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Abstract

In this work epoxidized soybean oil (ESO) based compounds were developed using salicylic acid (SAL) and 1, 3, and 5 wt%
of chitosan (CHT). The chemical structures and the curing mechanisms were evaluated using Fourier transformed infrared
spectroscopy (FTIR). The thermal curing in the absence of catalyst was followed using differential scanning calorimetry
(DSC). The data show that ESO/SAL/CHT formulations with low CHT content, i.e. 1 and 3% reacted and with high reactions
enthalpy. The obtained bio-resins were characterized by their water uptake, swelling ratio, crosslink density, thermal stability.
These results present a new alternative for the development of bio resins based on epoxidized soybean oil, salicylic acid and
chitosan, enabling potential applications such as curatives or composite materials.
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Introduction

Due to increasing demand for polymers-based materials
that are directly linked to ecological problems of low life
circle and high levels of waste, the development and imple-
mentation of a sustainable economy grounded on renew-
able resources has triggered great interest from the research
community and industry in the last years [1]. The research
challenge is to figure out effective ways of converting bio-
renewable resources into fuels and chemicals to design
innovative, green and environmentally friendly routes for
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the development, recovering and reusing of polymeric mate-
rials [2, 3].

Among the renewable sources, the vegetable oils (VO)
such as linseed and soybean oils, have attracted much atten-
tion due to their low cost, non-toxicity, and large worldwide
production [4]. In general, the VO are constituted by triglyc-
erides and fatty acids linked to a glycerol core. The chemical
treatments, such as acrylation and epoxidation, are the most
important and useful exploration of double bonds function-
alization, leading to the production of bio-based monomers
and resins able to replace those from fossil sources [5].

Epoxidized soybean oil (ESO) obtained from the soy-
bean oil (SO) epoxidation offers a wide range of advan-
tages, due to the SO commercial availability and its large
scale production in Brazil as feedstock. The ESO pro-
vides advantages as potential raw material for a variety of
industrial applications such as products for the automo-
bile, aerospace, and general goods, for instance [6—8]. The
presence of the oxirane groups in ESO enables the direct
synthesis of epoxy resin via ring-opening reactions with
amino or carboxyl groups containing compounds such
as diamines [9, 10], dicarboxylic acids [3, 11, 12] and
anhydrides [13, 14]. The use of carboxylic acids as initia-
tors and epoxy curing agents is well established mainly in
linseed oil biobased systems and the approach for epoxi-
dized soybean oil is still underexplored [15, 16]. In the
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last years, research groups have focused on the reactions
mechanisms between aliphatic acids and epoxidized veg-
etable oils, even so, due to the variety of these compounds,
some of the carboxylic acids have not been studied so far,
for example the salicylic acid that is characterized as a
benzoic acid, but presents a functional -COOH group [3,
8, 17].

Salicylic acid (SAL) is a benzoic acid with an ortho-
hydroxyl group, being a natural product produced for
example from Willow tree. SAL is a safe compound
used in the pharmaceutical industry due to its excellent
antibacterial, anti-infective and antifungal activities
[18]. Moreover, SAL is a key plant to regulate immunity
hormones (such as jasmonic acid, ethylene, abscisic acid)
and exhibits high potential to control the post-harvest
losses of the horticultural crop [19, 20].

Chitosan (CHT) is another example of renewable
resource, originated from chitin, the second most abundant
natural biopolymer after cellulose. It is a copolymer
consisting of B-(1-4)-linked d-glucosamine and N-acetyl-
d-glucosamine[21]. CHT has many desirable properties
including non-toxicity, biodegradability, biocompatibility
and it may be obtained from marine shell wastes
through a chemical process such as deproteinization,
demineralization and discoloration [22]. The hydroxyl and
primary amines groups of CHT are proper candidates for
epoxy curing since they are reactive and can participate
in the curing process through the interaction with epoxide
groups [23, 24].

The combination between salicylic acid and chitosan
has been widely studied with the main purpose to develop
proper packages and increase the fruits’ shelf-life [20, 25],
protecting them against microorganisms (fungi, bacteria
etc.) activity [26].

The aim of this work is to synthesize epoxi resins from
totally green monomers and without any catalyst/initiator.
Thermoset resins based on ESO were cured with salicylic
acid (ESO/SAL) at molar ratio of 1.2; CHT was added
at 1, 3, and 5 wt.%. The effects of chitosan in the ESO/
SAL curing reactions were investigated using differential
scanning calorimetry (DSC) and Fourier transformed
infrared spectroscopy (FTIR). The obtained biopolymers
were characterized in terms of thermal stability by
thermogravimetry analysis (TGA). Moreover, the swelling
ratio (in water and toluene), contact angle and gel content
assessments were determined. It is worth mentioning,
from our knowledge, so far, salicylic acid has never been
combined.

without any synthetic modifications in its structure
as biobased crosslinker for ESO. Chitosan was used
to observe its influence on the curing behavior of the
thermoset and aiming a simplified methodology to obtain
a fully bio-based epoxy resin.

Materials and Methods
Materials

Chitosan (deacetylation degree > 75% and low molar mass)
and salicylic acid (98% purity) were acquired from Sigma
Aldrich (Sao Paulo, Brazil). The epoxidized soybean oil
(ESO) with equivalent epoxy weight (EEW) of 238 g/mol
and the number of epoxy groups per molecule 4.3 was
kindly provided by BBC Quimica (Sao Paulo, Brazil).
Toluene and acetone (98% of purity) were acquired
from Sigma Aldrich (Sao Paulo, Brazil) and used to
determine the swelling ratio and gel content, respectively.
All chemicals were used as received without further
purification.

Curing Reaction of Epoxidized Soybean oil With
Salicylic Acid (SAL) in Presence of Chitosan (CHT)

SAL was added to ESO (ESO/SAL) at the stoichiometric
ratio R=1.2 epoxy/acid groups, that was chosen based on
previous literature work [9, 27-30]. The proper amount of
ESO (5 mL) was heated at 80 °C, afterward, SAL (1.21 g)
was added, and the compounds were mechanically stirred
for 10 min until reaching complete homogenization. CHT
at contents 1, 3 and 5 wt.% was added to the uncured ESO/
SAL mixture and mechanically stirred for 5 min at 80 °C
until complete dispersion. The uncured mixtures were
poured out in a silicon mold and cured at 100 °C for 2 h.
A schematic pathway is shown in Fig. 1.

Fourier Transform Infrared Spectroscopy (FTIR)

Specimens were analyzed using the attenuated total
reflectance (ATR) method using a spectrometer Spectrum
400 Series Perkin Elmer (United States) in the range of
400-4000 cm™!' wavenumbers. The resolution and the
number of scanning cycles were 16 cm™' and 32 scans,
respectively.

Differential Scanning Calorimetry (DSC)

Curing of ESO/SAL/CHT mixtures took place using the
DSC of TA Instruments model Q20. Specimens weighing
7-9 mg of ESO/SAL and ESO/SAL/CHT (1, 3 and 5 wt.%)
were sealed in aluminum pans and heated from 25 °C
to 270 °C at a heating rate of 10 °C min~!, under inert

atmosphere of nitrogen (N,) with gas flow of 50 mL min~".
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Fig. 1 Flowchart illustrating how ESO/SAL/CHT bio-resins were obtained

Thermogravimetry (TGA)

The thermal stability of raw materials (ESO and CHT)
and cured ESO/SAL and ESO/SAL/CHT (1, 3 and 5 wt.%)
were evaluated using a THA Pyris-1 of Perkin Elmer
(United States). Specimens with approximately 10 mg
were placed in an alumina pan and heated from room
temperature (~23 °C) to 650 °C, with a heating rate of
10 °C.min~!, under inert nitrogen (N,) atmosphere with

gas flow of 50 mL.min"!.

Gel Content (GC)

Gel content is an important parameter that indicates the

degree of conversion during the synthesis of any kind of

resins and it is calculated using Eq. (1). The cured specimens

(Mi) were embedded in a filter paper and refluxed in acetone

using a Soxhlet apparatus for 48 h. Afterward, the specimens

were dried for 6 h until reaching a constant weight (M).
(Mi)

Gel content (%m) = —= x 100

Mp) M

In vitro Hydrolytic Degradation

During the in vitro hydrolytic degradation, the initial speci-
mens (Wi) were immersed in a phosphate-buffered saline
(PBS) solution (pH 7,4) at 37 °C for predetermined peri-
ods of time, i.e., t=7, 14, 21 and 28 days. Afterward, the

@ Springer

<\—i‘/w Cured at 100°C

Bio Resin ESO/SAL

' This te st 0
and Related Co
Sybcommil’ ee

et edi
approved in 1¢

J
]

$t maithod is under the msliction of A
CoMtings, Materuy s, adWl Application:
fee 1ML 1 on Polyme N and Resins ©
editic® approverds Nov. k. 2011, lis!
1 1969. Last previous editiu~approved in

Bio Resin ESO/SAL/CHT (1, 3 and 5%. wt)

(ESO/SAL)

specimens were removed from the solution, washed with
distilled water, and dried at 50 °C until constant weight.
The specimens were then weighted (Wt) and the hydrolytic
degradation was determined using the Eq. (2).
Hidrolytic degradation (HD)(%) = w x 100 )
i

where W, is the initial weight and W, is the weight at a
pre-determined time. The experiments were carried out in
triplicate.

Swelling Ratio and Crosslinking Density

The swelling ratio (S,) was determined according to Eq. (3)
and the results are shown as absorbed solvent content
expressed in percentage unit. The swelling factor (S;) used
in Eq. (5) was the unitary value of the swelling ratio.

The tests were performed using toluene as solvent.
Specimens with 1+0.01 g as the dried weight (W,) and
with 15X 15x5.3 mm? were immersed in 50 mL of toluene
for 24 h. Then, the specimens were gently dried to remove
solvent excess and the swollen weights (W,) were recorded.

M % 100
Ws

Swelling ratio (S,in%) = 3)

The swelling ratio in toluene was used to determine
the crosslink density (v4) and the molar mass between
crosslinking points (M,) of prepared resins. According to
Flory-Rehner theory [31, 32], the crosslink density can be
calculated using the Eq. 4.
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In(1 - vp) +v,+ 217, 1

Vi = 3 = )
r(2=v,5) M,

where v, is the solvent molar volume and y, is the
Flory—Huggins polymer—solvent interaction parameter,
which for toluene is equal to 106.27 cm’.mol~! and ~0.391,
respectively. The molar volume of the polymer v, can be
calculated using Eq. 5.

1

Ppolymer

e ®)

Psolvent ppal_vmer

wWhere p,,mer A0d Py, are the densities of the polymer
(calculated from the relation between mass and volume of
specimens) and that of the solvent, while S; is the swelling
factor.

Water Absorption (WA)

To determine the percentage of water absorption, the
specimens were immersed in distilled water at~37 °C and
weighted at pre-determined immersion times. The water
uptake degree was determined according to Eq. 6.

Water absorption (W, %) = Wi % 100 ©6)

where W, and W, are the weight of dried specimens and
after immersion, respectively.

Contact Angle

Specimens’ wettability was analyzed with a contact angle
apparatus following the standard ASTM D724 — 99.
Specimens with 5x5x1 mm? were placed on a microscope
slide and tested with different liquids (PBS pH of 7.4
and distilled water pH of 6.0) through the deposition of
3 drops (10 pL) upon the specimen surface. The images
were recorded using a DLSR camera Canon T6 and the
contact angles were measured with the software SW Angle
calculator.

Results and Discussions
Curing Mechanism Involving ESO, SAL and CHT

The mechanisms of the reactions among epoxide groups are
quite complex and reactions beyond oxirane ring-opening
such as esterification, etherification and condensation esteri-
fication can occur simultaneously. Based on the acquired
data and previous studies [12, 15], three main mechanisms

among epoxide groups and carboxylic acids are illustrated in
the Scheme 1a and the proposed interactions with chitosan
in Scheme 1b.

Fourier Transform Infrared Spectroscopy (FTIR)

Figure 2 displays FTIR spectra of uncured mixtures and
cured ESO/SAL and ESO/SAL/CHT bio-resins. The ESO
spectra showed the main characteristics bands of the epox-
ide group at 848 and 824 cm™! and the ester band centered
at 1744 cm™'. Other bands such as 728 cm™' (CH bend-
ing), 1084-1154 cm™! (ester, antisymmetric stretch), and
28562924 cm™! (methylene symmetric and antisymmetric
stretch) are also observed, they are important to compare the
structural changes during the curing [33-35].

The characteristic band due to the oxirane group at
826 cm~! decreases along with the crosslinking reaction,
and bands at 3456-3182 cm™! referring to OH stretch of
intermolecular bonding appear mostly due to the oxirane
ring opening reactions which is also an indication of
esterification reaction [9].

Observing the FTIR spectra of uncured mixtures in the
region 500-1000 cm™' (Fig. 3-a), can be highlighted that
the main peak at 824 cm™! of epoxide groups appears in the
cured bio-resins slightly divided with another peak occur-
ring at~ 848 cm™! referring to 1,3 di-substituted benzene
positions assumed by OH and COOH groups of SAL which
are established at 874 and 806 cm™! bands for the cured
resins. This resonance phenomenon is also demonstrated by
the decreasing intensity in the bands of 1,2 di-substituted
benzene groups at 728 and 748 cm ~! when the uncured
mixtures and cured resins are compared.

The wavenumber interval from 1000 to 1500 cm™
highlighted in Fig. 3b shows the main characteristic bands
which give evidence to the reactions mechanisms proposed
in Scheme la. The ether CO stretching bands at 1154 and
1028 cm™! refer to the aliphatic ethers and OH in-plane
bending at 1376 cm™" indicates the presence of secondary
alcohol that is, mainly formed, during the etherification
reaction evidencing that the secondary mechanism proposed
occurred.

Otherwise, the main mechanism reaction, i.e., ester
formation, is evidenced by bands centered at 1212 and
1258 cm™!, which especially refers to the decrease of
aliphatic esters from the ESO structure and the increase
of aromatic esters formed due to the SAL presence when
uncured and cured compounds are compared. The CH
symmetrical and unsymmetrical bending are located at 1376,
1458 and 1484 cm™', respectively, they are another evidence
of aromatic benzene compounds linked to the main structure
of ESO.

In the interval 1500-4000 cm™! (Fig. 2¢) may be noticed
the band centered at 1700 cm™! which refers to the ester

1
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group present in ESO and CO stretch of carboxylic groups
from SAL, simultaneously. The presence of bands referring
to CH aromatic stretch at 3160-3180 cm™' and the increase
of OH intermolecular bonded hydroxyl group between 3200
and 3460 cm™!, respectively, is a major indication that the
opening of the epoxide ring was caused by the presence of
SAL’s carboxylic groups.

Differential Scanning Calorimetry (DSC)
DSC scans of fresh mixtures and partially cured ESO/SAL
and ESO/SAL/5%CHT bio-resins, at 80 °C for 2 h, are dis-

played in Fig. 3, and the obtained results are summarized in
Table 1. The DSC thermograms of fresh mixtures display

@ Springer
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double exothermic peaks (Tpeak 1 and 2), whereas partially
cured ESO/SAL displayed only the peak at higher tempera-
tures (Tpeak 2), since partial curing took place during heat-
ing at 80 oC for 2 h.

Reactivity information can be extracted based on these
DSC scans, the curing at 80 °C suggesting that the sali-
cylic acid is efficient and the first reaction, the main cur-
ing reaction, is complete after 2 h. Based on this argument,
and considering the chemical structures of compounds
used in this work, as well as the Tpeak interval occurring
between 100-220 °C, could be suggested that the salicylic
acid has higher reactivity than aliphatic carboxylic acids
as reported in the literature which presented temperatures
between 180-200 °C for the same curing event [27, 36].
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Fig.3 DSC scans at 10 °C/min of uncured ESO/SAL/CHT mixtures
and partial cured ESO/SAL and ESO/SA/5%CHT bio-resins at 80 °C
for2h

The secondary thermal event (Tpeak 2) takes place between
217-270 °C and it is referred to the homopolymerization or
etherification in systems with excess of epoxy which occurs
at higher temperatures [37].

Upon chitosan addition, during the first curing event,
it is observed a discrete displacement of Tpeak 1 to
lower temperatures as also an increase of the enthalpies
corresponding to the first and second reactions peaks, which
can be due to the presence of higher content of primary
amines groups and hydroxyls along with the chitosan
macromolecular chains which interacts with reactive groups
(i.e. hydroxyl or epoxide groups). These interactions are
reported by Satheesh et al. (2014) who evaluated the effect
of chitosan as filler in DGEBA/Epoxy curing [38, 39].
Additionally, secondary interactions as hydrogen bonding
can improve the ESO/SAL/CHT systems reactivity, as also
evidenced by FTIR spectra. An exception on enthalpies
values correlation with CHT ratio is the system at 5%CHT
which has lower enthalpy of homopolymerization reactions
at high temperatures.

Furthermore, the endothermic melting of SAL at around
158 °C, as reported by Ding et al., (2015) does not appear in
the DSC scans of Fig. 3, suggesting homogeneous mixtures
were produced during formulations preparation.

Thermogravimetric Analysis (TGA)
The thermal stability of fresh compounds and cured ESO/
SAL/CHT bio-resins was investigated using TGA, the ther-

mograms being presented in Fig. 4. Raw materials, i.e. ESO
and CHT displayed distinct thermal resistances, related to
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Table 1 Enthalpy (AH) and

System T °C AH(J.g™! T °C AH(J.g™!
temperature at the maximum of Y peakt () de) pea2 (°C) de)
the peaks (Tpeui; ana2) ESO/SAL 164 13 247 31

ESO/SAL CURED - - 245 21

ESO/SAL-1%CHT 158 2731 257 41

ESO/SAL-3%CHT 163 2381 262 60

ESO/SAL-5%CHT 157 35 250 13

ESO/SAL5%CHT CURED - - 252 7

100 —m— ESO/SAL
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g 40 4 §n
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0 100 200 300 400 500 600
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Fig.4 TG and DTG plots of investigated initial compounds and cured
bio-resins, during heating at 10 °C/min

their chemical structures. ESO presents an initial thermal
decomposition at (Ti) 290 °C and a maximum decomposi-
tion (Tmax) at 395 °C which is attributed to the ester groups
degradation [10]. The chitosan starts to lose mass at around
100 °C due to the moisture loss followed by its major degra-
dation step at Ti 250 °C, Tmax at 350 °C, the mass residue at
600 °C being of 0.25%. The thermal stability of chitosan is
inversely proportional to the deacetylation degree (DD) and
molecular weight, respectively, the NH2 groups being less
stable than N-acetyl groups [40, 41]. Since the used chitosan
presents DD ~75% and low molecular weight, these results
are expected.

Related to the cured bio-resins, Tmax of thermal pyrolysis
can be observed between 370-395 °C. A second mass loss
at 480 °C can be observed for ESO/SAL/CHT, which can
be due to CHT.

In vitro Hydrolytic Degradation

Figure 5 presents the evolution of hydrolytic degradation
of ESO/SAL/CHT bio-resins carried out in PBS (pH=7.2,
0.01 M), at 37 °C during 7, 14, 21 and 28 days. It can be
observed that the bio-resins have low percentages of hydro-
lytic degradation at the end of the immersing period of

@ Springer
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Fig.5 Hydrolytic degradation in PBS solution of ESO/SAL/CHT
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Fig.6 Gel content (GC) (black line) and Contact angle (6) (purple
line) of investigated bio-resins (Color figure online)

around 3 +0.2% for ESO/SAL while for ESO/SAL/CHT bio-
resins the obtained values are around 1.5%. This degradation
profile shows the contribution of CHT to generate a more
stable crosslinked structure, which needs higher energy and/
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or longer times to degrade in the tested conditions. These
results are comparable with those reported by Wang et al.
2012 for ESO cured with an amine, which presented hydro
catalytic degradation values around 1.5%.Fig. 6

Gel Content (GC) and Contact Angle

GC data obtained applying Eq. (1) for the ESO/SAL/CHT
bio-resins are shown in Fig. 7. CHT addition did not show a
significant change in GC; hence ESO/SAL and ESO/SAL/
CTH present similar values, around 80+ 2% which suggests
the existence of similar crosslinked networks. This result
can be due to the used stoichiometric ratio (R =1.2 epoxide/
COOH) and to the good reactivity of ESO and SAL together

20

W ESO/SAL
ESO/SAL1%CHT

|-A- ESO/SAL3%CHT

W ESO/SAL5%CHT

T

X 104
<
=
5_
of A
T T T T T T T
0 24 48 72 96 120 144 168

Time (h)

Fig.7 Water uptake of ESO/SAL with 1, 3 and 5 wt.% of chitosan

with very good chemical compatibility of the CHT with the
€poxy system.

Observing the contact angle values in H,O and PBS
solutions may be verified that the ESO/SAL and ESO/
SAL/1%CHT are mostly hydrophobic (0 ~70-120°). The
addition of chitosan in the ESO/SAL formulations tends to
slightly decrease this hydrophobic character, this trend is
observed in the water uptake results in which samples with
5 wt.% chitosan showed a significant water absorption.

Water Absorption (WA %)

The water uptake of a material is affected by the polarity
of its constituents’ surface. The results obtained for the
prepared bio-resins given in Fig. 7 shows low values of
WA%, excepting the ESO/SAL/5%CHT, mostly due to its
higher content on ester linkages. Besides the presence of
OH groups formed during the reaction, the main aliphatic
chain disfavor the interaction with water [13]. The bio-
resin with 5% wt. CHT presents higher WA % which can be
explained by the high content of CHT providing a structure
more susceptible to water permeation. These results are in
good agreement with the gel content and contact angle data,
previously discussed.

Swelling Ratio and Crosslinking Density (v,)

Acquired data for the swelling ratio in toluene correlated
with calculated values of the crosslink density (v4) and
molar mass of segment chains between crosslinks (M,) are
presented in Fig. 8. It may be noticed that the bio-resins
swelling is increasing with the CHT addition, this trend is
expected when nonpolar solvents such as toluene are used
and demonstrates the solvents capacity to permeate into the

Fig.8 Influence of chitosan 220 ——@— SWELLING RATIO (%) - 80
content (1, 3 and 5 wt.% CHT) -@— CROSSLINKING DENSITY (mmol.cm®) L 19
in the swelling ratio in toluene, 179 Me(g/mol) I ~or
crosslink density and molar 210 o— 3 L 75
mass between crosslink points L 18
(M,) of ESO/SAL/CHT bio- 3
resins I
200 o L17 [ 70
190 % 1.6 65
180 - 15 L g0
1.4 |
170 - 55
o\
o F1.3 |
160 } } ] ! L 50

1
ESO/SAL

1
ESO/SAL-1%CHT

1 1
ESO/SAL-3%CHT ESO/SAL-5%CHT
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bio-resins microstructure and inducing the macromolecular
chains displacement without breaking the primary bonds, in
other words, “specimens swell, but do not dissolve, in good
solvents™ [42].

The swelling results are indicating that the chitosan
participates during the curing process of the bio-resins,
providing a greater distance between the chains and
consequently facilitating the solvent penetration. The
obtained swelling results were used to estimate the crosslink
density and the molar mass between crosslinks (M) through
the theory described by Flory-Rehner [31, 32]. The results
show that ESO/SAL and ESO/SAL/CTH bio-resins have
similar values of crosslinking density to those reported for
ESO/ dicarboxylic acids bio-resins, where values between
1.3 and 1.9 were gathered [11]. It is worth mentioning that
chitosan addition drastically decreased the crosslink density
which confirms the interactions between ESO/SAL bio-
resins and chitosan at intermolecular levels. The calculated
values of the molar mass between crosslink points (M) also
indicate an increase of the segments with the CHT addition,
a sign that the CHT is contributing to the crosslinking
reaction.

Conclusions

Epoxidized soybean oil-based compounds were prepared
using salicylic acid and the addition of 1, 3 and 5 wt.% of
chitosan and their influence on the curing mechanism and
physico-chemical properties were evaluated. During the
curing, ether and ester bonding were evidenced through
FTIR spectra. The curing took place during heating and from
DSC scans two exothermal events were obtained, the lower
one related to the main curing reaction, while the higher
one could be related to the homopolymerization. ESO/SAL/
CHT formulations with 1 and 3% of CHT reacted faster, with
higher reaction enthalpy than that with 5% wt. CHT. In the
last system, a higher content of secondary interactions as
hydrogen bonding is suggested by FTIR spectra. The gel
content and contact angle show that the addition of chitosan
in the ESO/SAL formulations tends to slightly decrease the
hydrophobic character, mainly when 5% wt. of chitosan
is added. The results obtained in swelling ratio in toluene
and approaches by Flory-Rehner theory also suggests that
ESO/SAL/5% wt. CHT provided a low crosslinked density
structure promoting a higher hydrophilic character with
intensified swellable character. Gathered data indicates
the proper use of produced compounds in curatives and
bio-composites.
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