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Abstract

In this work, a bio-based adhesive is prepared from Protium heptaphyllum resin. The resin is first characterized by
'H and BC nuclear magnetic resonance spectroscopy and the bioadhesive is then prepared using a simple mixture
of the resin with linseed oil, catalyzed by cobalt octanoate, to induce crosslinking. The precursors and bioadhesive
obtained are characterized by thermogravimetric analysis (TGA), differential scanning calorimetry (DSC) and Fourier
transform infrared spectroscopy (FTIR). The NMR analysis shows the presence of groups of triterpenes, such as a- and
B-amyrins, and diols, such as brein and maniladiol. Thermogravimetric analysis reveals that the resin has less thermal
stability than the bioadhesive. Mechanical tests indicate that the bioadhesive has greater adhesion strength compared
to the commercial adhesive, reaching an average stress at break of 7.66 and 0.113 MPa for the wood and carbon steel
substrates, respectively. In conclusion, the bioadhesive can be used for the production of composites.
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1. Introduction

Adhesives are polymeric materials capable of interacting,
both chemically and physically, with a substrate in such a way
that the stresses are transferred between both components!'.
Commercially available adhesives, such as polychloroprene,
polyvinyl, cyanoacrylate and vinyl acetate, are generally
produced from non-renewable sources. Furthermore, some of
the most used petroleum-based adhesives contain dangerous
chemicals, e.g., formaldehyde, which have a negative impact
on the environment and human health??.

In order to produce more environmentally friendly
materials, significant research has been focused on using
renewable resources to obtain adhesives. The adhesives
prepared from the modification of linseed 0il®®), soy proteint**,
castor oil plant'®” lignin and chitosan’®'" are good examples
of this approach. The employment of these raw materials
is possible as a result of their active sites, such as hydroxyl
groups and unsaturated bonds. These groups can react, in
the presence of a catalyst, with crosslinking agents that
have chemical groups compatible with the substrate (wood,
metals or plastics).

Natural resins are extractive substances secreted by plants
as a protective mechanism to injury. Most natural resins are
composed of terpenes, which are macromolecules derived
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from isoprene (2-methyl-1,3-butadiene). These compounds
present actives sites (double bonds and hydroxyl groups)
that are prone to chemical attack and can be exploited for
the development of adhesives.

In the Amazon region of Brazil, there are many species
of trees that secrete natural resins with the potential for the
development of adhesives. Among these natural resins, Protium
heptaphyllum is highlighted for having an established market
due to its application in the cosmetics industry. This resin
is mostly composed of a- and B-terpenes!'! and is used in
folk medicine as an anti-inflammatory, analgesic, stimulant,
cough remedy and for clearing airways!'?. Another important
application of this resin is in the caulking of wooden boats,
a classical craftwork realized by riverains.

The use of natural resins in their crude form for the
preparation of adhesives results in poor mechanical resistance,
due to their relatively small molecular weight and absence of
interchain bonds. In this context, crosslinking with vegetable
oils has been a strategy used for improving the mechanical
performance of adhesives. Addis et al.!'*! performed a chemical
modification of linseed oil from various crosslinking agents
and tested it as an adhesive in three types of wood. They
evaluated the curing time, the type of crosslinking agent
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and the rate of adhesive impregnation and reported that the
material is a promising bioadhesive for wood.

Although Protium heptaphyllum resin has long been
used by riverains for craftwork, its scientific investigation
is very limited. Only the work of Vieira et al.l') reports the
application of Protium heptaphyllum resin as an adhesive.
The authors demonstrated that the pure resin can be used
for the adhesion of wood; however, they verified that it has
low mechanical resistance and becomes brittle after curing,
which decreases its adhesion strength on the substrate surface.

In this work, a bioadhesive is prepared from the crosslinking
of Protium heptaphyllum resin and linseed oil and catalyzed
by cobalt octanoate (12Co). Linseed oil is selected because
of'its high content of double bonds, which is important for
the formation of a consistent chemical network in the cured
material. In addition, linseed oil acts as a plasticizer, which
resolves the problem of brittleness described by Vieira et al.!'.
The resin and bioadhesive are initially characterized and
their chemical composition, thermal stability and main
thermal transitions determined. Subsequently, the adhesion
force of the bioadhesive is evaluated through shear stress
assays in specimens of wood and carbon steel. A commercial
adhesive from polychloroprene is used for comparison. On
this basis, the aim of this study is to develop a bioadhesive
suitable for the production of composites.

2. Materials and Methods
2.1 Materials

Protium heptaphyllum resin was acquired from a local
market in Macapa, Brazil. The material was received as a
dark gray solid, with some vegetable residues of branches and
leaves dispersed among the solids. Linseed oil (Corfix, Porto
Alegre) was acquired from a local market in Porto Alegre,
Brazil, and received as a clear, crude and unpolymerized
light yellow oil. The 12Co 12% catalyst was supplied by
Miracema Nuodex (Guarulhos, Brazil). Chloroform P.A.
99.98% and deuterated chloroform (CDCl,) were purchased
from Sigma Aldrich®.

2.2 Methods

2.2.1 Purification of Protium heptaphyllum resin

The resin was first crushed with a hammer and vegetable
residues (branches and leaves) were manually removed.
The resin was then purified through solid/liquid Soxhlet

(2)

extraction with chloroform at 70 °C for 8 h. Finally, the
extract was concentrated in an oven at 105 °C for 24 h,
resulting in a red-orange translucent solid (Figure 1) with
a mass yield of 92%.

2.2.2 Adhesive formulation and preparation of specimens for
mechanical tests

The bioadhesive was produced from the crosslinking
of the Protium heptaphyllum resin and linseed oil in the
presence of the 12Co catalyst. 12Co is considered the most
efficient catalyst among transition metals and it can induce a
crosslinking reaction of linseed oil at 82 °C!'#, The bioadhesive
preparation involved the simple mixing of the components
at 100 °C in a mass ratio of 80:20 (resin/linseed) with 0.5%
of 12Co. In a typical procedure, 16 g of the purified Protium
heptaphyllum resin were weighed in a porcelain crucible and
heated to 100 °C until complete liquefaction was achieved.
Subsequently, linseed oil (4 g) and 0.5% of 12Co (0.01 g)
were added and the mixture was homogenized for 5 min.
This mixture was allowed to cure for 72 h in an oven at
60 °C. After curing, samples of the adhesive were collected
for FTIR, TGA and DSC characterization.

2.2.3 Characterization of precursor materials and bioadhesive

'"H and "*C nuclear magnetic resonance (NMR)
spectroscopies were performed to identify the main compounds
present in the purified Protium heptaphyllum resin. Samples
were dissolved in deuterated chloroform at 60 mg/mL and
analyzed at 50 °C using a Bruker® spectrometer, Avance
111, 300 MHz.

The thermal stability of the purified resin, linseed oil
and adhesive was evaluated using TGA. The analysis was
performed using a TGA Q50 V20.13 Build 39 under a N,
flow rate of 100 mL/min from room temperature to 840°C
at a heating rate of 20 °C/min. An alumina pan was used
and the approximate sample mass was 15 mg.

DSC was performed on the purified resin, linseed oil
and adhesive using a TA Instrument calorimeter with a N,
cooling module. Samples of ~5 mg were analyzed from
0 to 200 °C at a heating rate of 10 °C/min and in a N, flow
rate of 50 mL/min.

FTIR spectroscopy was employed to evaluate the main
functional groups of the Protium heptaphyllum resin and
linseed oil. The spectra were collected with a Perkin-Elmer
Frontier spectrometer in transmittance mode using the
KBr pellet method in the range of 4000-650 cm'. For the
bioadhesive of Protium heptaphyllum, the analysis was

Figure 1. Protium heptaphyllum resin (a) before and (b) after purification.
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performed in total attenuated reflection using a wavenumber
range from 4000 to 700 cm™, 16 scans and a 4 cm™! resolution.

2.2.4 Mechanical shear testing

To determine the adhesion force, the bioadhesive was
prepared in a similar manner as described in section 2.2.2.
The mixture (crude resin, linseed oil and catalyst) was
impregnated in specimens of wood or carbon steel that were
placed in an oven with air recirculation (DELEO, model
ABAR-FC) at 60 °C for 72 h for curing.

The carbon steel specimens were based on the
ASTM D1002-10"1 standard, with dimensions of
100 mmx25 mm and thickness of 1.5 mm. The bioadhesive
was impregnated on the specimen with a grammage of
144 g/m?, in a bonding area of 12.5x25 mm?. After the
contact of both specimen sides, they were attached with
double metal clips.

For wooden specimens, the modified ASTM D906!!¢!
standard was employed. Laminated eucalyptus wood with
dimensions of 100 mmx25 mm and a thickness of 4 mm
was used. The bioadhesive was applied on the substrate with
a grammage of 154 g/m? in a bonding area of 30x25 mm?.
The specimens were again attached with double clips.

The tests were carried out using a universal machine
EMIC, model 23-5D. The specimens were attached by
two flat plate claw screws and tensioned. For the metal
substrate, a shear rate of 1.27 mm/min was used, according to
ASTM D1002-101"%), while for the wooden specimens, a shear
rate of 10 mm/min was used, according to ASTM D906!'¢!.
The test with a commercial polychloroprene adhesive was
made using the same procedure, except for the curing time,
which was 72 h.

Statistical analyzes were performed using the free PAST
software, version 2.17c. Variance (ANOVA) and Tukey’s
test were used at the 95% significance level.

2.2.5 Optical microscopy

The micrographs of the fracture area in the specimens
were observed using a digital optical microscope model
U1000X with a magnification of 1000x%.

3. Results and Discussions

3.1 Characterization of precursor materials and
bioadhesive

The 'H and “C NMR spectra of the Protium heptaphyllum
resin are shown in Figures 2 and 3, respectively. Since
techniques for separating the components of the Protium
heptaphyllum resin were not used, the spectra are only
discussed qualitatively, with the primary purpose of identifying
functional groups and structures. For this, the chemical shifts
of the compounds found in the Protium heptaphyllum resin
depicted in the literature are used.

In the region between 0.8 and 2.0 ppm for the 'H NMR
and 0 to 56 ppm for the 3*C NMR spectra, a set of chemical
shifts characteristic of carbon chains is noted; however, it
is not possible to identify these compounds. In addition,
no chemical deformations above 140 ppm were observed,
which is typical of triterpenoids with alkene groups, such
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as B-amirinone, a-amirinone and lupenone!'”’. The peaks at
3-79.07 ppm and 0-77.03 ppm in the *C NMR spectrum
are related to carbons in position C3 linked to hydroxyls
(C-OH), which is confirmed by the double doublet at
3.25 ppm in the '"H NMR spectrum, which is characteristic of
protons attached to carbons adjacent to hydroxyl groups. In
addition, in the *C NMR spectrum, the peaks at 144.6 ppm
(C13)and 121.26 ppm (C12) are characteristic of f-amyrin.
The peaks at 139 ppm (C13) and 124 ppm (C12) are from
a-amyrin''”!¥l, The peaks at 67.4 ppm and 66.4ppm in the
3C NMR spectrum are attributed to carbinolic carbons,
at position C16, and the double doublet at 4.2 ppm in the
"H NMR spectrum is characteristic of diols, such as brein
and maniladiol”').

The TGA curves and their respective derivatives (DTG)
of'the purified Protium heptaphyllum resin, linseed oil and
bioadhesive are shown in Figure 4. Table 1 presents the
values of the thermal stability at 5% mass loss (T,,,), and
the mass loss (Am,) and peak temperature (T, which is
the temperature of the maximum rate of decomposition
obtained from the DTG curves) of each thermal event
observed for the curves.

Figure 4 shows four thermal events for the resin and
adhesive, while for the linseed oil, the degradation occurs
in a single step. The first thermal event appears between
106 and 201 °C and is attributed to the loss of volatile
components. It is noted that the resin (Am, = 9.18%)
presents a higher variation in mass loss than the adhesive
(Am, =4.10%), which may be due to the thermal processes
of heating at 100 °C until liquefaction and curing at 60 °C
used for preparing the adhesive. The second thermal event is
observed between 201 and 435 °C and is related to the loss
of the main components (amyrins and diols) of the Protium
heptaphyllum resin, as reported by Silva Junior et al.l"!
and Vieira Junior et al.'"). Silva Junior et al.? showed
that the isomers o- and B-amyrins, the major components
of Protium heptaphyllum resin are degraded in the range
of 210 to 380 °C. Vieira Junior et al.l'”! obtained similar
results for the Protium heptaphyllum resin. In this step, the
remaining mass of the resin (Am, = 90.65%)) is lost, while for
the bioadhesive, a broadening of the peak (Am, = 89.48%)
is observed. From analyzing the T __of the both peaks, itis
observed that the resin has the highest value; however, this
does not mean that it has a greater thermal stability, since
the peak broadening is displaced for a higher temperature
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Figure 2. '"H NMR spectrum of Protium heptaphylum resin.
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Figure 3. °C NMR spectrum of Protium heptaphyllum resin.
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Figure 4. TGA (a) and DTG (b) curves for resin, adhesive and
linseed oil.

and third and fourth additional peaks are identified for the
bioadhesive.

The third (shoulder) and fourth thermal events were
observed only for the bioadhesive. They occurred in the
temperature range of 435 to 498 °C for the third peak
(Am, = 3.36%) and from 498 to 607 °C for the fourth peak
(Am,=2.84%). These peaks may be the decomposition from
macromolecules or oligomers formed from the crosslinking
of the Protium heptaphyllum resin with linseed oil, since
they have T higher than the crude resin and linseed oil.

4/8

The DSC results of the Protium heptaphyllum resin,
linseed oil and bioadhesive are shown in Figure 5. Linseed
oil showed an exothermic peak between 75 and 200 °C,
with a maximum close to 150 °C. Lazzari and Chiantore!?!!
demonstrated that this exothermic peak, in the range of
100 to 200 °C, is a result of the formation of peroxides that
react with conjugated double bonds characteristic of oils that
have undergone some type of treatment or prepolymerization.
Thus, it is inferred that the commercial linseed oil used to
prepare the bioadhesive had already been oxidized to some
level, probably due to exposure to the environment. The
oxidation of triglycerides, using transition metals, such as
cobalt, as catalysts, occurs from the hydrogen abstraction
of methylene groups present in the unsaturation. The cobalt
catalyst provides both the formation of hydroperoxides and
their decomposition due to the formation of stable ions.
The combination of these radicals initiates the crosslinking
reaction. Other possible termination reactions described by
Charamzova et al.¥) suggest that alkoxide groups, formed
from hydroxyl groups (major components of Protium
heptaphyllum resin), can be combined with radicals from
unsaturations.

The resin presented two endothermic events, compatible
with the results reported by Vieira Junior et al.'”) for Protium
heptaphyllum resin. The first one appears close to 52 °C,
with an enthalpy of 3.3 J/g, and is associated with the
softening of the material. The second one arises in the range
of 100 to 160 °C and is more intense, with an enthalpy of
24.89 J/g. This is attributed to the loss of volatile materials,
such as water or solvent, which are likely to be residues from
the purification process. For the adhesive, the DSC curve
exhibited two exothermic events, with the first one occurring
in the range of 63 to 126 °C, with an enthalpy of 15.32 J/g,
and the second one in the range of 126 to 190 °C with an
enthalpy of 7.50 J/g. Both events may indicate a two-step
curing of the adhesive, in which in the first step occurs via
the oxidation of the linseed oil or reactions of OH groups
from resin with unsaturated groups of linseed oil, while the
second step occurs with crosslinking between the linseed

Polimeros, 31(2), 2021014, 2021
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Table 1. Main thermal events in the samples.

Thermal events

T 5% o o o ASh
1 2 3° 4
Samples (OC) Am max Am max Am max Am max (%)
W% ¢0) wt. % ¢C) W% ©C) W% ©C)
Resin 155 9.28 152 90.65 357 - - - - 0.07
Linseed 331 100 404 - - - - - - 0.00
Bioadhesive 222 4.10 129 89.48 341 3.36 457 2.84 556 0.22
1. : . ] ‘
0.5 g; ——0 hour

o

Ilcat Flow (W/g)

0 50 100 150 200 250 300
Temperature (°C)

Heat Flow (W/g)
=)

-1.0 .
—Resin o
-1.3 .. Bioadhesive s s
Linseed _ R =
2, 50 T00 150 200
Temperature (°C)

Figure 5. DSC curves for samples of Protium heptaphyllum resin,
linseed oil and bioadhesive.

oil chains or between the linseed oil and components of the
Protium heptaphyllum resin (amyrins and diols).

To assess whether the exothermic event observed for
the bioadhesive in Figure 5 is from curing, thermograms
from DSC were evaluated at 0, 24 and 48 h of curing. The
results are exhibited in Figure 6. In general, the curves also
showed two exothermic events and an evolution in the energy
released was observed. The first event (70 to 125 °C) released
5.22 J/g at 0 h and 8.60 J/g at 48 h. Similarly, the second
exothermic event (125 to 190°C) increased from 4.80 J/g
at 0 h to 8.61 J/g at 48 h. Thus, the fact that this energy
increases with the elapsed curing time of the bioadhesive is
an indication that chemical bonds are formed (crosslinking),
since this behavior is characteristic of a curing process.

From comparing the resin and bioadhesive spectra,
Figure 7, the main difference is the decrease in the intensity
of the bands at 3430 and 3100 cm™, corresponding to
the OH groups of the resin components (amyrins, brein
and maniladiol) and the =C-H groups of the linseed oil,
respectively. The reduction of the OH band is possibly a
consequence of the reaction of OH with double bonds through
an oxidation mechanism®. The =C-H band is indicative
of the crosslinking of the resin with linseed oil, since the
bioadhesive does not show this band. Such processes can
be correlated with the DSC results, in which a double-step
curing was observed.

3.2 Adhesion strength in wood and steel

The adhesion strength of the bioadhesive was evaluated
through shear stress assays in carbon steel and wood substrates.
In addition, a commercial adhesive (polychloroprene) was used
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Figure 6. DSC curves for bioadhesive samples at 0, 24 and 48 h.
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Figure 7. FTIR spectra for resin, adhesive and linseed oil.

for reference. Figure 8 shows the results of the mechanical
shear stress tests and Table 2 the ANOVA of the values
obtained. Comparing the bioadhesive and polychloroprene,
it is observed that the adhesion strength of the first one is
3 times the second one for the wooden substrate, and 2 times
for the metallic substrate. In terms of performance between
substrates, the difference was significantly higher, being
the shear stress of the wooden substrate 67 times of the
metallic substrate for the bioadhesive, and 47 times for the
polychloroprene.This result is related to the greater affinity
of the resin with the wood material, which has surface groups
that facilitate physical interactions and a roughness that
favors mechanical anchoring. Besides, the penetration of the
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Table 2. ANOVA results for substrates.

Substrate Factor Sum of DF Mean F P-valor
squares square

Metal  Between 13018 1 13 14.89 0.00272
groups
Within 10489 12
groups

Wood  Between 85.6104 1 85.6104 1094 4.702.107
groups
Within  8.60465 11 0.78224
groups

DF= degrees of freedom; F= value from the F distribution;
P-valor= probability of significance.

9.00
7.001 v2ZAWood
e [ Steel
§ 5.00:
S 3.001
% 1.004 W
3 7 ' '
=
w
5 / /
Q
=
w
_ _

Commercial

Bioadhesive

Figure 8. Comparative results of shear stress of samples evaluated
on steel and wood substrates.

Steel specimen

adhesive into the pores of the substrate (absorption effect)
provides greater resistance, and this effect appears for the
wood but is absent for the metallic substrate®. The values of
tensile shear stress are much higher than those obtained by
Vieira et al."), who employed crude Protium heptaphyllum
resin as an adhesive and reached only 0.14 MPa of shear
stress using wood as a substrate. This better performance
is mainly attributed to the crosslinking with linseed oil.
In addition, the linseed oil acts as an internal lubricant,
providing gains in deformation and eliminating the problem
of brittleness reported by Vieira et al.l''. Compared with
the polychloroprene adhesive, the bioadhesive of Protium
heptaphyllum was superior, as evidenced by the higher
average values of shear stress for both substrates that
were statistically different (p<0.05) according to ANOVA
(Table 2). The difference in performance was more visible
for the wood substrate, since the bioadhesive was three
times higher than the polychloroprene.

Figure 9 shows micrographs of the fractured area of
samples from adhesion strength tests for both substrates.
According to Wei et al.**, there are three different failures
that can occur in adhesives: adhesive failure, cohesive
failure and mixing failure. In this work, different failures
were observed in the tested substrates. For the metallic
substrate, there were areas where the adhesive completely
detached from the substrate (delimited area), characterizing
adhesive failure and parts where the contact area still had
adhesive, showing a cohesive fracture. The mechanical
interlocking, adsorption, and chemical bonding are the
three primary mechanisms that control the adhesion?®l.
Besides, the roughness of the metallic surface is another
decisive factor for the interaction?”). Therefore, one reason
that may have contributed to the adhesive having presented

Fracture surface - 1000 x
3 =y A,

Figure 9. Micrography of the fractured surface area of the adhesion strength specimen tests of the Protium heptaphyllum adhesive, realized

in carbon steel (a) and wood as substrates (b).
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adhesive failure is the fact that the substrate has undergone
no kind of pre-treatment to increase adhesion. For the wood
adherent, cohesive failure is perceived in regions of the
bonding area with part of the adherent fibers (Figure 9b),
which for ASTM D5573-99%% standard can be defined as
Light-Fiber-Tear failure (LFT failure). In both cases, the
occurrence of cohesion failures may be related to a slight
reticulation of the bioadhesive®), which did not form a
consistent interlacing among the molecules that are required
to hinder an early cohesion fracture during the shearing
of the bioadhesive. On the other hand, it indicates that
the Protium heptaphyllum adhesive has a fixation to the
substrate stronger than the internal resistance (cohesion),
which is required for adherence behavior®!.

4. Conclusions

A bioadhesive was prepared from the crosslinking of
Protium heptaphyllum resin with linseed oil using cobalt
octanoate as a catalyst.

Through 'H and *C NMR spectroscopy analyzes it
was confirmed the main chemical structures of the Protium
heptaphyllum resin. From the thermal analyzes it was identified
a curing procress, which was additionally noted in the FTIR
spectra. The mechanical assays results demonstrated that
the bioadhesive prepared has greater mechanical properties
than the commercial material (polychloroprene) used as
reference. It is highlighted that the adhesion strength of the
bioadhesive was three times that of the commercial adhesive
used as reference for the wood substrate.

Finally, taking in to account the good results obtained for
the wood substrate, we consider that the bioadhesive prepared
from the Protium heptaphyllum adhesive has potential to
be applied in the production of wood-based composites.
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