~] \UFLN

UNIVERSIDADE FEDERAL DE LAVRAS

DENISSE CONCEPCION VEGA VILLARRUEL

TANNIN-BASED PHENOLIC FOAMS OF Anadenanthera
peregrina: SYNTHESIS AND CHARACTERIZATION

LAVRAS - MG
2023



DENISSE CONCEPCION VEGA VILLARRUEL

TANNIN-BASED PHENOLIC FOAMS OF Anadenanthera peregrina: SYNTHESIS
AND CHARACTERIZATION

Dissertacdo apresentada a Universidade
Federal de Lavras, como parte das exigéncias
do Programa de Pés-Graduacdoem Engenharia
de Biomateriais, area de concentracdo
Engenharia de Biomateriais, para obtencdo do
titulo de Mestre.

Prof. Dr. Fabio Akira Mori

Orientador

LAVRAS - MG
2023



Ficha catalografica elaborada pelo Sistema de Geracéo de Ficha Catalografica da Biblioteca
Universitaria da UFLA, com dados informados pelo(a) préprio(a) autor(a).

Villarruel, Denisse Concepcion Vega.

Tannin-based phenolic foams of Anadenanthera peregrina:
synthesis and characterization / Denisse Concepcion Vega
Villarruel. - 2023.

54 p.: il

Orientador(a): Fabio Akira Mori.

Dissertagdo (mestrado académico) - Universidade Federal de
Lavras, 2023.

Bibliografia.

1. Tannins. 2. bio-phenolic foams. 3. insulating materials. I.
Mori, Fabio Akira. Il. Titulo.




DENISSE CONCEPCION VEGA VILLARRUEL

TANNIN-BASED PHENOLIC FOAMS OF Anadenanthera peregrina: SYNTHESIS
AND CHARACTERIZATION

BIOESPUMAS FENOLIg:AS A BASE DE TANINO DE Anadenanthera peregrina:
SINTESE E CARACTERIZACAO

Dissertacdo apresentada & Universidade
Federal de Lavras, como parte das exigéncias
do Programa de P6s-Graduagdoem Engen ria
de Biomateriais, &area de concentiggao
Engenharia de Biomateriais, para obtencéo do
titulo de Mestre.

APROVADA em 13 de julho de 2023.

Dr. José Benedito Guimaraes Junior UFLA
MsC. Lorena Imelda Jaramillo Bolafios EPN

Prof. Dr. Fabio Akira Mori

Orientador

LAVRAS - MG
2023



AGRADECIMENTOS

Agradeco aos meus pais Germéan e Gladys pelo apoio incondicional sem eles nada de isso seria
possivel. A meu irmdo, José, e minhas tias Cecilia e Fabiola que sempre estdo presentes em
cada conguista na minha vida.

Ao meu orientador, Prof. Dr. Fabio Akira Mori e colegas de laboratorio pela guia e
ensino além do companheirismo e boa vontade de ajudar ao longo deste processo.

Ao programa de pds-graduacdo em Engenharia de Biomateriais.

A Coordenacio de Aperfeicoamento de Pessoal do Nivel Superior (CAPES), pelo apoio

financeiro.

Muito obrigada!



RESUMO

As espumas a base de taninos sdo materiais porosos leves de origem natural, obtiDAS
pela policondensacéo de taninos e alcool furfurilico. Apresentam excelentes propriedades de
resisténcia ao fogo e isolamento térmico comparaveis as espumas de fenol-formaldeido
inflamaveis e ndo ecoldgicas; no entanto, sua fragilidade e resisténcia mecanica relativamente
baixa desafiam ainda mais essas caracteristicas. Neste estudo, quatro tipos de espumas a base
de taninos (ST, TT, TB e TTB) foram preparados sem formaldeido, usando taninos de
Anadenanthera peregrina (ST) e a incorporacéo de polissorbato80 como surfactante (TT), fibras
de bambu como reforco (TB) e a combinacéo de ambos (TTB). Os valores médios dos taninos
extraidos do indice de Stiasny e do teor de taninos condensados foram 72,41 % e 12,81 %,
respectivamente. Além disso, a morfologia e as propriedades fisico-mecénicas DAS espumas
resultantes foram avaliaDAS por densidade, porosidade, compressdo mecanica, absorgéo de
agua, resisténcia ao fogo, microscopia eletrénica de varredura (MEV), espectroscopia de
infravermelho (FTIR) e Termogravimetria (TGA). De essa forma, a adicdo de fibras de bambu
e polissorbato80 nas formulagdes teve um impacto minimo na densidade da espuma em torno
de 1,383 + 0,05 g-cm™3, e uma porosidade média de 87 %; enquanto isso, sua resisténcia a
compressdo melhorou ligeiramente (0,12 - 0,19 Mpa). Por fim, as espumas produziDAS
apresentaram comportamento autoextinguivel, e os resultados de TGA mostraram estabilidade
térmica semelhante as espumas, aumentando a temperatura de inicio da degradacdo e ainda

apresentando matéria residual em torno 800°C.

Palavras-chaves: Tanino. Anadenanthera peregrina. Espumas biofendlicas. Ignifugos.

Materiais de isolamento.



ABSTRACT

Tannin-based foams are lightweight porous materials of natural origin, obtained by
polycondensation of tannins and furfuryl alcohol. They have excellent fire-resistant and thermal
insulation properties comparable with phenol-formaldehyde flammable non-environmental
friendly foams; however, their brittleness and relatively low mechanical resistance challenge
further improve these characteristics. In this study, four types of tannin-based foams (ST, TT,
TB, and TTB) were prepared without formaldehyde, by using Anadenanthera peregrina tannins
(ST) and the incorporation of polysorbate 80 as a surfactant (TT), bamboo fibers as filler
reinforcement (TB), and the combination of both (TTB). The extracted tannins’ average values
of Stiasny’s index and condensed tannin content were 72,41 %, and 12,81 % respectively.
Besides, the resulting foams’ morphology and physical-mechanical properties were evaluated
by density, porosity, mechanical compression, water absorption, fire resistance, scanning
electron microscopy (SEM), Infrared Spectroscopy (FTIR) and Thermogravimetry (TGA).
Thus, the addition of bamboo fibers and polysorbate 80 to the formulations had a minimal
impact on the foam density around 1,383 + 0,05 g-cm™3, and an average porosity of 87 %;
meanwhile, their compressive strength slightly improved (0,12 - 0,19 MPa). Finally, the foams
produced showed self-extinguishing behavior, and TGA results showed similar thermal
stability of the foams, increasing the degradation onset temperature and still presenting residual

matter around 800 °C.

Keywords: Tannin. Anadenanthera peregrina. Bio-phenolic foams. Fireproofing. Insulation

materials.
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1. INTRODUCTION

In recent decades, there has been a continuous move towards the substitution of synthetic
materials in the industry by natural products obtained from vegetal sources. After cellulose,
hemicellulose, and lignin, tannins are the most abundant compounds found in nature, and
recently they have attracted significant attention as a green feedstock for new materials due to
their biological activity and technological uses in several fields (BORRERO-LOPEZ et al.,
2022).

Tannins are secondary polymeric compounds produced by plants; they are found
distributed, in stems, seeds, roots, buds, leaves and mainly in the bark of plant logs. The bark
constitutes the external tissues surrounding trees, mainly treated as a disposable sub-product
from wood processing. Currently, the majority of the bark generated in the industry represents
a cheap energy source used for incineration and landfill purposes. On the other hand, recent
research on their structural and chemical characterization has proven to contain high fractions
of extractives, that can be employed as a renewable source of compounds, like tannins, that
stand out due to their presence in greater quantities and biological activity as a potential
substitute of synthetic phenols in a variety of applications (FENGet al., 2013; CHEN et al.,
2021).

In this context, Brazil as a strong wood producer possesses 12 % of the world's total forest
cover, corresponding to 58.5 % of the territory, that is distributed in native forests around 487.4
million ha (98 %) and 9.9 million ha (2 %) of commercial plantations. The last, intended for
the pulp and paper industry, and processed wood products, from these activities it is estimated
that 10 to 20 % of the total volume used is disposable bark, not fully employed, that can have
long-lasting effects on the environment and actually be a potential source of natural compounds
and reduce the dependence on petroleum products, valorizing the waste generated in the
industry (IBA, 2022; SNIF, 2022; HILLING et al., 2009).

Among the forest species explored in the country for tannin exploitation, black wattle
(Acacia mearnsii), and pine (Pinus pinaster) have been widely studied and commercially
produced. Thus, it is important to look for supplementary forest species that can provide good
quality tannins, along with, high reactivity and sustainability. As it is known, the tree of
Adenanthera peregrina possesses a large amount of tannins, typically used in the leather and
dyeing industries, as well as, in popular medicine (MARTINS, et al., 2020) Red angico as

commonly known in the country, belongs to the Leguminosae family, and is found in the
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Cerrado territory; has high-density, resistant wood used for flooring and building construction,
besides the bark, is considered a natural source of phenolic compounds, especially for tannins

extraction which further promotes the use of non-wood products (MOTA et al., 2017).

From the numerous applications of tannins, in the last few years, tannin-based phenolic
foams have been intensively investigated as an alternative to synthetic foams used as insulating
materials in the construction, transportation, and packaging industry. Phenolic foams are often
produced with formaldehyde that has been classified as non-environmentally friendly and
carcinogenic to humans (VARILA et al., 2019; SARIKA et al., 2021; LIU et al., 2022). Despite
their good thermal insulation properties, low density and low thermal conductivity, these fossil-
based foams are highly flammable and can release toxic gases during combustion which
negatively associate them to fire hazards and the need to switch toward bio-based products
(CHEN et al., 2021; SARIKA et al., 2021).

In this context, looking to produce environmental friendly insulating materials,
formaldehyde-free tannin foams are being considered due to their similar phenolic structure to
replace synthetic phenols and excellent characteristics such as lightweight, high fire resistance,
and self-extinguishing character (DELGADO-SANCHEZ et al., 2018). Recent bio-based
phenolic foams research has focused on improving the mechanical properties of the foams while
simultaneously preserving or boosting their thermal performance and fire resistance (MOUGEL
etal., 2019).

Given the above, the present work aims to verify the quality and behavior of the
Adenanthera peregrina tannins in the production of phenolic foams without formaldehyde. As
well as, to evaluate the influence of incorporating an additive, and a reinforcement, on the

physical, mechanical, and thermal properties of different foam formulations.
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2. LITERATURE REVIEW

2.1 Tannins

Tannins are natural bioactive compounds ample found in nature, lately researches on
tannin’s biological activity and industrial uses have revealed their potential as green raw
material for several fields, gaping in recent decades continuous move towards the replacement
of synthetic materials used in the industry by natural products (BACELO et al., 2016; DE
HOYOS-MARTINEZ ET AL., 2019). Defined as polyphenolic secondary metabolites of
plants, tannins are distributed almost in all parts of the plant mainly in bark, stems, seeds, roots,
buds, leaves, and fruits (ARBENZ & AVEROUS, 2015; DAS et al., 2020;
SHIRMOHAMMADLLI et al., 2018). Generally, tannins possess high molecular weights
between 500 and 20,000 Da, and a heterogeneous chemical structure, about 12 to 16 phenolic
groups and 5 to 7 aromatic rings. They also present hydroxyl groups, with hydrophilic and
aqueous solubility properties that represent them; due to their phenolic nature they are able to
bind and form complexes with proteins, carbohydrates, or alkaloids and act as trap of ions and
radicals scavengers (ARBENZ & AVEROUS, 2015; FRAGA-CORRAL et al., 2021).

Produced as a result of stress, this metabolites perform as defensive agents of plants,
protecting them from organisms such as fungi, pathogens, insects and herbivorous animals,
moreover, they confer photoprotection against UV rays, free radicals and protection from severe
environmental conditions, as dryness (DAS et al., 2020; FRAGA-CORRAL et al., 2021).
Tannin’s abundance and occurrence depend on several aspects such as the plant species and
parts considered. Its content varies even within the same species between different parts of the
plant, for instance, their content might vary with seasonal and environmental factors like water
availability, temperature, light intensity, and soil quality (FRAGA-CORRAL et al., 2021;
SHIRMOHAMMADLLI et al., 2018).

Typical botanicals sources of tannins (Table 1.) are black mimosa bark (Acacia
mearnsii), quebracho wood (Schinopsis batansae), oak bark (Quercus spp.), sweet chestnut
(Castanea sativa), Pine (Pinus radiata) trees, among others, they are also available in
foodstuffs, biomass, like, tea, grape, pomegranate, pecans, or tara (PALAGRIO et al, 2021;
BACELO et al., 2016).
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Table 1. Tannin content of some vegetable materials.

Plant Material %
Quebracho wood 20-30
Wattle (acacia bark) 15-50
Black oak 8-12
Pinus pinaster bark 22.5
Eucalyptus bark 16 — 40
Mangrove bark 15-42

Note: Adapted from Bacelo et al. (2016).

Broadly, tannins are categorized into two main groups, hydrolysable and condensed
tannins, according to their chemical characteristic and structural properties as presented in the
figure; the classification incudes complex tannins, of high molecular weight, created as a result
of the bonding between flavan-3-ols units with gallotannins, or ellagitannins and
phlorotannins, an exclusive class of tannins found in the brown marine algae species of the
Phaeophycean class (ARBENZ & AVEROUS, 2015; SHIRMOHAMMADLI et al., 2018).

Tannin structural classification is presented in Figure 1.

Figure 1. Tannins structural classification.
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2.1.1. Hydrolysable tannins

Hydrolysable tannins (HTs), are mixtures of simple phenols that can be hydrolyzed by
weak acids or bases, they are formed by esters of phenolic acids (Figure 2.), either ellagic acid
(EA) or gallic acid (GA), and a polyol mainly glucose (FRAGA-CORRAL et al., 2021; BULE
etal., 2020). HTs can be largely found in fruits, berries, legumes, and different tree species, like
chestnut, red oak, and others. (ARBENZ & AVEROUS, 2015). They present antimicrobial,
antiviral, anti-inflammatory and antioxidant properties, commonly used as food additives and
preservatives, moreover their astringency characteristic has increased their importance in the
production of drugs (BULE et al., 2020).

Figure 2. Hydrolysable tannins molecules.

O, _OH
HO OH
HO OH -
OH
Gialic acid Ellagic acid
BAW: 170,12 g'med MW 202197 pimal

Note: Adapted from Shirmohammadli et al. (2018).

2.1.2. Condensed tannins

Condensed tannins (CTs) are polymeric flavonoids (flavan 3-ol or flavan 3, 4-diol),
composed of two phenolic rings (A and B) having different reactivities, the A ring is formed
by phloroglucinol or resorcinol, and the B ring from catechol or pyrogallol, without a sugar
core (FRAGA-CORRAL et al., 2021; SHIRMOHAMMADLI et al., 2018) illustrated in
Figure 3.

The flavonoids from condensed tannins are mostly derived from flavan-3-ol and flavan-
3,4-diol and the type of bonding between the units depends on the nucleophilic nature of the
rings (Figure3.). A-rings are known to be more reactive than the B-rings due to the position of
the OH group on the rings, which difference their reactivity, the type A-ring present high
nucleophilicity on C6 and C8 positions characteristic of the resorcinol and C4—C8 positions are
relevant in the B-ring (ARBENZ & AVEROUS, 2015).
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Figure 3. Schematic representation of a) a catechin unit and b) a condensed tannin.

Note: Adapted from Arbenz & Avérous, (2015) and Bacelo et al. (2016).

CTs present high reactivity towards aldehydes and their complex interaction with
proteins, makes them more interesting in terms of economy and chemical usage for various
purposes. Mainly produced in Europe, America, Africa and Asia, condensed tannins constitute
more than 90 % of the total world production of commercial tannins from plant species like
wattle, quebracho, mangrove hemlock, and pine (ARBENZ & AVEROUS, 2015; FENG et al.,
2013). According to market intelligence database, in 2020 the global tannin market size was
estimated at 2.2 billion with a production is expanding rate of 6.7 %, basically focused in four
main applications: leather tanning, wood adhesives, wine manufacture, and in anticorrosive
coatings (DAS et al., 2020; PAGLIARO et al., 2021; GVR, 2023). In Brazil there are two major
companies, SETA and TANAC that produce tannins from Acacia species and some tannin
derivates, according to COMTRADE database for example, United States imports from Brazil
of tannin and derivatives, was around US$1,7 million during 20211, and China imported around
11 million in the same year as well, with an expected growth tendency in demand
(COMTRADE, 2022).



16

2.2. Extraction of Tannins

In general, tannins are extracted either by hot water or by using aqueous solvent
solutions from plant materials (DAS et al., 2020). Due to tannins heterogeneous nature, the
extraction process remnants as a main challenge for their valorization. The extraction is not
done by single practice, there are various methodologies and new technology available widely
variable, the most important factor to be considered in the method selection is the final use of
the tannins as well as, other parameters which influence on both quality and quantity of the
extracted materials like solvent type, time and temperature of extraction, solvent to solid ratio
and particle size of the sample (SHIRMOHAMMADLI et al., 2018).

Besides water there is a wide range of polar solvents used for the extraction like,
methanol, ethanol, acetone, aqueous solutions and newel ionic liquids (Table 2.). In terms of
the extraction time, an increment can provide a higher content of tannins, as the contact with
the sample increase however, longer times can lead to a compound degradation with low
extraction yields. As well as an elevate temperatures can increase the tannins yield despite too
high temperatures are not desirable for a possible denaturalization of tannins and solvent
evaporation. Considering the solid-liquid ratio, a decrease of this parameter provides higher
extraction yields, and a reduced particle size its preferred as it represents a greater contact area
between the solvent and the sample (BELLO et al., 2020; DAS et al., 2020;
SHIRMOHAMMADLI et al., 2018).

Table 2. The yield of tannin extraction from different species by various solvents.

EXtraction method Plant species Yield (%)
Pinus pinaster (bark) 6

Hot water

Alkaline solution

Water at 60 °C European larch (bark) 20.1

Norway spruce (bark) 18.2

Water + salt addition Pinus oocarpa (bark) ~39

Sulphite-water (12-15) Pine (bark) 12-25
Commercial tannin

Hot Water Minmosa bark 30-33

Quebracho (wood) 26-29

Pine (bark) 13-15

Note: Adapted form Shirmohammadli et al. (2018).

In the last years, new extraction methods have been developed and laboratory proven
for the development of the process from microwave, ultrasound, infrared assisted to novel

enzymes extraction, which can be translated into elevated tannin yield and reduced extraction
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times (BOURAS et al., 2015; CHEMAT et al., 2017; PATIL et al., 2021; WANG et al., 2017;
XUAN CUONG et al., 2020). In spite of the different methods available, hot water extraction
is still the most commonly used technique for the industrial tannin extraction, as well as in the
laboratory due to its simplicity and low cost (DAS et al., 2020; FRAGA-CORRAL et al., 2021,
KEMPPAINEN et al., 2014).

2.3. Plant Species

2.3.1. Anandenanthera peregrina (Red Angico)

A. peregrina plant belongs to the family Leguminosae and subfamily Mimosaceae. Is a
fast-growing species commonly named angico or red angico in Brazil, mainly found throughout
the Cerrado territory and in in the south region of the country practically in Tocantins, Goias,
Bahia, Minas Gerais, Rio de Janeiro, Sdo Paulo, Mato Grosso and Mato Grosso do Sul
(CARVALHO, 2003).

They are trees from 20 to 30 m in height, the stem from 60 to 110 cm in diameter,
covered by a dark bark with axillary spines or thorns, and its inner bark is reddish, possibly
associated with its high tannin content (IBF, 2020). It has bipinnate leaves, white flowers and
the fruit looks like a flattened follicle where the seeds of the tree are found.

Figure 4. a) Anadenanthera peregrina tree species, b) appearance of the trunk of the A.
peregrina, ¢) bark extracted from the A. peregrina tree.

¢)

Note: Author, (2022).

The A. peregrina wood is dense (0,85 to 1,10 g/cm?®), inelastic, and has great mechanical
strength as well as rotting, although its cuttings have been shown to be highly resistant to
xylophagous agents (CARVALHO, 2011). It is suitable for civil and naval construction, for

example in beams, doors, and window frames, furniture manufacturing up to turned parts. Its
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high lignin content makes it an important option in the production of energy in the form of
firewood as well as alcohol and coke (OLIVEIRA, et al., 2007; CARVALHO, 2011). Another
use of the species is for leather tanning, as it has tannins in the fruits and especially in the bark
(13% to 20%), and angico bark is one of the main non-wood products occurring in the Cerrado
(OLIVEIRA, et al., 2007; SARTORI, 2012; AFONSO, 2008).

Still, the bark is also used in home medicine for its hemostatic, astringent and pectoral
properties. And for forest recovery and environmental preservation projects because of its rapid
growth and easy adaptation, as a pioneer species (SEMIL, 2016; CARVALHO, 2011).

2.4. Tannins applications

Thus, the phenolic structure of tannins and versatile chemistry, they are suitable for
many different applications in numerous fields, largely used in the tanning industry,
transforming hides into leather with thermal stability and antimicrobial properties (PAGLIARO
et al, 2021). Followed by wood adhesives, that present comparable reactivity and crosslinking
to the phenol in formaldehyde systems; wine production, and anticorrosive primers (ZOU et
al., 2019). Tannins have also proven to be adequate to be used in several other advanced
applications (Table 3.), like for environmental purposes in water treatment plants, insulating
foams, mineral industry as adsorbents, wood composites and improvers as biocide and
fungicide, animal nutrition, food supplements, and in the pharmaceutical and medical industry
(DAS et al., 2020; ZOU et al., 2019)

Table 3. Condensed tannins sources and applications.

Application Properties Sources
Higher shrinkage

Leather processing temperature, resistance to

damage in leather industry
Better strength and

adhesive properties of Acacia, Pinus, Myrcia
wood composites, superior  eximia bark, Angico tree
water resistance properties

Quebracho, Acacia,
Wattle, Angico tree

Wood adhesive

Anticorrosive for Quebracho, black

Protection against corrosion

metal wattle, mangrove
High coagulation
Water and efficiency, methylene blue
Spruce, wattle
wastewater treatment and heavy metals
absorbents
Packaging Anti-oxidant, UV shielding Quebracho
Animal food Nutritional Red quebracho, black

wattle, chestnut
Note: Adaptated from Das et al., (2020).
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2.5. Tannin-based phenolic foam

Among the mentioned industrial utilizations of tannins, bio-based foams (Figure 5.),
have attracted significant attention on recent years, as an alternative to petroleum-based
insulation foams used in the industry. These lightweight porous materials are based on natural
origin compounds, and have proven to present excellent fire resistance and thermal insulation
properties (SEPPERER et al., 2021). The first record of a tannin-based foam formulation
appeared in 1994 from a work published by Meikleham and Pizzi, with comparable
characteristics to phenolic synthetic foams dominating the construction and transportation
industry (P1ZZ1, 2019; LACOSTE et al., 2015).

Figure 5. Tannin-based foams from different extracts: a) mimosa, b) quebracho and c)
chesnut.

Note: Adapted from Eckardt et al., (2023).

Bio-foams created from tannin bark extracts and furfuryl alcohol, allows the complete
or partial substitution of synthetic phenol, commonly resol-type phenolformaldehyde, with
condensed tannins due to their similar phenolic structure. These foams are obtained by the
incorporation of four main components, a catalyst, crosslinker, surfactant, and a foaming agent,
that leads to the evaporation of a low boiling point solvent and simultaneous hardening of the
polymer (SEPPERER et al., 2021). A typical tannin foam formulation is presented in Table 4.,
together with the components role in the preparation (FENG et al., 2013; MARIE et al., 2019).
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Table 4. Standard formulation of tannin-based foams.

Ingredients and roles in the formulation Mass
(9)
Mimosa tannin extract; base of the resin 30
Para-toluene sulphonic acid (pTSA, 65%); 11
catalyst
Furfuryl alcohol; co-reagent 10,5
Formaldehyde (37%); crosslinker 74
Water; solvent 6
Diethyl ether (DEE); blowing agent 3

Note: Adapted from Marie et al. (2019).

In general, the foam formation process includes three steps the mixing of the reagents,
the expansion stage and the aging. Varying the concentration and type of its components, as
well as, using biomass resources and other modifiers, reinforcements would determine the
properties of the resulting foam (LI et al., 2019; SEPPERER et al., 2021).

2.5.1 Type of components in foams

There are different types of components that takes part in the foam’s formulation, being
one of the principals the phenol. main component for the preparation of foams are phenols,
these aromatic compounds constitute the structural chain of the polymer, formed by hydroxyl
groups bonded to benzene ring possess three reactive sites. The similar structure of tannins with
the synthetic phenols make them suitable to replace the latter from the foam’s formulation. As
aresult, tannins can share three bonds for the polarization reaction, with aldehydes, especially
through the nucleophilic sites of their A ring, which produce the crosslinking and form
rigid foams (LACOSTE et al., 2014; TONDI et al., 2009).

Several studies have been carried out exploring different kinds of tannins for the
preparation of foams with comparable properties to the industrial ones, such as mimosa (Acacia
mernsii) (TONDI, 2017; ECKARDT et al., 2023), quebracho (Schinopsis lorentzii) (BASSO et
al., 2015; SANTIAGO-MEDINA et al., 2018) and pine (Pinus pinaster) (LACOSTE et al.,
2014; COP et al., 2015). Martinez de Yuso et al., (2014), studied quebracho foams and compare
their thermal and mechanical properties with those of mimosa and pine, showing very similar
behavior with mimosa foams, due to the identical structure and A-ring reactivity, therefore they
can be prepared following same formulations. In contrast, pine tannins possess different
flavonoid nature with higher reactivity resulting on different foams performance (LACOSTE
etal., 2014).
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According to Lacoste et al., (2014) pine bark tannins correspond to procyanidin type
structure, more reactive towards formaldehyde, than resorcinol A-ring type from mimosa and
quebracho, having a significant effect on the tannin reactivity and behavior. On the other hand,
Eckardt et al., (2023) found mimosa tannin foams to have slightly higher compression strength
and thermal conductivity compared to quebracho foams; besides stated that other properties
like density and foamability depended on the surfactant concentration and tannin type. Thus, it
is important to base on the requirement and application for the foam product in order to

determine the tannin type to be used.

Another common type of component is the crosslinker. Phenolic foams are typically
produced from petroleum-based materials, formaldehyde is the most common used crosslinker
in the foam’s formulations, due to its low price and availability, this chemical reacts with the
linear chain of tannin polymers and bond with several of its reactive sites forming a polymer
network (BORRERO-LOPEZ et al., 2022). Properties like density and dimensional stability
depends on the amount of the crosslinker used. Other types of aldehydes have also been
considered for the formaldehyde substitution due to its toxic and carcinogenic character
(VARILA etal., 2019; SARIKA et al., 2021; LIU et al., 2022). Thus hexamine, glyoxal, maleic
anhydride, and glutaraldehyde were analyzed by Tondi, (2017), showing promising
polymerization possibilities, especially hexamine as an efficient hardener for mimosa tannin
foams. Likewise, Lacoste et al. (2013), has used glyoxal and glutaraldehyde, in the formulation
of pine tannin foams with prominent results. And in recent years, some formulations without
using formaldehyde have been carried out following more environmental trends (BASSO et al.,
2011; LI et al., 2015). Liu et al., (2022) developed a bayberry tannin foam through the
polycondensation of glyoxal and furfuryl alcohol and lignin, with efficiently mechanical
strength and a lower pulverization degree showing a possible complete substitution of
formaldehyde in the formulation.

The second main component to produce tannin foams, is furfuryl alcohol can be
obtained from the acidic hydrolysis of corn and wheat residues (hemi-cellulose) into furfural
and catalytic reduction into furfuryl alcohol (SEPPERER et al., 2021; LIU et al., 2022). This
bio-sourced compound represents the “engine” of the foam polymerization, that leads to a
highly exothermic reaction due to its self-condensation and reaction with the tannin under acidic
conditions (Figure 6.), where the heat generated allows the foam expansion and cure, while
evaporating the blowing agent; furthermore, its incorporation will increase the mechanical
strength of the tannin foams (TONDI & PETUTSCHNIGG, 2016; VARILA et al., 2019;
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SARIKA et al., 2021).

Figure 6. Suggested reaction mechanism between condensed tannin and furfural
alcohol.
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Note: Adapted from Link et al., (2011).

Following with the foaming agent or blowing agent that cause the expansion of the
matrix during the foaming process, by the production of gas bubbles that increase in quantity
and pressure forming the foam (SARIKA et al., 2021). There are two types of blowing agents,
physical and chemical. Physical expansion agents produce the phase change of a liquid with a
low boiling point solvent, caused by the exothermal self-condensation of the furfuryl alcohol in
the mixture and the solvent evaporation. They are divided into inorganic like air, nitrogen,
carbon dioxide and organic such as diethyl ether, 4,4’-methylene diphenyl diisocyanate, pentane
or hexane (BORRERO-LOPEZ et al., 2022; ISSAOUI et al., 2021). On the other hand, chemical
expansion, refers to the formation of internal gases, like CO», during the reaction between
isocyanates and water (BORRERO-LOPEZ et al., 2022).

Another principal compound in the foaming reaction is the catalyst. it starts the
polymerization reaction between the phenolic compounds and the cross-linking agents, where
the gelation of the tannin initiates to form the resin and extra heat is produced for the
evaporation of the blowing agent (ISSAOUI et al., 2021; SARIKA et al., 2021). The most
commonly used catalysts are organic or inorganic acids and alkaline agents, the p-toluene
sulfonic acid (p-TSA) and phenol sulfonic acid are organic acids used in the synthesis of
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phenolic foams. Between the inorganic acids sulfuric and chlorohydric acid have been tested,
as well as phosphoric and boric acid that can improve the fire resistance characteristics (TONDI
& PETUTSCHNIGG, 2016). Moreover, a combination of different catalyst might allow to
control the expansion/hardening ratio during foaming (BASSO et al.,2015). Tondi et al., 2009,
also prepared a foam combining both organic and inorganic acids, with ortho-phosphoric acid
and p-TSA solution that allowed an increase of fire resistance as well as, good resistance to

strong acid and bases.

Other type of components that can enhance the formulation of the foams are additives.
Chemical additives like oils, surfactants, adhesives and plasticizers have been used to enhance
properties such as elasticity, flexibility, or mechanical strength on the foaming mixture. Form
the before mentioned, surfactants have been widely studied and presented best foaming results;
these copolymers are used to improve the homogenization of the mixing, they modify the
surface tension at the interface of the hydrophilic resin with the hydrophobic blowing agent
forming a stable emulsion (ECKART et al., 2023). In general, these compounds help to
solubilize or disperse a compound, increase the wetting of the mixture in the mold, plasticize
the polymer, and facilitate the nucleation of gas bubbles increasing the matrix porosity
(BORRERO-LOPEZ et al., 2022; SARIKA et al., 2021).

A variety of ionic and non-ionic surfactants, have been tested in the foam production
such as Tween-80 (non-ionic), ethoxylated castor oil (non-ionic), sodium dodecyl sulfate
(anionic), tritonX-100 (non-ionic), Brij 35 (non-ionic), and Pluronic F127 (non-ionic) showing
good foaming behavior, good mechanical properties and homogeneous cell wall (SARIKA et
al., 2021; SEPPERER et al., 2021). According to Sepperer et al., (2021) the best results in terms
of foam stability, homogeneity, and mechanical behavior were observed using Tween 80 for
mimosa tannin-furanic foams. Santiago-Medina et al., 2018, used non-ionic ethoxylated amine
surfactant in the formulation of quebracho tannin foams, resulting on reduced cell size and
improved uniformity of the foam. Same was reported by Basso et al., 2015, non-ionic silicone

surfactant leaded to smaller cell size and homogeneous distribution in tannin-furanic foams.

Another type of additives used for reinforcement are fillers. Phenolic foams can be
reinforced by adding different type of fillers, including minerals, ceramics, or metals in order
to enhance their mechanical properties. The incorporation of fiberglass, calcium carbonate,
carbon nanotube or tire rubber on the foaming mixture have shown to increase the compressive
strength and dimensional stability of the foams (ZHOU et al., 2013; SONG et al., 2017).
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Recently, several studies have reported to use more environmentally thought materials
due to their abundance, low cost, low density, and good thermal insulating properties (WU et
al., 2020; L1 et al., 2019). Natural resources such as wood particles (L1 et al., 2019), lignin (LI1U
etal., 2022; ISSAQUI et al., 2021) or lignocelluosic fibers (WU et al., 2020) incorporation can
improve the foams mechanical performance. Li et al., (2019), reported that using cork powder

on tannin foams formulation improved the mechanical properties and reduced the friability.

Similar results were found by Liu et al., (2022), incorporating lignin with larch
condensed tannins resulted in lower pulverization degree, improved heat resistance and
compression strength. According to Saz-Orozco et al., (2015) phenolic foams reinforced with
2% cellulose fibers showed a 18% improvement in their compressive strength. As well as Wu
et al., (2020) found that 2% wood fibers addition provided the best mechanical and thermal

properties for quebracho tannin foams.

2.5.2 Natural fibers as reinforcement

Following this trend, natural fibers, including bamboo, jute, flax and hemp have been
studied as conventional reinforcement materials and are gaining attention because of their
sustainability, full biodegradability and high mechanical strength. Among them, bamboo fibers
are very promising reinforcement, due to their low density, high stiffness, high strength and
rapid growth rate (QIU et al., 2021; NURAZZI et al., 2022).

Bamboo is a perennial plant, occurring in tropical and subtropical regions, the most
common species in Brazil is Bambusa vulgaris featuring fast growth, high biomass productivity
and small production cycles (MUHAMMAD atel., 2019; SANTANA et al., 2019). The primary
chemical constituent of bamboo fibers is cellulose, around 26 — 60 % of its composition,
presenting with high tensile strength, in addition, possess hemicellulose responsible for
humidity absorption, lignin for the hardness and rigidity and abundant hydroxyl groups that can
react with polyols and isocyanates (Figure 7.) (QIU et al., 2021; MOUSAVI et al; 2022).
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Figure 7. Schematic compatibilization between the bamboo fiber with a polymer
matrix.
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Note: Adapted from Nurazzi et al., (2022).

They have been utilized to reinforce thermoplastic and thermosetting matrices, showing
high mechanical properties (YUSUF et al., 2018; MUHAMMAD et al., 2019). According to
Qiu et al., 2021, polyurethane foams reinforced with 5 % bamboo fiber showed the best
physico-mechanical performance than other analyzed foams, suggesting a strong reinforcement
effect; moreover, the thermal stability of the foam increased. Recent researches have revealed
that the presence of bamboo fibers in polymers composites, leads to improved mechanical
properties, especially tensile and flexural strength, attributed to the high strength and modulus
of the bamboo fibers (MOUSAVI et al., 2022).

2.5.3 Tannin foams synthesis and characterization

The foaming process to obtain tannin-based rigid foam consists of three phases: mixing,
expansion and curing. The most common studied foaming processes for rigid foams are,
chemical and physical. Chemical foaming consists on the polymerization reaction, between a
solvent and blowing agent that expands producing a gas, commonly carbon dioxide CO2, and
forming the lightweight porous skeleton of the foam (CHEN et al., 2020; MARIE et al., 2020).
And, physical foaming that occurs, by a sudden evaporation of a low boiling point-liquid added
to the formulation producing vapor (MARIE et al., 2020).

The most used method for phenolic foams production, is by physical foaming,
volatilizing a solvent with a low boiling point temperature. Considered as phenolic-type foams,
the tannin, furfuryl alcohol, blowing agents, and additives are initially mixed followed by the
curing agents until complete homogenization (Figure 8). The synthesis of the foams occurs by

tannin gelification, where condensed tannins are used as a substitute of the phenol, that in
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contact with a crosslinker substance, induce polymerization through methylene bridge linkages
on the nucleophilic sites of the A ring of tannin flavonoid molecules, initiating the gelatinization
process (LACOSTE et al., 2015; Ll et al., 2021).

This phenomenon is carried out along with the volatilization of the blowing agent, that
starts when the curing agent is added leading to the exothermic reaction, resulting in foam
expansion. During the foaming process, the curing agent and external heating cause the resin
mixture to cure and harden at the same time into a solid foam. This is a very subtle process,
where slightly modifications on the amount of the solvent or crosslinking product added may
result into non-effective foams (DELGADO-SANCHEZ et al., 2018; SANCHEZ-MARTIN et
al., 2013).

Figure 8. Schematic illustration of the fabrication of tannin-based foams.
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Note: Adapted from Chen et al., (2021).

There has been outlined some parameters to be considered when formulating the tannin-
based foams that can affect the, apparent density, homogeneity, cell morphology and surface
area of the bio-foams. According to Zhao et al., (2010), the amount of blowing agent is related
with the pore structure of the foam, having a major effect on its apparent density; the
incorporation of additives, can improve some of the foam properties, like easier the production
of bubbles in the process, increase the liquid viscosity, thus, influence the pore structure.
Besides, regarding to the geometry of the molds used in the foaming process, a deeper and
narrower mold lead to elongate the cells while a broad one is expected to form an isotropic pore
structure and limiting the expansion of the material during foaming could modify the pore

structure as well.

Tannin- phenolic foams typically have shown many favorable properties like a low
density, low thermal conductivity, high fire and chemical retardancy to organic solvents and
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acids, self-extinguishing nature and absence of harmful smokes when exposed to flame
(SARIKA et al., 2021; WU et al., 2021).

Furthermore, they are water-resistant, thermal insulation, sound resistance and has
cushioning properties, all these advantageous characteristics have converted tannin foams into
promising competitive materials for packaging, transportation, flower preservation, and
building applications for roofing, flooring as insulation materials (TONDI et al., 2016;
SANTIAGO-MEDINA et al.,, 2018). Recently there have been increasingly works on
condensed tannins foams used in metal ion adsorption, for water treatment, and sandwich core
composite materials applications (CHEN et al., 2020; LACOSTE et al., 2015; WU et al., 2020;
LIU etal., 2022).

The fire resistance and self-extinguishing flame behavior make tannin phenolic foams
an outstanding insulation material. The thermal insulation depends on its thermal conductivity
and the benzene rings present on their phenolic structure that are responsible for the flame-
retardant properties of the foam (SEPPERER et al., 2021; SARIKA et al., 2021).

There are many factors that affect the thermal conductivity like density, foaming
temperature, cell size and moisture content, these parameters can be regulated depending on the
application needed like building materials, aircrafts, chemical pipelines, or naval structures in
which fire resistance is crucial (SARIKA et al., 2021). Besides, density directly affects the
mechanical resistance of the foams, this parameter can be controlled by the amount of blowing
agent as above mentioned an elevated amount of blowing agent results in a lower density foam
with larger pores (FENG et al., 2013; LINK et al., 2011).

Despite those promising characteristics, the major drawback in the production of
sustainable phenolic foams is their relatively low mechanical stability and brittleness
(CELZARD et al., 2010; LI et al., 2019; WU et al., 2020). Poor mechanical performance, low
compressive and flexural strength compare to other foams have made it important to improve
the mechanical properties while maintaining their excellent insulation and fire-retardant
behavior. Several chemical modifications on the phenolic mixture adding plasticizers, glycerol,
isocyanates, and by the introduction of fibers and nanoparticles into the resin matrix (MOUGEL
etal., 2018; WU, et al., 2020).
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2.5.4 Tannin Formaldehyde-free Foams

Environmental concerns have led to the search for alternatives to improve the tannin
foams properties and thereby broaden their range of applications, foams have been produced
with or without blowing agents, formaldehyde and from different tannins (BASSO et al., 2013;
LACOSTE et al., 2015; P1ZZI, 2019).

Figure 9. Suggested condensation reactions proceeding among tannin, furfuryl
alcohol, glyoxal and lignin.
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Note: Adapted from Liu et al., (2022).

In the case of formaldehyde-free foams, the crosslinking occurs between the tannin
oligomers and furfuryl alcohol through the nucleophilic sites C6 and C8 of the A ring as
illustrated in the figure 9., which results in a longer time requirement for the foam to harden,

lower mechanical resistance structure and more easy water catchability (LINK et al., 2011).

Merle et al., (2016) prepared tannin-based phenolic foams without formaldehyde, using
both hydrolyzable and condensed tannins and lignin from black liquor by the mechanical
foaming process. Obtaining, low thermal conductivity and high mechanical strength, open-
celled foams, potential for insulation applications. Formaldehyde-free tannin foams have also
demonstrated that could be polymerized in acid environments with temperature (120 - 160 °C)
resulting in high homogeneity foams. Moreover, their density (50 - 180 kg/m?) can be controlled
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by changing the components proportion, resulting in light-weighted foams with low mechanical
strengths but higher water affinity (FENG et al., 2013).

More recently, Issaoui et al., (2021) also developed a tannin foam without using
formaldehyde, isocyanate or blowing agents. The tannin-based foams, used a combination of
lignin alkaline liquor with hexamine and glyoxal as blowing agents resulting on a lower thermal
conductivity and good mechanical properties foams acceptably to be used for acoustic and
thermal insulation. The foaming preparation included a mixture of two types of tannins, mimosa
and hydrolysable tannins, the lignin alkaline liquor, obtained from a pulping process, glyoxal
and hexamine, that were mixed in deionized water, and maintained under mechanical stirring
at 50 °C.

The foaming preparation included a mixture of two types of tannins, mimosa
(condensed) and hydrolysable tannins, a lignin alkaline liquor, obtained from pulping
processes, glyoxal and hexamine, with deionized water, and was maintained under mechanical
stirring at 50 °C. Then the foaming process started with the addition of a surfactant, Tween 80,
that aided the air bubbles formation to obtain a liquid foam solution, heated at 85 °C for 24 h

and cooled at room temperature resulting in a rigid foam (ISSAOUI et al., 2021).

Lastly, numerous foams formulations can be prepared according to the desired application
hence, attention must be paid to the impact of each component on the final characteristics of
the bio-based foams, that represent an innovative product for the new generation of green

insulation materials.
3. CONCLUDING REMARKS

In general, tannins have proven to be adequate as insulation materials used in the
construction industry; however, these still need further investigation which could open new
scopes for the usage of more natural insulation materials replacing the synthetic derived from

fossil sources.

Tannin-based foams have demonstrated to have comparable properties with commercial
phenolic foams as they present high fire resistance, self-extinguish behavior and good chemical
resistance. Besides, present a competitive low thermal conductivity thus excellent thermal

insulating and acoustic resistance desirable for building construction materials.

Tannin-based foams naturally tend to exhibit low mechanic performance ang high

friability, hence, to improve these properties, there has been proposed variants on the foam
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formulation, controlling the type and amount of its components, as well as, the incorporation

of fillers like natural fibers to strengthen the mechanical performance of the foams.

Further studies regarding to the development of these product are needed, with diverse
natural additives, as low-cost, non-toxic substituents to improve their mechanical, density, and
porosity which makes them suitable to replace non-environmental friendly petroleum based

insulating materials.
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ARTICLE INFO ABSTRACT

Keywords: Tannin-based foams are natural origin porous materials with excellent fire-resistant and thermal
Tannin insulation properties comparable with flammable non-environmental friendly synthetic foams;
Anadenanthera however, their brittleness and relatively low mechanical resistance challenge further improve these
peregrina characteristics. This work aimed to investigate four types of tannin-based foams (ST, TT, TB, and
bio-phenolic TTB) prepared without formaldehyde, by using Anadenanthera peregrina tannins (ST) and the
foams incorporation of polysorbate 80 as a surfactant (TT), bamboo fibers as filler reinforcement (TB), and
fireproofing the combination of both (TTB). In order to evaluate the effectiveness of the treatments on the foams
insulation properties, mechanical and chemical characterization was performed as well as, SEM microscopy.
materials Thus, the addition of bamboo fibers and polysorbate 80 to the formulations had a minimal impact

on the foam density around 1,383 + 0,05 g-cm~3, and an average porosity of 87 %; meanwhile, their
compressive strength slightly improved (0,12 - 0,19 MPa) and all the foams produced showed
fireproofing and self-extinguishing behavior.

1. Introduction

In recent decades, there has been a continuous move towards the substitution of synthetic materials in the
industry by natural products obtained from vegetal sources. After cellulose, hemicellulose, and lignin, tannins are the
most abundant compounds found in nature, and recently they have attracted significant attention as a green feedstock
for new materials due to their biological activity and technological uses in several fields (Borrero-Ldpez et al., 2022).

Tannins are polymeric compounds produced by plants and mainly found in the bark of plant logs. Currently,
the bark is treated as a disposable sub-product from wood processing and used as a cheap energy source, that can
actually be a potential source of natural compounds as a substitute for synthetic phenols in a variety of applications
(Feng et al., 2013; Chen et al., 2021). and reduce the dependence on petroleum products, valorizing the waste generated
in the industry (IBA 2022; SNIF, 2022; Hilling et al., 2009).

Brazil is a strong wood producer and possesses 12 % of the world's total forest cover, tannin exploration in the
country has been focused on the forest species of black wattle (Acacia mearnsii), and pine (Pinus pinaster). Thus,
looking for further species that can provide good-quality tannins, high reactivity, and sustainability is important. This
is the case of the Adenanthera peregrina species possessing a large amount of tannins, typically used in the leather and
dyeing industries, as well as, in popular medicine (Martins, et al., 2020)

In recent years, tannin-based phenolic foams have been intensively investigated as an alternative to synthetic
foams used as insulating materials in the construction, transportation, and packaging industries. Phenolic foams are
often produced with formaldehyde that has been classified as non-environmentally friendly and carcinogenic to humans
(Varila et al., 2019; Sarika et al., 2021; Liu et al., 2022). Despite their good thermal insulation properties, low density,
and low thermal conductivity, these fossil-based foams are highly flammable and can release toxic gases during
combustion which negatively associate them with fire hazards and the need to switch toward bio-based products (Chen
et al., 2021; Sarika et al., 2021).

In this context, looking to produce environmentally friendly insulating materials, formaldehyde-free tannin
foams are being considered due to their similar phenolic structure to replace synthetic phenols and excellent
characteristics such as lightweight, high fire resistance, and self-extinguishing character (Delgado-Sanchez et al., 2018).
Recent bio-based phenolic foams research has focused on improving the mechanical properties of the foams while
simultaneously preserving or boosting their thermal performance and fire resistance (Mougel et al., 2019).
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Given the above, the present work aims to verify the quality and behavior of the Adenanthera peregrina tannins
in the production of phenolic foams without formaldehyde. As well as, to evaluate the influence of incorporating an
additive, and a reinforcement, on the physical, mechanical, and thermal properties of different foam formulations.

2. Materials and Methods

2.1. Materials
The external bark of the A. peregrina specie was collected from native forest trees in the experimental plantation
of the Federal University of Lavras (UFLA). The collection was made using a knife, carefully removing the wood bark,
from about 60 trees, between 10 and 15 cm in diameter. The wood chips obtained were dried at open air and then
grounded in a Lucano hammer mill, the material passed through a set of 40 and 60-mesh particle classification sieves;
where the particles retained on the 60-mesh sieve were stored and dried for later moisture determination.

2.2. Methods
2.2.1. Extraction and obtention of tannins from A. peregrina
Extraction of A. peregrina wood tannins were carried out following the methodology of Sartori et al., (2014)

and Mori, (2003), with sodium sulfite (Na,S03), using 1500 ml of distilled water, 100 g of bark (liquor/bark ratio of
15: 1 v/p), and 3% sodium sulfite (Na,S03) (w/w) based on the dry mass of the bark; the beaker was placed in a water
bath at 70 °C for 3 hours. Then the extract was filtered using a fine cloth funnel and sieved through 200 mesh, finally
it was vacuum pump filtered with a number 2 porosity crucible. After filtration, the extract was placed in glass
refractories, and taken to an oven with air circulation at 40 + 3 °C, until the complete evaporation of the liquid to get
the dry material. The remaining tannins were macerated in a porcelain mortar and pestle up to a 200 mesh granulometry
(Mori, 2003).

2.2.2. Characterization of tannins from A. peregrina
For the tannin characterization, moisture, Stiasny Index, and condensed tannin content of the extracts were
determined. Moisture was obtained by weighing 0,5 g of tannins extract under ambient conditions and taken to a drying
oven at 45 + 3 °C for 48 hours. Subsequently, they were removed from the oven to cool, placed in a desiccator, and
weighed again.
Moisture was determined according to Equationl:
(Mi — Mf)

MC = ~——* 100 1)

where, MC (%), is the moisture content expressed as a percentage, Mi (g) is the initial weight and Mf (g) the weight
after drying.
Stiasny Index (SI) was obtained from a concentrated tannin extract, where 20 g of extract was weighed in a 250
ml flat-bottom flask, then 10 ml of deionized water, 2 ml of HCI 10N, and 4 ml of formaldehyde (37 %) were added.
The samples were heated on a thermal plate under reflux for 30 minutes, counted from the moment it boiled. After this
period, the samples were filtered in N° 2 crucibles under vacuum and taken to dry in an air circulation oven at
105 °C + 3 °C for 24 hours, later they were removed and left to cool in a desiccator for 30 minutes. Finally, the crucibles
were weighed and the dry mass of the precipitate was obtained. Simultaneously, the mass of solids in 20 g of
concentrated extract was determined, by letting the sample dry in an oven with air circulation at 105 °C + 3 °C for 24
hours.
The Stiasny Index (SI) was calculated according to Equation 2:
SI (%) = Dry mass of precipitate % 100 )
'~ Total mass of solids in 20 g of extracts @
Finally, condensed tannins (TC) percentage in the extracts was calculated according to Equation 3:
TC (%) = SI X humid mass of tannin 3)

Moreover, the tannin was characterized by Infrared Spectroscopy using Fourier Transform (FTIR) and
Thermogravimetric analysis (TGA). These analyses will be held in the Chemical Analysis and Prospecting Center
(CAPQ), in the Federal University of Lavras (UFLA).

The FTIR analysis was performed using the Varian 600-IR Series Spectrometer equipment, with Attenuated
Total Reflectance (ATR). The samples were scanned from 4000 to 700 cm-1 with 32 scans for each spectrum with a 4
cm?resolution (LI et al., 2018). And the thermogravimetric measurements were obtained in a Shimadzu DTG-60AH
simultaneous TG/DTA thermogravimetric module. The samples were submitted to a heating ramp from 25 to 900 °C
with a rate of 10 °C/min. The equipment atmosphere was saturated with nitrogen at a constant flow rate of 50 ml/min
(Tondi & Petutschnigg, 2016; Li et al., 2018).
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2.2.3. Formulation and synthesis of tannin foams
Four formulations were studied in the synthesis of the bio-foams, each formulation represents a treatment as
described in Table 1. The foam formulations were composed of water, furfuryl alcohol (exothermic agent), glyoxal 40
% (curing agent), pentane (blowing agent), p-toluene sulfonic acid (p-TSA 65 %) (catalyst), tannins from A. peregrina
(aromatic blocks), polysorbate Tween 80 (additive), and bamboo fibers (filler reinforcement).

Table 1

Formulation of A. peregrina tannin foams.
Formulation ST TT B TTB
Tannin (g) 37 37 37 37
Furfuryl alcohol (g) 26 26 26 26
pPTSA 65 % (g) 18 18 18 18
Water (g) 6 4 6 4
Glioxal 45% (g) 8 8 8 8
Pentane (g) 5 5 5 5
Tween 80 (9) - 2 - 2
Bamboo fibers 2% (g) - - 0,74 0,74

Tannin phenolic foams were prepared in two stages as follows. First water, furfuryl alcohol, glyoxal 40 %, and
pentane were mixed in a beaker. Then the tannin was progressively incorporated with vigorous stirring for 15 s until
homogenization. For the treatments (TT; TTB) with the presence of an additive, Tween 80; and the filler, Bamboo
fibers (TB; TTB) it was added in the first step before combining the tannin with the reagents. In the second stage, the
pPTSA 65% catalyst was added and the mixture was stirred for 20 s. Later the mixture was placed in a water bath at 70
°C for several minutes until the foam was fully expanded, and then taken out to rest for 48 hours and cure. Once
hardened, the top of the foam was cut off and removed to evaporate the remaining blowing agent. After the resting and
curing time was completed, the foams were extracted from their molds and subsequently cut into parallelepipeds for
characterization purposes (Martinez, et al., 2014).

2.2.4. Characterization of the tannin foams

2.2.4.1 Apparent density, real density, and porosity

The apparent density was determined according to the ASTM D1622-03 standard, by the ratio between the mass
of the material and the total volume occupied. Foam samples of 3 x 3 x 3 cm dimensions were prepared for the test, and
3 repetitions were performed for each treatment (Li et al., 2018). Before weighing, the foams were kept in an oven at
60 °C for 24 hours to eliminate any residual gases.
The pycnometer method carried out in the Laboratory of Wood Anatomy (UFLA) measured the skeletal density or real
density. The test was performed in triplicate for each treatment with 1 g of foam macerated in a mortar and pestle. Then
the density was calculated according to Equation 4:

dw X (mp+s B mp)

dg = 4)
(mp+s - mp) - (mp+s+w - mp+w)
where:
d, = skeletal density kg/m?
d,, = density of the water used in the test (kg/m?);
my.s = mass of pycnometer + specimen (kg);
m,, = mass of pycnometer (kg);
My = Mass of pycnometer + deionized water (kg)
Mp4s+w = Mass of pycnometer + specimen + deionized water (kg)
The foam porosity (®) was determined from bulk and skeletal densities following Equation 5:
d=1- a (5

ds
where d,, is the bulk density and d; refers to the skeletal density.
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2.2.4.2. Mechanical resistance

The compression strength of the foam was measured using an Arotec universal testing machine, in the
Experimental Unit of Wood Panel (UFLA) equipped with a 5 kN head and a 2 mm min load rate (Tondi, et al., 2009;
Martinez, et al., 2014). Samples of 3 x 3 x 3 cm dimensions were tested following the ASTM D162-10 standard with
some adaptations (Li et al., 2018).

2.2.4.3. Friability

Friability describes the tendency of a solid to break into smaller pieces. The friability test was assessed
following the ASTM C421 standard. Foam samples of 2.5 x 2.5 x 2.5 cm dimensions were placed in a 40 cm diameter
metal drum, together with twelve wood cubes of 2 x 2 x 2 cm per side; then the drum was rotated at 60 + 2 rpm for 1
min (Li et al., 2018; Mougel et al., 2019). Finally, the samples were weighed before and after the test to determine the
mass loss according with the next Equation 6:

Initial mass — final mass
Mass loss (%) = — X100 (6)
initial mass

2.2.4.4. Direct flame exposition

The resistance to direct flame exposure was tested with foam samples of 2 x 2 x 2 cm dimensions exposed
directly to oxidizing flame, around 1400 °C using a Bunsen burner, for 20 s. The samples were weighted before and
after the test, considering that the flame was extinguished when the foam reacquires its original black color (Tondi et
al., 2009; Chen et al., 2020).

2.2.4.5. Scanning electron microscopy images (SEM)

The foam morphology was observed using scanning electron microscopy (SEM) to determine the influence of
the different formulations on the size, distribution and frequency of cells in the material. The samples were left overnight
in silica gel for drying, and fractured in liquid nitrogen. The fractured surfaces were subjected to gold sputtering to
make them conductive, and were analyzed under SEM microscopy operating conditions of 10 KV, 90 pA (Wu et al.,
2020; Li et al., 2019).

2.2.4.6. Thermogravimetric analysis (TGA)

Thermogravimetric analysis shows the foams thermal stability, and were carried out over the temperature range
from 20 to 900°C at a heating rate of 10°C/min; the TG and DTG curves rate of each formulation were determined
(Konai et al., 2016; Li et al., 2018).

2.2.4.7. Infrared Spectroscopy analysis (FTIR)

The FTIR analysis was performed in order to evaluate and confirm that the additive and bamboo fiber were
involved in the foaming reaction (Qiu et al., 2021). The foam samples were scanned from 4000 to 700 cm™* with 32
scans for each spectrum with a 4 cm™ resolution (Li et al., 2018; Tondi & Petutschnigg, 2016).

3. Results

3.1. Characterization of the A. peregrina tannins

Tannins from A. peregrina were characterized by the Stiasny index, total solid content, and condensed tannins,
Table 6., presents the results of these parameters. The Stiasny index allows the evaluation of the purity of tannic extracts
and the amount of substances that reacted with an aldehyde in an acid medium, for red angico the value was 72.41 %
on average. Comparing with the values reported in the literature Sartori et al., (2014b), that studied the chemical and
anatomical composition of tannins in barks of A. peregrina found a 75,79 % stiasny index. Similar values were found
by Carneiro et al., (2006), 75,27 %, on tannins extracted with different solvents as sodium sulfite. In this context, higher
Stiasny indices are desirable since a higher index means greater amount of phenolic compounds in the tannic extract,
on the other hand, the lower the Stiasny Index, the lower the purity of the tannic extract, indicating the possible presence
of non-tannic compounds, such as sugars and gums, which can affect the reactivity and future usage of the tannins
(Sartori et al., 2014b; Mota et al., 2017).
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Table 2
Average values of humidity, Stiasny index and condensed tannins content of the A. peregrina tannins.

Material UBS (%) Extractives (%) Stiasny Condensed

Index (%) Tannin (%)

Anadenanthera 16,41+0,07 11,69+1,49 72,41+0,99 12,81+0,78
peregrina

The total solids content, expressing the total amount of extractives present in the analyzed samples, averaged
11,69 %. This value was similar (11,34 %) with the obtained by Saroti et al., (2014b) in the study of A. peregrina bark
in different diameter classes and relatively lower than the content registered by Carneiro et al., (2006),19,96 % of total
solids, of A. peregrina bark. According to different authors, these differences can be attributed in general, to the
extraction method, genetic variability, age, as well as the soil quality (Mota et al., 2017; Sartori et al., 2014b; Paes et
al., 2010).

Finally, the content of condensed tannins found in this search was on average 12,81 %, this value was in
concordance with the study of Saroti et al., (2014b) that found an average value of 12,76 % condensed tannin in A.
peregrina bark. Other studies also presented similar values around 11,98 % (Paes et al., 2006), 14,58 % (Carneiro et al,
2006) and 13,93 % (Paes et al., 2010); representing a desirable concentration of the phenolic compound that will be
used in the foam’s formulation.

3.2. Infrared spectroscopy (FTIR) of A. peregrina tannin
Influence Figure 1., shows the Fourier Transform Infrared Spectroscopy (FTIR) spectrum of the A. peregrina
tannins sample that allowed the identification of the hydroxyl-aromatic bonds characteristic of condensed tannins
molecules (Tondi & Petutschnigg, 2016).
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Figure 1: Infrared spectra of A. peregrina tannin.

A pronounced band was observed between 3 500 and 3 000 cm-1 attributed to the stretching vibration of
hydroxyl group — OH from the aromatic ring present in phenolic structures (D'Alessandro et al., 2018). Minor peaks
were identified in the region from 2 925 to 2780 cm™* corresponding to the C-H bonds stretching from methyl groups,
according to Ricci et al., 2015, this type of stretching is related to the methylation of aliphatic groups in condensed
tannins. The spectral region between 1 750 and 700 cm™ represent the fingerprint of these molecules, with five common
distinguished peaks at 1 606 cm™ (C=C), 1 511 cm™ (C=C), 1 446 cm}(C=C), 1372 cm™ (C-H), and 1 112 cm* (C-H).

Where the area between 1 620 and 1 400 cm™ is related to vibrational movements of C=C bonds characteristic
of aromatic rings from phenolic compounds and the peaks located around 1372 cm™ are related to the C-H bond
deformation (Marques et al., 2021). Then the region between 1 300 and 1 200cm* correspond to the vibrations of the
tannin B ring, while, the presence of catechin and proanthocyanidins can be identify by the peaks occurring between 1
282 and 1 236 cm™ respectively (Marques et al., 2021). Finally, the range from 1 200 to 1 100 cm™ is related to the
tannin A ring vibrations (Tondi & Petutschnigg, 2016) and according to Konai et al, 2017 peaks located from 900 to
740 cm* are attributed to OH bonds movements from aromatic alcohols.
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3.3. Thermogravimetry (TG)

Figure 2., shows the thermal degradation of the A. peregrina tannins. The tannin had three distinct degradation
processes, the first peak observed around 30 and 150 °C corresponded to the vaporization of any residual water present
in the sample that can be absorbed due to its hygroscopicity (Pantoja-Castroa & Gonzalez-Rodriguez, 2012; Araujo et
al., 2021; Zidanes et al., 2021). The second region with an initial weight loss at 200 °C where the degradation of the
phenolic rings from the tannin molecules begin. In fact, according to Konai et al., 2016 between 135 °C and 255 °C,
tannin starts to decompose and releases CO, and CO. And then a gradual decrease in the sample weight was observed
over the 375 °C, which still led to a final residue tannin mass ratio of 24 % around 800 °C which demonstrates a high
thermal resistance of the A. peregrina tannins (Zidanes et al., 2021).
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Figure 2: TG curves of A. peregrina tannin.

A comparison of the weight curves with other tannin species, for example, from Pine bark (Gauler & Grigshy,
2009) were relatively similar, however, presented a different initial temperature for the sample degradation that ranged
between 160 to 200 °C and a total weight loss of 40 % at 800°C. Tannins from the Myrcia eximia bark (Araujo et al.,
2021) also showed a high thermal resistance, starting the thermal degradation at 270 °C, and a residual tannin mass of
approximately 25 % at a temperature of 900 °C. Finally, according to the thermogram the mass loss of these tannins (A.
peregrina) occurs at high temperatures which indicates that the tannin foams to be produced will present a high thermal
stability as well (Araujo et al., 2021).

3.4. Characterization of the tannin foams

3.4.1 Apparent density, real density, and porosity

Density is a fundamental parameter, that directly influences the final characteristics of the tannin foams like
their thermal and mechanical properties. The average values of relative and skeletal density are shown in Table 2., as
well as, the porosity values of the different treatments. The foam’s apparent densities decreased slightly with the
incorporation of the polisorbate80 and the bamboo fibers from 0,199 to 0,17 and 0,12 g.cm™ respectively. This is
possibly attributed to the reactivity of the aldehyde with the tannin and the amount of blowing agent which leads to
rapid foaming during the exothermic reaction, accelerating the growth of the bubbles in the foams and leading to the
formation of a low-density foam (Issaoui et al., 2021; Tondi & Pizzi, 2009). In general, apparent density values were
close to those reported in the literature, Issaoui et al., (2021) biobased phenolic foams showed density values in the
range 0.02—0.20 g.cm>. And Chen et al., (2020), presented a similar behavior of decreasing foam apparent density from
0,15 g-cmto 0,12 g-cm* with the increasing amount of citric acid as an additive.

The obtained tannin phenolic foams presented an average skeletal density of 1,34 g-cm™3, after pycnometer
measurements whose value was similar for all the formulations showing a slight increase with the addition of the
bamboo fibers and the surfactant. Eckardt et al., (2020) found a comparable trend for skeletal density (1,38 g.cm™)
using Tween 80 and different types of blowing agents. Equally, Issaoui et al., (2021) obtained foams with an average
skeletal density of about 1.495 + 0.008 g-cm 3 which is typical for tannin-based phenolic foam (Merle et al., 2016). The
use of additives and the proportion of furfuryl alcohol can also influence the yield of heavier foams because the greater
generation of heat induces quicker curing, throughout the material hardening the matrix before foaming occurs, thus
stabilizing the structure and inhibiting its expansion (Tondi & Pizzi, 2009; Borrero-Lo6pez et al., 2022).
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Table 3
Average values of apparent, real density, and porosity of tannin-based foams.

Treatments Apparent Density Real Density Porosity
(g.cm?) (g.cm? (%)
ST 0,1999 + 0,007 @ 1,3721+0,312 84,122
TT 0,1715 + 0,007 ® 1,2643+0,44 2 85,232
B 0,1261+ 0,020 "© 1,3295+0,36¢ 90,17 @
TTB 0,1235 + 0,026 © 1,3831+0,05% 91,01¢

Same letters in a column suggest no significant difference at 5 % probability by the Tukey test.

Finally, the total porosities of the foams ranged from 84,12 to 91,01 %, showing that the porosity increased as
the bulk density decreased, this behavior can be attributed to faster growth of bubbles in the foam, leading to an
increased expanding ability and resulting in lower density foams (Chen et al., 2020; Issaoui et al., 2021). In concordance,
Merle et al., (2016) obtained higher values of bulk density (0,18 g-cm), higher cell diameter, and less porosity (88,23
%). As well as, Sepperer et al., (2021) found porosity values between 88 to 85 % compared to bulk density values of
0,14 t0 0,17 g-cm* following a similar trend of higher porosity lower density foams.

3.4.2 Friability

The evaluation of friability in the foams showed that the treatment with the addition of bamboo fibers and
polysorbate 80 (TTB) had the lowest value compared to the other treatments. The figure 4, shows that the foam
formulations were, in general, less friable than the standard foam, from more friable to less friable, Standardt > TB >
TT > TTB. Demonstrating that the friability improved with the incorporation of the polysorbate 80 used as an additive
(TT) and the bamboo fibers used as reinforcement (TB) from 17,8 % of the standard foam to 13,9 and 15,7 %
respectively.
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Same letters in a column suggest no significant difference at 5% probability by the Tukey test.

Figure 4: Friability test for ST, TT, TB, and TTB foams.

The sudden increase of mass loss observed with the addition of bamboo fibers in the foam formulation can be
attributed to a non-uniform homogenization of the fibers in the matrix, leading to the formation of cracks in the material,
which might promote the friability (Mougel et al., 2019). As mentioned by Li et al., (2019), using cork powder can
improve the abrasive resistance of the foams, since it provides additional force to the structure; however, the different
cell morphology could lead to defects in the final material, which can favor the mass loss during the friability process.
Friability can also be enhanced by chemical modification, in that way the use of a surfactant provides flexible chains
that react with the phenolic resin, reducing the crosslinking density and the brittleness of the foams (Mougel et al.,
2019). The incorporation of tensoactives improves the foam stabilization and increases the viscosity that can limit the
thickness of the cell walls obtaining a more homogeneous material and leading to the reduction of the friability.
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3.4.3 Water Absorption

Water absorption of the foams was evaluated over 6 hours of immersion, the first three hours at atmospheric
conditions and then under vacuum. Figure 5, describes the water absorption rate as a function of time. All foams showed
hydrophilic character, the greatest water uptake occurred in the first immersion hour, then the water absorption levels
tended to stabilize or increase at a slower rate. After 1h of vacuum application, it was possible to observe a marked
increase, possibly due to the storage of water in the cell cavities and again it continued to increase slowly (Xi et al.,
2019). The same trend was exhibited by Xi et al. (2020), foams prepared with glutaraldehyde and furfuryl alcohol were
tested at 5 h water immersion, and Xi et al., (2019) 24 h water absorption of furfuryl alcohol-glyoxal foams, also
presented absorption levels tending to stabilize or continue to increase at a slower rate after 5 h test.
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Figure 5: Water absorption curves of ST, TT, TB, and TTB foams as a function of time.

Foam TT had the smallest water absorption followed by the foam TTB, although it presented higher porosity,
the slight increase in the TTB treatment was due to the presence of bamboo fibers in the formulation. Therefore, foam
TB had the greatest water absorption from all the treatments, as the bamboo fibers addition appears to induce higher
water absorption as they have abundant hydroxyl groups which can generate active sites for water absorption allowing
water catchability on the cell walls (Qiu et al., 2021).

In general, water absorption is directly related to their density, lower-density foams absorption rates tend to be
faster than higher-density ones (Tondi & Pizzi, 2009). However, foam ST showed a quick water absorption considering
that it presented the highest apparent density of the treatments; this increased water absorption might be explained due
to the larger cell size of the interconnecting holes of the foam; in accordance to Tondi & Pizzi, (2009) and Xi et al.,
(2020), that water absorption is related to the different cell morphology of the foam; meaning that more empty spaces
represent lower density and greater porosity a greater number of pores in the matrix.

3.4.4 Mechanical Resistance

All foams were tested in compression to evaluate their mechanical properties through strength and stiffness
values. Figure 6, shows the stress-strain curves for all treatments that follow the typical stages of rigid cellular solids
compression behavior. The initial portion of the curves showed a linear elastic region, up to 25 % strain, followed by a
stress-plateau zone ranging from 25 % to 70 % strain, and then the stress sharply increases again (Tondi et al., 2009b;
Mougel et al., 2019; Borrero-Lopez et al., 2022). The maximum stress point in the treatments was reached at the end of
the elastic region followed by a slight decrease before reaching the unstable plateau, as mentioned by Tondi et al.,
(2009b) and Delgado-Sanchez et al., (2018). This serrated plateau is characterized by successive cell wall fractures or
cracks, typical of brittle foams (Basso et al., 2013; Tondi et al., 2009b; Borrero-Lopez et al., 2022).
The mechanical resistance of TTB foam was higher than the other evaluated treatments, TB and TT foams, stress-strain
curves possess a comparable trend, due to the fact that both present modifiers in their formulation, and were better than
ST foam control treatment. TB foam exhibits slightly better mechanical resistance than TT as it contains 2 wt.% bamboo
fibers as reinforcement. Indeed, the presence of fillers as fibers or particles usually increases the mechanical strength,
due to their high stiffness; however, compatibility with the phenolic matrix is important as the mixture viscosity can
increase affecting the mixing and expansion of the foams (Mougel et al., 2019).
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Figure 6: Compressive stress-strain curves of ST, TT, TB and TTB foams.

In concordance, Sas-Orozco et al., (2015), found that the incorporation of 2 wt.% of cellulose fibers increased
the compressive strength, whereas the addition of a higher amount of fibers resulted in the reduction of this parameter.
Similarly, according to Li et al., (2018) the addition of 1 wt.% of cork powder, showed to enhance the compressive
properties of larch tannin foams and further incorporation weakened the strength. Likewise, the chemical modification
of the mixture improves the compressive strength by adding flexible chains to the phenolic resin, thus, modifying the
crosslinking density and cell structure of the foams. Surfactants like Tween 80, used in the formulation of TT foam
provide compatibility to the reagents in the mixture and modify the cell wall of the foams showing an enhanced
compression behavior compared to the standard tannin-based foam formulation. Sepperer et al., (2021) tween-based
foams obtained high compression resistance foams explained by the formation of thick cell walls with stable
microstructure and high density exhibited.
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Figure 7: Compressive strength and modulus of ST, TT, TB and TTB foams.

In general, it has been reported that mechanical strength is directly dependent on the foam’s density (Varila et
al., 2019; Xi et al., 2019). Nevertheless, in the present study (Figure 16), the highest compressive strength (0,19 MPa)
was obtained by the less dense foam (0.12 g/cm?), besides, all tannin foams were higher than 0,08 MPa, which value is
characteristic of rigid materials (Borrero-Lopez et al., 2022). This, possibly attributed to the compatibility of the
reagents, especially the modifiers incorporated, thus the combination of the surfactant and the fibers in the mixture
might have led to the better compression strength exhibited in this study. Like Eckard et al., (2020) formaldehyde-free
tannin foams (0.07 g/cm?®) showed approximately three times higher strength (0.15 MPa) compared to a standard foam
(0.05 MPa) evaluated with the same density. The same trend was observed by Varila et al., (2019) in tannin foams
activated with zinc chloride (ZnCl,) and boric acid (HsBOs) the activated samples presented lower densities than the
other treatments, but the mechanical strength increased.
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Hence, the addition of a surfactant in the mixture allows the modification of the cell size separately from the
density, forming a more homogeneous foam with finer and smaller cells improving the compression resistance (Xi et
al., 2019). And the addition of bamboo fibers might alter the bonding with the polymer matrix, whereas the insufficient
interfacial adhesion between the fibers and the polymer matrix reduces the strength (Nurazzi et al., 2022; Yusuf et al,
2018). These results indicate that the strength is not fully influenced by the density and also, this property is in close
relation to the cell wall perforations number and dimensions, as smaller and more uniform pores have been demonstrated
to have higher compression resistance (Chen et al., 2020; Xi et al., 2019).

3.4.5 Direct flame exposition

The fire behavior of the tannin-based foams formulations is presented in Figure 8. The foams weight loss rate
was recorded, following a similar trend and showing no statistically difference between the treatments, after being
exposed to direct flame of a Bunsen burner. TB and TTB foam showed a slight increase of weight loss in the initial
phase, and after 1 minute all foams tend to stabilize their weight loss rate, due to the release of water, solvents, and the
burning of the external surface of the foams (Eckardt et al., 2020).

All formulations were flame resistant and self-extinguished instantaneously after being removed from the fire;
no ignition was observed and the foams did not burn completely, as the flame only perforate the surface of the samples.
For instance, Borrero-Lopez et al., (2022) observed no ignition for the tannin-based foams when compared to phenolic
foams that ignited after 6 s flame exposure and Pizzi, (2019) reported that only at high temperatures around 3000 °C
the foams start to decompose whereas exposed to a long period of time at a 1200 °C flame they do no burn. In the same
way, no hazardous smoke occurred during the burning phase, just TB and TTB foam presented fumes after 30 s
exposure, this exclusively by the presence of natural fibers in the formulations.
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Figure 8: Mass loss of the of ST, TT, TB, and TTB foams during direct flame exposure.

The TT foam showed the lowest weight loss, slightly lower than that of the standard tannin foam, which can be
explained by the presence of a surfactant in the mixture that modify the cell wall morphology forming a more
homogeneous foam with narrow cell size distribution resulting in reduced flammability (Sarika et al., 2021). In
concordance with TTB foam that contained tween 80 with bamboo fibers and exhibited slightly lower weight loss
compared to TB foam that was prepared just adding fibers. In general, the tannin foams had very good fire resistance
properties, mostly due to the benzene rings of the tannin structure regardless of the addition of modifiers in the mixture
and other types of fire retardants (Mougel et al., 2019).

3.4.6 SEM images

The cell wall morphology and distribution of the tannin foams was evaluated by SEM analysis and the results
are shown in Figure 9. Showing similar open-cell structure of these foams. In general, it was observed that the size of
the cells was quite varied over the treatments. ST foam presented thick and more open cell walls, less porosity, and
more empty spaces were observed; this foam presented a very brittle behavior and poor cellular structure due to the
presence of cracked cells. This was consistent with the study of Hussain et al., (2020), where polyurethane foams
prepared with unmodified condensed tannin, led to a higher number of broken or open cell walls. Overall, surfactant
tween 80 used in TT and TTB foams lead to the formation of smaller pores, and the aspect of these foams were more
homogeneous. In fact, the addition of a surfactant will lower the surface tension of the system, allowing the formation
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of finer bubbles during the expansion and this will prevent the foam rupture or collapse (Sepperer et al., 2021).
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Figure 9: SEM images of tannin-based foams: a, a.1 and a.2 — Images of the ST foam; b, b.1 and b.2 — Images of the TT
foam; c, c.1 and c.2 — Images of the TB foam; and d, d.1 d.2 — Images of the TTB foam.

The addition of bamboo fibers, had an effect on the cellular network and rigidity of foams, possibly due to the
higher viscosity of the mixture, which may not improve the nucleation of bubbles, resulting in larger cell formation (Li
et al., 2018). TB foam presented finer cell morphology and fewer broken (less perforated) cell walls, therefore, this can
lead to superior mechanical strength and thermal insulating properties as mentioned by Li et al., (2018) with the addition
of cork powder in the foam formulations. Moreover, some fibers can be observed unevenly distributed in the cell walls,
noticing a not complete integration of the fibers in the foaming mixture; this can be attributed to the bamboo fiber size,
possibly too large, that will increase the cell sizes as there is not a good nucleating effect in the foaming process (Saz-
Orozco et al., 2015; Qiu et al., 2021).

Finally compared to the described treatments, the combination of bamboo fibers and tween 80 of TTB foam
presented a more stable morphology with fewer irregular and broken cell walls, finer and smaller cells widely distributed
over the network; however, breakages or debris still can be observed in the foam, resulting from the cut in the
preparation of the sample before analysis.

3.4.7 Infrared spectroscopy (FTIR)

The FT-IR spectra of the foams are reported in figure 10, all the foams showed similar absorption bands,
suggesting similar cellular structure. A broad absorption band between 3100 - 3700 cm™ was observed, typical of
hydroxyl groups, TB and TTB foams showed a more intense spectral peak OH stretching vibration which is mainly due
to the numerous hydroxyl groups of the bamboo fibers incorporation; TT foam contained the lowest amount of O-H
group due to possibly polycondensation reaction with the tween 80 added (Qiu et al., 2021). ST and TT foams presented
peaks around 2924 and 2854 cm™! corresponding to C-H stretching region from methylene (CH;) and dimethylene ether
(CH2-O-CHy) groups of the aliphatic chains and the aromatic rings, which lower the intensity in the TB and TTB foams
(Hussain et al., 2020).

At around 1700 cm™! the C=0 bond stretching occurs, attributed to an incomplete scission of the ether linkage
after furan ring opening (Tondi et al., 2015). The absorption band at 1610 cm™" is attributed to the C=C vibration in the
benzene ring of tannins present in all foams (Azadeh et al., 2022). The spectral region between 1608-1300 cm™! presents
C-H bending vibrations of the aromatic rings, with strong stretching at 1455 cm™! band characteristic of phenolic
compounds (Tondi et al., 2015; Li et al., 2018).

Page 11 of 16



Transmittance

) Ul

T T T T T T v
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm’ I)
Figure 10: FTIR spectra of ST, TT, TB and TTB foams.

From 1300 to 950 cm™!, C-O stretching vibrations are characteristic, in this region the TTB foam spectrum
presented some differences compared to the other foams, with more intense bands occurring at 1122, 1035, and 1010
cm! attributed to C-O-C and C-O stretching vibrations due to the increasing amount of ether bridges obtained by the
ether bonds formed by the reaction of glyoxal with furfuryl alcohol (Li et al., 2018). Finally, the region from 950 to 600
cm! bands are attributed to C-H bending of aromatic rings, 786 and 680 cm ™! peaks of TTB foam appeared to be more
intense which can be attributed to the C-H vibration of the furan ring and to the C-C-C stretching of benzene rings,
respectively (Tondi et al., 2015; Hussain et al., 2020).

3.4.7 Thermogravimetry (TG)

The thermogravimetric analysis (TGA) and DTG curves of the foams are shown in figure 11, describing the
thermal stability behavior of the tannin-based foams formulations. Three similar degradation stages were observed for
all foams, a first peak was observed between 30 and 100 °C, this initial mass loss was attributed to the volatilization of
remaining water and light volatile compounds in the foams (Xi et al., 2020). The next stage took place between 150 and
400 °C range, where the initiation temperature of the foams was very close to about 200 °C and the mass loss was
related to the degradation of the tannin bonds, the surfactant tween 80 in TT foam and decomposition of cellulose,
hemicellulose and lignin in TB and TTB foams, providing better thermal stability (Qui et al., 2020; Chen et al., 2020).
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Figure 10: TGA and Derivative Thermogravimetry (DTG) curves of ST, TT, TB and TTB foams.

The third mass loss and the largest ranged from 550 to 750 °C, showing that 50 % of the mass loss occurred
after 600 °C, attributed to the degradation of C-C bonds and the pyrolysis of any residual products. All the foams
presented residual mass at 800°C, TB and TTB foams presented a similar residual mass of around 25 % and TT foam
presented the highest residual mass of 32 % possibly attributed to the low crosslinking density and overall, indicating
the good heat resistance of these foams (Xi et al., 2020; Chen et al., 2020; Li et al., 2018).
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4. Conclusions

In general, A. peregrina tannins possessed desirable Stiasny index of 72,41% and condensed tannin content of
12,81% proving to be possible to use them tannins as phenolic sources for the production of bio-based free formaldehyde
foams.

A. Peregrina tannin-based foams presented densities ranging from 0,12 to 0,19 g/cm?®, comparable to foams
produced with other tannin species, however, the incorporation of the mentioned additives in this study tends to slightly
decrease this parameter, whereas the porosity levels increased.

The water affinity of the foams that water absorption was related to the different cell morphology of the foam,
it decreased with the incorporation of the additive tween 80, while shown to highly increase with the presence of bamboo
fibers in the formulations due to their hydrophilic character; and the combination of both tend to stabilize this parameter.

The mechanical properties of the foams in this study were comparable to biomass-based insulation materials
and were directly related to the cell wall morphology and the crosslinking density of the resin; the incorporation of
surfactant tween 80 and bamboo fibers in the formulation showed little improvement in these properties.

All the A. peregrina tannin foams were flame resistant and presented self-extinguish behavior, even without the
addition of any flame retardants in the formulation, and no hazardous fumes were released during combustion.

The SEM images confirmed the incorporation of the surfactant tween 80, producing more homogeneous,
smaller pores cell wall morphology with higher mechanical resistance, compared with the treatments without surfactant
that presented more brittle behavior.

Further studies regarding the development of these products are needed, with diverse natural additives, as low-
cost, non-toxic substituents to replace non-environmental friendly petroleum-based insulating material.
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