified and flexible oil-grafted foams with the three
different fatty acid chains
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The comparison between the two classes of foams that include rigid and semi-flexible showed that the
unmodified rigid foam using acetaldehyde has a nature more flexible than a rigid foam using formaldehyde.
To have a standard value to compare the rigidity, an unmodified foam using formaldehyde has been prepared
(STD-R-formaldehyde).

It must be noted that for both the rigid and the flexible foams there is some correlation between foam
density and the foam resistance to compression. This correlation is not linear as the number of carbon
atoms of the grafted ester increases, the density increases almost linearly while the resistance to
compression increases much more sharply. This is evident from both Figs. 5 and 6. While the differences
in density for the rigid foams grafted with the three fatty acids in Fig. 5 possibly contribute to somewhat
partially justify the resistance to compression, this is not the case in Fig. 6 for the case of the flexible
foam. Such an effect is particularly evident in Fig. 6 for the flexible foams where the differences in
density of the three fatty acids grafted foams are really non-significant. It indicates that for both rigid and
flexible foams, but particularly for the flexible foams, the length of the fatty acid chain contributes to the
compression strength imparted to a tannin-furanic foam. The question is then, why the longer the fatty
acid chain esterifying the tannin, the higher is the contribution of its length to the foam compression
resistance? Firstly, what can possibly be advanced is that over the tannin-furanic covalent network formed
in the foam is superposed also a strength contribution by a physical entanglement network due to the
long chains of the fatty acid esters present. Second, the carbohydrate oligomer chains, linked or not to the
tannin, that in general do not contribute to the strength of a tannin-furanic foam, being now partly
esterified also contribute to the physical entanglement network formed and thus to the increase in strength.

The compression curve always shows an elastic failure with three regions, namely elastic deformation or
linear elasticity, plateau, and densification (Fig. 7). However, the tensile stress-strain curve of a standard
formaldehyde cross-linked tannin-furanic foam showed a fragile break [10]. Crack formation is always
the result of an effect of the concentration of stress. This damages the material in either tension or
compression. Tension, nonetheless, causes a far more rapid crack propagation causing tannin-furanic
foams to be brittle in tension and elastic while being compressed. The first step can give information like
stress, strain, and MOE at the yield point or the elastic region. The calculation and compression of the
MOE and at the yield point make a difference between the rigidity of the foams. The foam with a smaller
MOE is more elastic or flexible. The results of compression analysis for the rigid and flexible sample’s
weight/volume ratios are shown in Tables 4 and 5.

As is shown in Table 4 and Fig. 8, the MOE of rigid foams using a hardener like formaldehyde is bigger
than the foams using acetaldehyde. Indeed, the unmodified foam using acetaldehyde has neither a good
structural composition nor mechanical resistance but by just substituting 8.33% of tannin with

Figure 7: Schematic figure to explain the elasticity calculation
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fatty-acid-grafted tannin, it is possible to obtain a foam with high water-repellent character and improvement
of its cellular structure thus also improving its mechanical resistance.

As is shown in Fig. 8, the oil-grafted foams with the three different fatty acid chains have influenced the
increase of the MOE. Such a difference is even clearly noticeable to the eye.

In the second part of the project with the substitution of tannin with 8.3% fatty acid-grafted tannin and
the addition of glycerol, a grafted foam with high water repellency and less rigidity has been obtained. This
foam is indeed flexible and can stand up the pressure more than a rigid foam. This foam is flexible and did not

Table 4: The results of the compression test at maximum and yield point for the rigid foams

Sample Load
maximum
(KN)

Displacement
maximum
(mm)

Stress
maximum
(MPa)

Strain at
maximum
(%)

Load at
yield
(KN)

Displacement
at yield (mm)

Stress
yield
(MPa)

Strain
yield

Module
elasticity at
yield (MPa)

STD-R-
formaldehyde

0.45 14 0.38 55 0.19 1.63 0.21 8.28 0.026

STD-R-
acetaldehyde

0.38 17 0.15 85 0.09 3.51 0.17 15.8 0.010

C12-R 0.51 16.7 0.56 66 0.18 2.48 0.21 13.25 0.015

C16-R 0.74 16.6 0.83 83 0.32 2.58 0.36 14.35 0.024

C18-R 0.815 15.5 0.905 77 0.40 1.97 0.44 13.26 0.033

Table 5: Results of the compression test at maximum and yield point for the semi-flexible foams

Sample Load
maximum
(KN)

Displacement
maximum
(mm)

Stress
maximum
(MPa)

Strain at
maximum (%)

Load at
yield (KN)

Displacement
at yield (mm)

Stress
yield
(MPa)

Strain
yield

Module
elasticity at
yield (MPa)

STD-F 0.16 15 0.18 77 0.096 2.73 0.11 18.20 0.0060

C12-F 0.049 15.83 0.054 79 0.021 2.12 0.024 8.11 0.0029

C16-F 0.080 15.1 0.089 84 0.036 2.024 0.040 6.86 0.0058

C18-F 0.12 12.52 0.318 62 0.058 1.67 0.064 5.39 0.011

Figure 8: Comparison between load at the yield point and MOE for unmodified and rigid oil-grafted foams
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crush as rigid foam under the pressure of compression, recovering its shape during the cyclic test (Table 5).
Its elasticity is thus proven by the calculation the of MOE yield.

As is shown in Table 5 and Fig. 9, the MOE of the tannin foams to which fatty acids-grafted tannin,
especially with lauric and palmitic acids is very low, in line with their increase in elasticity.

The other point of interest is the decrease of elasticity with the length of the fatty acid chain. The
character of the tannin foams with added fatty acid-grafted tannin with oleic acid is near to that of a rigid
foam (0.011 MPa) as the MOE of an unmodified rigid foam (0.010 MPa) is even lower than that of a
rigid foam modified with same fatty acid (0.033 MPa). The reasons for such behavior have been ascribed
to the contribution of the superposed physical entanglement network formed by the fatty acid chains
linked to both the phenolic part of the tannin extract and on the hemicelluloses oligomer fragments in it.

In Fig. 9, a comparison between unmodified, rigid, and flexible foams is shown. Actually, the semi-
flexible foam rather than the rigid foam did not show a real yield or brittle point, and after several cycles
of compression or a complete compression cycle, the foam keeps its shape and can return at 70% of its
initial weight and dimension. A comparison between three fatty acid-grafted foams (rigid and flexible)
has been registered and shown to prove the increase in rigidity with an increase in the length of the fatty
acid chain used (Figs. 10 and 11).

Since the strain yield point in the rigid foams was observed to be around 10%–15%, and less than 10%
for the semi-flexible foams, compression and, stress-strain cycles were studied at 10%, 20%, and, 40% strain
to compare the effect of pressure on flexibility.

Figure 9: Comparison between load at the yield point and MOE for unmodified and flexible fatty acids
grafted foams

Figure 10: Compression results of unmodified and rigid oil-grafted foams with three chains of fatty acid
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In the first step, the rigid foams like unmodified foam with or without glycerol (Fig. 12) and rigid fatty
acid-grafted foams were studied and the role of glycerol in increasing flexibility has been shown (Figs.
13–15). Afterwards, cyclic compression tests were carried out to observe the behavior of the flexible foams.

The comparison between two rigid unmodified foams shows the increase in flexibility in the unmodified
foam with glycerol, although this flexibility is even more remarkable in the semi-flexible oil-grafted foams.
Glycerol is a so-called external plasticizer, in principle a plasticizer that does not react covalently with the
covalent polymer network forming the foam cell walls. It interposes itself in the interspaces between
polymer chains blocking or interrupting some of the covalent bonds and physical entanglements possible
in the network during its forming stage. The fact that also some physical entanglement knots of the fatty
acid chains can be prevented by the presence of glycerol can explain the improved flexibility of the
esterified tannin extracts foams (Fig. 13). From Fig. 13, it is clear that the polymer network structure is

Figure 11: Comparison between flexible fatty acid-grafted foams with three different fatty acid chains

Figure 12: Cyclic compression tests for the unmodified rigid foam (STD-R) without plasticizer and with
glycerol plasticizer (STD-F)

Rigid Foam Flexible foam

Glycerol

Figure 13: Schematic differences at the level of the polymer network between rigid and flexible foams
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more open due to the insertion of glycerol. This more open polymer network also contributes to the acquired
flexibility of the foam.

The compression results of three oil-grafted foams were compared. The flexibility appears to decrease as
a function of the increase in the fatty acid chain length. Thus, the foams with added oleic acid-grafted tannin
(C18) showed lower flexibility compared to modified foams with lauric or palmitic acid. This only means that
the oleic acid-based foam is still flexible but at a higher range of compression strength. It is in line with the
higher compression strength observed, the longer is the chain of fatty acid esterifying the tannin extract.

In the present work, the behavior of foams with added flexible lauric acid-grafted tannin has been
studied. As a control the compression of a rigid foam with added lauric acid-grafted tannin has also been
studied.

The compression test was carried out at 10%, 20%, and 40% strain (Figs. 12, 14 and 15).

As the flexible foam with the added fatty acid-grafted tannin with chains of C12 and C16 showed, the
cyclic compression results for the foam added of the lauric acid-grafted tannin is the one shown in this report
(Figs. 12, 14, and 15).

The oil-grafted foam with oleyl-grafted tannin has shown results different from the other flexible foams.
The cyclic compression result in these foams even containing the plasticizer indicated an almost rigid
behavior (Fig. 16).

Figure 14: 10 cycles strain-stress curves of rigid foams added with lauric acid -grafted tannin at 10%, 20%
and 40% strain
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3.5 Contact Angle Measurement
The comparison of foam water repellence has been made by the sessile drop test method by measuring

the difference in contact angle of three tannin foams modified by adding tannin grafted with fatty acids of
three different chain lengths. The rigid foams added of lauric acid-grafted tannin and palmitic acid grafted
tannin showed an initial water contact angle of 120°, stabilizing then after 180 s to around 110°. The
rigid foams added of oleic acid-grafted tannin also showed a water contact angle of 120° but this
decreased nearer to 100° in 180 s. This might be due to the larger cell size compared to the other foams.
Nonetheless, all three rigid foams added fatty acid-grafted tannin show both a much improved water
repellency, water contact angle, and better contact angle stability than the rigid unmodified foam control
(Fig. 17). This effect is due to two contributions, first by the water repellence imparted by the presence of
the linked fatty acids and second by the decrease in hydrophilicity of the carbohydrate oligomers in the
tannin extract as these too have been esterified with the fatty acid chains. The rigid unmodified foam
shows an initial water contact angle of 52° decreasing rapidly down to around 10° after 180 s without
appearing to stabilize.

The water contact angle measures for the flexible foams are shown in Fig. 18. The results showed an
initial water contact angle of 120° decreasing down to 105° and stabilizing. The flexible foam in which
glycerol was added but that was not added of any fatty acid-grafted tannin, namely STD-F, presented a
much lower water repellency presenting an initial water contact angle of 79° decreasing in 180 s down to
50° without apparently stabilizing. Both the results of the rigid and flexible foams indicate that is the
addition of the tannin grafted of the fatty acid chains that is the reason for the water repellence of both
these types of tannin-based foams, the glycerol contributing only the flexibility of the foams to which it
has been added.

Figure 15: 10 Cycles strain-stress curves of flexible foams with added lauric acid-grafted tannin at strains of
10%, 20% and 40%

JRM, 2023, vol.11, no.10 3639



3.6 Thermogravimetric Analysis (TGA)
TGAwas used to determine the cured resins’ thermal stability. The corresponding first derivate (DTG)

and the TGA traces are shown in Figs. 19–21. Thermal degradation seems to occur in a number of phases as
indicated in Fig. 19 by DTG curves of the rigid foams. Thus, in the 50°C–125°C, 175°C–250°C, and two
zones between 280°C–550°C. The lower temperature phase weight loss is indicative of the water residues
evaporating as well as some smaller impurities degrading [17,34]. The next phase indicates that some sort
of degrading occurs in the links of tannin and fatty acids in the foam. The progressive degrading of the
materials network formed occurs in the series of degradation phases in the 280°C and 550°C temperature
range, both first the complete degradation of the linkages between tannin and furanic oligomers and

Figure 17: Comparison between rigid standard foam and rigid foams added of fatty acid-grafted tannin
different chain lengths

Figure 16: 10 cycles strain stress curves of flexible foams with added oleic acid-grafted tannin at strains of
10%, 20% and 40%
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finally, at the higher temperature, the tannin itself degrading. As condensed tannins are degraded at higher
temperatures they are in general employed to improve adhesives and resins resistance to higher
temperature. Bonds which are more stable, such as C-C and C-O, cleave in such a range of temperatures
[17,34]. The DTG of the 4 foams with different fatty acids–grafted tannins added are very similar
whatever the length of the fatty acid chain used.

The behavior of the flexible foams with added different fatty acid-grafted chains (Fig. 20) also presents
5 zones of degradation. The first one is as for the rigid foams in the 50°C–125°C range, the reason for it being
the same as for the rigid foams in Fig. 19. What changes mainly are the length of the second degradation
stage that is markedly shorter, in the 125°C–230°C range (Fig. 20), with the first slope between 125°C
and 150°C much shorter than the start of the degradation of the linkage between tannin and furanic
oligomers observed for the rigid foams. The 125°C–150°C range corresponds to the start of the
degradation of some tannin-fatty esters linkages, with the second portion namely the 150°C–230°C range
corresponding to the degradation of the glycerol plasticizer present in the flexible foams. The fact that
this zone peaks at 175°C which is the temperature of degradation of glycerol in the presence of oxygen
[35] clearly indicates that this zone is the one representing the degradation of the glycerol in the flexible
phones, explaining the absence of this peak in the rigid foams. In the 150°C–230°C stage degradation of

Figure 18: Comparison between standard flexible foam and flexible foams added fatty acid-grafted tannin
of different chain lengths

Figure 19: Comparison of TGA and DTG weight curves as a function of time, between an unmodified rigid
foam (STD-R) and rigid foams added of fatty acids-grafted tannin with fatty acid chains of three different
kinds
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the linkages of the fatty acids and between the tannin and the fatty acids portion of the foam still occurs, as
shown by the slope in the rigid foams DTGA traces, and also exists in the flexible foams where it is masked
by the more marked event of glycerol degradation. This stage is thus shifted to a slightly lower temperature
range than for the rigid foams probably due to the influence of the presence of glycerol in the flexible foams.
In this range of temperature, the standard flexible foam without fatty acids-modified tannin degrades
relatively less than the ones modified with fatty-acid-esterified tannin added. This is an indication that the
combination of glycerol and fatty acid-modified tannin accounts for a more evident degradation, with the
C16 case appearing to be slightly more sensitive than the C12 and C18 cases (Fig. 20). The higher
temperature stages appear to be similar to what observed for the rigid foams, for the same type of
degradation.

The very different behavior in this temperature range between rigid and flexible foams is very much put
into evidence in Fig. 21, where rigid and flexible lauric acid esterified foams are directly compared.

Figure 20: Comparison of TGA and DTG curves weight curves as a function of time, between an
unmodified flexible foam (STD-F) and rigid foams added of fatty acids-grafted tannin with fatty acid
chains of three different kinds

Figure 21: Comparison of TGA and DTG between unmodified foams (STD-R, STD-F) and rigid (C12-R)
and flexible (C12-F) lauric grafted-tannin foam
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4 Conclusions

The flexible tannin-furanic biofoams developed by the addition of a small proportion of one or other type
of three fatty acids-grafted tannins of chain length, of respectively C12, C16, and C18 carbons, and glycerol
have shown to be water repellent as their equivalent rigid foams without the glycerol plasticizer. It is the
glycerol that imparted the flexible character to the structure of the tannin-furanic foam but the small
proportions of fatty-acid grafted tannins added yielded their water repellency. The use of acetaldehyde as
a cross-linker rather than formaldehyde yielded an improved mechanical performance when the fatty
acid-grafted tannins were added. The flexibility was determined by the decrease of the MOE of these
foams under a 10 cycles compression test. Lauryl- and palmitoyl-esterified bio foams encourage similar
mechanical properties. The oleyl-esterified bio foam instead showed a different compression behavior and
morphology showing rigidity characteristics almost similar to rigid foam, and thus of much-decreased
flexibility. The flexible foams appeared by SEM to present a somewhat lower proportion of holed cells
with a smaller cell size than the rigid foams, and good instant as well as a function of time water
repellency. Both types of foams presented much lower surface friability than non-esterified rigid foams.
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