
Progress in Organic Coatings 167 (2022) 106861

Available online 10 April 2022
0300-9440/© 2022 Elsevier B.V. All rights reserved.

Bio-based one-component epoxy resin: Novel high-performance 
anticorrosive coating from agro-industrial byproduct 

Lucas R.R. da Silva a, Bruna A. Carvalho b, Rita C.S. Pereira b, Otilio B.F. Diogenes a, 
Ursula C. Pereira a, Kássia T. da Silva a, Walney S. Araujo a, Selma E. Mazzetto b, 
Diego Lomonaco b,* 

a Department of Metallurgical and Materials Engineering, Federal University of Ceara, 60440-900 Fortaleza, CE, Brazil 
b Department of Organic and Inorganic Chemistry, Federal University of Ceara, 60440-900 Fortaleza, CE, Brazil   

A R T I C L E  I N F O   

Keywords: 
Organic coating 
EIS 
Corrosion protection 
Bio-based coatings 

A B S T R A C T   

In this present work, an epoxy resin produced from an agroindustrial byproduct, cashew nutshell liquid (CNSL), 
was used for manufacturing a one-component anticorrosive epoxy coating. CNSL-based epoxy resin (e-CNSL) was 
synthesized using a solvent-free methodology with performic acid generated in situ. The chemical structure of 
resin was evaluated by FTIR and 1H NMR. The curing parameters of the epoxy-phenol system with 1-methylimi
dazole (1-MIM) as an accelerator were investigated by differential scanning calorimetry (DSC). The use of only 
5% by weight of 1-MIM was efficient to catalyze the reaction, obtaining the lowest cure temperature (150 ◦C). 
The coating showed high crosslinking and good thermal-mechanical performance, where the initial decompo
sition temperature was 200 ◦C and glass transition temperature was 30 ◦C. The anti-corrosive performance of e- 
CNSL/MIM5 exposed to salt spray and 3.5% w/v NaCl solution was monitored by electrochemical impedance 
spectroscopy, adhesion, and visual evaluation during the exposure period. Humidity test with visual evaluation 
was also performed. The coating presented high impedance module at 108 Ω.cm2 and high adhesive property, 
suffering low delamination during the tests. Thus, the one-component bio-based coating developed is promising 
to be applied for corrosion protection purposes.   

1. Introduction 

Organic coatings are one of the most efficient protection technolo
gies against corrosion processes, a major problem in several fields 
around the world, representing a serious security concern with huge 
financial losses. 

This has been the most widely used preventive measure today, 
especially in transport and infrastructure sector, with a market cost 
forecast for 2022 of US$31 billion [1]. These materials have excellent 
properties that enable their use in a wide variety of industries. They are 
flexible, impact resistant, have chemical resistance and they act as a 
physical barrier directly protecting metallic substrates from aggressive 
environments, requiring simple and economical application, with easy 
repair and maintenance [2]. 

Epoxy resins represent the largest part of the coatings market, 
because of its versatility. These resins have an excellent combination of 
mechanical properties, adhesive capacity, dimensional stability, thermal 

and chemical resistance [3]. In addition, epoxy resins can be used in 
other segments, such as adhesives, composites, building materials, 
laminates and insulators [4]. The global market epoxy resins size 
reached US$25.8 billion in 2018 and is projected at about US$34 billion 
until 2022 [5]. 

However, approximately 90% of commercially available epoxy 
resins are synthesized from petrochemical resources, using bisphenol A 
(BPA) as a precursor to bisphenol A diglycidyl ether epoxy resin 
(DGEBA). BPA is produced by condensing acetone with phenol. Its 
annual global production was estimated at around 10 million tons in 
2020 [5,6]. 

Studies have shown that BPA presents severe risks to human health. 
Due to its phenolic structure, BPA is similar to estrogen, being able to 
bind to receptors for this hormone, and impair some bodily functions, 
such as growth, embryonic development and cell regeneration, and 
trigger endocrine disorders [7,8]. Thus, there is an urgent need to 
develop new materials from renewable and non-toxic resources that 
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reduce dependence on fossil fuels, and provide significant contributions 
to environmental sustainability. 

The literature reports the use of renewable sources as epoxidized 
precursors in the development of partially/fully bio-based thermoset 
polymers with good thermomechanical properties. Ammar and collab
orators [9] used epoxidized soybean oil in the development of a fully 
organic-multifunctional coating system with good film transparency and 
good properties of hardness, adhesion, thermal stability and physical 
barrier against corrosion. Parvathy et al. [10] synthesized bioresins from 
silanized castor oil (SCO) and silanized methyl ricinoleate (SMR) for the 
development of a green, sustainable, hydrophobic biocoating for paper 
substrate and with recyclability potential. 

Among the aromatic renewable sources, the literature reports the use 
of epoxidized lignin for total replacement of BPA in the formulation of 
epoxy resins, obtaining a thermoset polymer with thermal stability and 
thermomechanical performance comparable to that of the epoxy system 
based on DGEBA [11]. As an aromatic epoxidized oil, the literature re
ports the total epoxidation of the cardanol side-chain providing a way to 
eliminate the pendant ends of the chain that cause low Tg of cardanol- 
derived polymers [12]. Other authors made use of cashew nut shell 
liquid (CNSL) in the synthesis of epoxy resin for asphalt binders and 
antioxidants for biodiesel [13,14]. 

The CNSL is a low-cost and underutilized agro-industrial byproduct, 
but has a rich chemical composition composed mainly of phenols meta- 
substituted with a long unsaturated alkyl chain, which is responsible for 
its oily texture. The structural characteristics of CNSL enable its opera
tion as a versatile platform for chemical modifications, representing a 
promising route in the development of tailor-made renewable polymers. 
It is worth mentioning that, since CNSL is an inedible oil, it does not 
present competition in the food supply chain and because it comes from 
raw material waste, it does not compete for production land, unlike 
other vegetable oils (edible) [15]. 

CNSL is characterized as a dark, viscous, and caustic oil, extracted 
from spongy shell that covers the cashew kernels of Anacardium occi
dentale L. Cashew tree is a tropical tree native to Brazil, grown mainly on 
the continents of Asia (India, Vietnam, and Indonesia), Africa and South 
America. The world production of cashew nuts in 2017/2018 crop 
reached around 789 thousand tons [16]. 

This agroindustrial byproduct corresponds to 25% of the nut weight 
and can present different chemical compositions according to the 
extraction method, and thus classified into two types: natural or tech
nical. Natural CNSL is obtained by solvent extraction and is composed of 
anacardic acid (60–70%), cardol (10–20%), cardanol (3–10%), 2-meth
ylcardol (2–5%), and other minor constituents. On the other hand, 
technical CNSL is obtained after industrial treatment, under high tem
peratures, during the processing of almonds, which results in a low 
added value waste, consisting mainly of cardanol (60–70%) and cardol 
(10–20%), 2-methylcardol (2–5%) and polymeric materials (5–10%) 
[17]. 

The use of cardanol, obtained from the distillation of technical CNSL, 
has shown satisfactory results as a promising renewable source in the 
manufacture of products for different applications, as in plasticizer for 
PLA and PVC [18,19], lubricating oils [20], phenalkamine curing agents 
[21], as well as the use of commercial cardanol (Cardolite) in the syn
thesis of novolac phenolic resins [22], epoxy resins [23], flame re
tardants [24] and polyurethanes for coating [25]. 

However, distilled cardanol still has approximately 6% of cardol and, 
depending on the application, it is necessary to carry out a second 
distillation to obtain a high purity material, increasing energy expen
diture [26]. So, there is growing concern about the sustainability and 
energy efficiency of this chemical process, as raised by circular economy 
guidelines. 

Although raw CNSL also has the potential to replace phenol, its use as 
an alternative raw material, without isolating its components or per
forming any purification treatments, has been little explored. Thus, this 
work aims to synthesize a technical CNSL-based epoxy resin, to produce 

an organic coating through a one-component system, using 1-methylimi
dazole as a catalyst, as well as studying thermal properties and its 
anticorrosive performance. 

2. Materials and methods 

2.1. Materials 

Cashew nutshell liquid (CNSL) was supplied by Amêndoas do Brasil 
LTDA (Fortaleza-CE, Brazil). All reagents were used as received: sodium 
bicarbonate, hydrogen peroxide (35%), ethyl acetate, Amberlite IR- 
120H, and acetone were supplied by Synth. Formic acid (85%), xylene 
(99%), 1-methylimidazole (99%), crystal violet (for microscopy), and 
33% wt. hydrobromic acid in acetic acid were supplied by Sigma. 

2.2. Epoxidation of CNSL 

The epoxidation of double bonds of CNSL was performed according 
to the methodology described by Silva et al. [27] with some modifica
tions (Fig. 1). 

CNSL (100.00 g), formic acid (18.02 g, 0.333 mol), and Amberlite IR- 
120H (20.00 g, 20 wt% of CNSL) were added to a 1 L beaker. The 
mixture was cooled to 0 ◦C in an ice bath and stirred at 80 rpm with a 
mechanical stirrer system for 5 min. Then, 35% v/v H2O2 (190.0 mL, 
2.217 mol) was added dropwise over 1 h. At the end of the addition, the 
mixture was heated at 60 ◦C for 5 h and continuously stirred at 120 rpm. 
The molar unsaturation ratio of CNSL: formic acid: hydrogen peroxide 
was 1:0.5:3.33. The progress of the reaction was monitored by thin layer 
chromatography. 

After the reaction was complete, the organic phase was separated 
from the aqueous phase and diluted with ethyl acetate (1 L). Then, 
Amberlite IR-120H was recovered by vacuum filtration and the product 
was neutralized with saturated sodium bicarbonate solution (3 × 30 mL) 
and washed with distilled water until neutral pH. The organic phase was 
collected and dried with anhydrous sodium sulfate and concentrated 
under reduced pressure, obtaining 90.0 g of a reddish-brown viscous 
liquid (yield of 90% in relation to the weight of CNSL, and 57.4% con
version of double bonds considering the initial iodine number, as 
describe Table 1). 

2.3. Preparation of test specimens 

The specimen was prepared with the addition of 1.5 g of e-CNSL 
resin, 1 mL of acetone and 5% wt of 1-methylimidazole (MIM5) in a 
beaker and stirred for 5 min. The solution was poured into a mold of 
silicone (4 cm × 2 cm × 2 cm) and subjected to vacuum degassing for 1 
h. The sample was allowed to dry for 24 h and submitted to a controlled 
temperature program: 100 ◦C, 130 ◦C for 1 h each and 150 ◦C for 2 h. 
The cured samples were conditioned at room temperature for 24 h and 
then analyzed by gel content, FTIR, TGA and DSC. 

2.4. Surface preparation 

1010 steel panels (10 cm × 15 cm) had their surfaces treated with G- 
25 steel shot followed by cleaning with acetone before applying the 
coating. The panels had a roughness of 50 μm and were measured by 
PosiTector®SPG equipment. 

2.5. Application and curing of coatings 

The e-CNSL/MIM5 coating was prepared using xylene as diluent 
(30% w/w with respect to e-CNSL resin) and 1-methylimidazole as 
accelerator (5% w/w with respect to e-CNSL resin), thereby obtaining a 
viscosity of 6.62 Pa.s for application on steel panels with the aid of a 500 
μm extender. The coated substrates were placed in an oven at 70 ◦C for 1 
h for solvent evaporation, and then, they were submitted to the same 
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controlled temperature program, described in Section 2.3. The coated 
panels were conditioned at room temperature for 24 h to then be eval
uated for their adhesive and anti-corrosion properties. 

2.6. Characterization techniques and test methods 

2.6.1. Characterization of CNSL and e-CNSL epoxy resin 
The iodine values of CNSL and e-CNSL resin were determined by 

titration according to the procedure reported by Tubino and Aricetti 
[28]. The epoxy equivalent weight (EEW), weight percent of epoxide (E) 
and the epoxy content (EC) of the resin were determined by the titration 
method according to ASTM D1652 with adaptation [27]. The determi
nation was carried out in triplicate for each sample. The EEW of the resin 
was calculated using Eq. (1): 

EEW
(

g
eq

)

=
(43 or 42) × 100

E
(1) 

Where 43 refers to the molar weight of the glycidyl epoxy ring or 42 
refers to the disubstituted epoxy group and weight percent of epoxide 
(E) calculated using Eq. (2): 

E =
(4.3 or 4.2) × V × N

w
(2) 

Epoxide Content (EC) was calculated according to Eq. (3): 

EC
(

mmol
g

)

=
(V × N)

w
(3)  

Where V is the volume of HBr used to titrate the sample in mL, N is the 
normality of HBr solution in mol L− 1, and w is the weight of the sample 
in g. 

Fourier transform infrared spectroscopy (FTIR) was performed on a 
FRONTIER FT-IR/NIR Perkin Elmer in attenuated full reflectance (ATR) 

mode with zinc selenide crystal (ZnSe). The wavelength range of ana
lyzes was 4000–550 cm− 1 with a resolution of 4 cm− 1 and 32 scans. 

The chemical structure of e-CNSL resin was further confirmed by 
NMR analysis carried out in a Bruker Avance DPX 300 spectrometer 
operating at 300 MHz for 1H nuclei, at room temperature, using 
deuterated chloroform (CDCl3) as solvent. The e-CNSL (30 mg) was 
dissolved in 0.4 mL of CDCl3-d and the residual solvent signal was used 
as the internal reference (7.27 for 1H). 

Viscosity measurements were carried out on an RST-CPS Brookfield 
Rheometer, using a 50 mm diameter cone-plate geometry with 0.045 
mm gap, with shear stress from 100 to 2000 Pa at 25 ◦C. 

2.6.2. Properties of the test specimens 
Gel content (GC) was determined by gravimetric analysis based on 

ASTM D2765 with modifications. Samples of cured films (Wi) with a 
mass of 30 mg were immersed in chloroform (3 mL) for 24 h to extract 
the soluble content. After this period, the samples were dried at room 
temperature to constant weight (Wf). The analysis was performed in 
triplicate, and the GC of the samples were calculated using Eq. (4): 

GC(%) =
Wf
Wi

× 100 (4) 

These values express in percent the non-soluble gel content that can 
be correlated with a crosslink density formed in polymers. 

The thermal behavior was studied by thermogravimetric analysis 
(TGA, Mettler-Toledo TGA/SDTA851e). For TGA analysis, 5 mg of 
sample were heated from 30 ◦C to 800 ◦C in an atmosphere of N2 and 
from 30 ◦C to 800 ◦C under an atmosphere of synthetic air (50 mL 
min− 1) at a rate of 10 ◦C min− 1. 

For the polymerization study, the samples were evaluated by dif
ferential scanning calorimetry (DSC, Mettler-Toledo DSC 823e) by 
heating from 30 ◦C to 400 ◦C at a heating rate of 10 ◦C min− 1. For 
evaluation of glass transition temperature (Tg) of coating, 5 mg of 
sample were heated from 30 ◦C to 150 ◦C, cooled from 150 ◦C to − 30 ◦C 
and heated from − 30 ◦C to 150 ◦C under a heating rate 20 ◦C min− 1. 
Both methods were carried out under a nitrogen atmosphere (50 mL 
min− 1). 

2.6.3. Coating properties 
The thickness of the coatings was measured with PosiTector® 6000 

equipment. The coatings were tested for pull-off adhesion properties 

Fig. 1. Functionalization of CNSL by epoxidation reaction through the generation of performic acid in situ.  

Table 1 
Chemical and rheological characterization of CNSL and e-CNSL resins.  

Samples Iodine value (g/ 
100 g) 

Epoxy content 
(mmol/g) 

EEW (g/ 
eq) 

Viscosity (Pa. 
s) 

CNSL 169± 0.0 – – 0,2 
e-CNSL 72 ± 1 2.24 ± 0.1 446 ± 1 621  
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using the PosiTest AT-A Automatic Adhesion Tester (DeFelsko – Type V 
model) according to ASTM D4541-17 (Test Method E) [5]. For the 
adhesion test, an aluminum dolly was glued to the surface of coating 
cured with two-component epoxy glue with a drying period of 24 h. 
Then a cut of the coating was carried out around the dolly. The rupture 
stress was registered after the detachment between coating and sub
strate. The adhesion tests were performed three times to verify the 
repeatability of the measurements. The percentage of adhesive and 
cohesive failures resulting from the adhesion test was estimated using 
the free software ImageJ to calculate the areas related to each type of 
failure. 

The water contact angle (WCA) of coating was determined using a 
WCA instrument (GBX Instrumentation Scientification) with measure
ments made in triplicate. The images were recorded with a camera 
(Nikon PixeLINK) attached to the WCA equipment for short periods. The 
optical properties (brightness values) were also evaluated by a T&M268 
triangular brightness meter (GLOSS METER) with measurements at 20◦, 
60◦ and 85◦ angles. The measuring range in the 20◦/60◦ angle is 0–1000 
GU and in the 85◦ angle is 0–160 GU according to the equipment 
specifications. The equipment is always calibrated before taking mea
surements. Measurements after equipment calibration were performed 
on e-CNSL/MIM5 coated over 1010 steel plates. These measurements 
were performed before electrochemical tests and accelerated tests. 

2.6.4. Anti-corrosion properties 
The corrosion protection behavior of coating was studied using three 

different methods: 

2.6.4.1. Immersion test. The corrosion resistance properties of e-CNSL/ 
MIM5 coating were evaluated using electrochemical impedance spec
troscopy (EIS) study on the AUTOLAB PGSTAT302P potentiostat. A 
conventional system of three electrodes was used, in which silver/silver 
chloride electrode, platinum electrode and coated panels were used as 
reference, counter and working electrodes, respectively. The surface 
area of the working electrode exposed to the test solution (3.5% w/v 
NaCl) was 21.22 cm2 in all cases at a temperature of 22 ◦C for 35 days. A 
sinusoidal potential disturbance of 25 mV was applied in the 1 × 105 - 6 
× 10− 3 Hz frequency range. 

2.6.4.2. Resistance to salt spray test and humidity. The corrosion resis
tance properties of coatings were evaluated by exposing the coated steel 
panels, with a single scratch on the bottom of the plate, to a 5% w/v 
sodium chloride (NaCl) aqueous solution at 35 ± 2 ◦C for 33 days ac
cording to ASTM B-117. The equipment used was a Q-FOG cyclic 
corrosion chamber from Q-Lab. Before testing, the edges and backs of 
the coated samples were covered with water-resistant tape. The tested 
panels were exposed to continuous spraying of salt solution placed at an 
angle of 30◦ in the chamber. The corrosion in the area marked were 
inspected for signs of bubbles, stains and loss of adhesion. 

The effect of humidity on a completely cured coating was studied by 
placing the coated panels in a humidity chamber model BASS-UK-S-01/ 
2012 (BASS Equipament Ltd) for 44 days, in accordance with ISO 6270- 
2. The humidity chamber was maintained at 95% relative humidity and 
a temperature of 40 ± 3 ◦C. After the test was completed, the exposed 
panels were evaluated for the appearance or not of visible damage. 

3. Results and discussion 

3.1. Characterization of e-CNSL 

The successful synthesis of e-CNSL epoxy resin was confirmed by 
chemical, rheological and spectroscopic analyzes. The iodine values, 
epoxy content and viscosities of CNSL and e-CNSL are shown in Table 1. 
The iodine value of the e-CNSL resin reduces when compared to the 
CNSL, confirming that there was a conversion of the internal 

unsaturations present in the aliphatic chains of cardanol and cardol into 
oxirane groups by epoxidation reaction. The conversion was 57.4% ac
cording to Eq. (5): 

%Conversion =
100 × (IV0 − IVF)

IV0
(5)  

Where IV0 is the initial iodine value of the CNSL and IVF is the iodine 
value of the e-CNSL resin. 

Epoxy contents found in the literature of epoxy resins derived from 
CNSL, as well as DGEBA resins, are higher than those found in this work 
[23,29,30]. This difference is due to the difference in the resin synthesis 
mechanism. DGEBA epoxy resins and other CNSL derivatives reported in 
the literature are synthesized by glycidylation occurring in phenolic 
hydroxyls, whereas for e-CNSL epoxidation occurs only in double in
ternal bonds since the double terminals of the molecule are not effec
tively epoxidized by the method formic acid/hydrogen peroxide [23], 
which decreases the number of oxirane groups per mass of resin. 

Viscosity measurements were performed for CNSL and e-CNSL at 
25 ◦C and shear stress of 2000 Pa, given in Table 1. The viscosity values 
show that the side chain epoxidation increased the viscosity in relation 
to CNSL, due to the addition of epoxy groups to the side chain, which 
reduces the mobility of the chain and increases the polarity, and possibly 
because of the oligomerization of the components of the e-CNSL during 
epoxidation [23]. 

3.2. Spectroscopic measurements 

Through FTIR analysis, it was observed the changes that occurred 
during the synthesis of the epoxy resin, evaluating the disappearance 
and appearance of absorption bands characteristic related to the struc
ture of CNSL and e-CNSL resin, as also observed in the literature [31]. 

In Fig. 2, in CNSL spectrum is possible to observe a broad band 
related to the phenolic hydroxyl group at 3354 cm− 1; stretches in 3009 
cm− 1 of C–H bonds for the unsaturated side chain present in the con
stituents of CNSL, as well as stretches of C–H for the methyl, methylene 
and methine groups at 2924, 2853 and 1456 cm− 1; in addition to the 
stretching in 1595 cm− 1 of C = C bonds present in the aromatic ring. 

In the e-CNSL resin spectrum was observed a symmetrical stretching 
of C–O (1200 cm− 1), appearance of an asymmetric stretching band of 
the epoxy ring (826 cm− 1) and complete disappearance of the band in 
3009 cm− 1 related to the C–H stretching of the side chain internal 
unsaturations after epoxidation, suggesting that double bonds were 
converted into oxirane groups. However, it is possible to observe a C––O 
band at 1724 cm− 1 that possibly refers to the opening of the epoxy ring 
by formic acid [32]. 

Fig. 3 shows 1H NMR spectra of CNSL and its epoxidized product e- 
CNSL, respectively. Its main structural modifications can be identified 
and used as evidence of effective formation of oxirane rings as already 
reported in previous work [27] and in literature [23,33]. 

The signals observed at 6.26 ppm and in the range of 6.7–7.2 ppm are 
attributed to the aromatic protons of cardol and cardanol, respectively. 
The epoxidation of the side chain is confirmed by displacement of the 
signals in the range of 5.3–5.5 ppm (internal unsaturation protons j) in 
the CNSL spectrum to 2.9 and 3.2 ppm (protons n), related to hydrogens 
of oxirane ring, in the e-CNSL spectrum. This indicates the conversion of 
internal double bonds of the side chain into epoxy groups during the 
epoxidation reaction. In addition, the altered chemical displacement of 
peaks in the range of 1.3–1.7 ppm (protons f and g) also supports the 
formation of epoxy groups. 

However, there were no significant changes in the multiplets in the 
range of 5.0–5.2 ppm and 5.8–5.9 ppm, which correspond to the protons 
of the terminal double bonds of the side chain (protons l and m), that can 
still be observed in e-CNSL spectrum. This shows that the terminal 
double bonds are less reactive and the synthetic method used is not 
efficient, thus requiring other reaction conditions for epoxidation [12]. 
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This behavior, in which the band at 3009 cm− 1 referring to the double 
bonds disappears while in the 1H NMR spectrum the signals of the 
double terminals still remain, is also observed in the literature [12,34]. 
Signals between 3.3 and 3.75 ppm are secondary hydroxyl protons 

suggesting that there were epoxy ring opening reactions. 
The conventional epoxidation method is complex, problematic and 

of low selectivity, involving several reactions simultaneously in the 
aqueous, organic phases and in the water-oil interphase [35,36]. Among 

Fig. 2. FTIR spectra of CNSL and e-CNSL.  

Fig. 3. 1H NMR spectra of CNSL and e-CNSL.  
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these reactions, epoxy ring opening can occur as a secondary process in 
the organic phase and in the interphase. This is due to the presence of 
water, formic acid and hydrogen peroxide, in addition to the phenolic 
molecules present in CNSL, which can act as ring-opening agents (Fig. 4) 
[37]. 

Thus, the characterization data obtained suggest that the epoxy resin 
may contain in its structure secondary hydroxyl groups, formate groups 
and oligomers, even in small amounts. This may explain why the epoxy 
content was lower than expected, as well as obtaining a resin with high 
viscosity. 

3.3. Study of polymerization of e-CNSL resin with catalyst 

Through the DSC analysis, preliminary polymerization studies were 
carried out to evaluate the effect of concentration of 1-MIM (0%, 1%, 
2.5%, 5% and 10% w/w). 

Fig. 5 shows the thermograms of mixtures (e-CNSL/1-MIM) with 
different amounts of 1-MIM and the data obtained from analysis, such as 
starting polymerization (Tonset), peak temperature polymerization (Tp) 
and polymerization enthalpy (ΔHpol) are summarized in Table 2. 

As can be seen in Fig. 5, two exothermic peaks were observed in all 
samples corresponding to the epoxy ring-opening reaction, as well as the 
polymerization of the terminal double bonds of cardanol and cardol side 
chain, possibly followed by a degradation process above 330 ◦C. 
Notably, the temperature of curing exothermic peak without catalyst 
was very high (286 ◦C), indicating that the reactivity of the curing re
action between the phenols present in the e-CNSL and the epoxide 
groups is extremely low. 

According to the literature, phenolic curing agents such as phenol 
[38], bisphenol A [39], tannic acid [40], and quercetin [41] required 
temperatures above 200 ◦C for the ring-opening reaction. Therefore, to 
increase the reaction reactivity and consequently reduce the curing 
temperature of e-CNSL, the 1-MIM accelerator was added in different 
proportions. 

The thermograms of the 1% to 10% samples are similar. When the 
concentration of 1-MIM increases from 1% to 10%, Tonset decreases 
about 28 ◦C from 120 ◦C to 92 ◦C because the reaction rate is associated 
with a higher concentration of catalyst. This is also observed for Tp, 
which decreased by 45 ◦C. 

Conversely, when the concentration of the accelerator increased by 
up to 10%, ΔHpol increased, possibly due to a greater extent of the 
etherification reaction by cardanol and cardol. It is quite clear that the 

difference between the temperatures of Tonset and Tp between the con
centrations of 5% and 10% were not so significant, so it was decided to 
use only 5% of 1-MIM for production of coatings. 

3.4. Characterization of specimens 

3.4.1. Spectroscopic measurements 
In Fig. 6 are shown the FTIR spectra in the fingerprint region of e- 

CNSL resin and its polymer completely cured at 150 ◦C to verify the 
conversion of functional groups. The aryl alkyl ether Ar-O-C stretch 
band was observed at 1255 cm− 1 in the e-CNSL/MIM5 spectrum, as well 
as a C-O-C stretch at 1051 cm− 1 [42]. In addition it is possible to observe 

Fig. 4. Secondary reactions in the epoxidation process.  

Fig. 5. DSC thermograms of e-CNSL with different concentrations of 1-MIM.  

Table 2 
Tonset and Tp temperatures of epoxy resins polymerization.  

e-CNSL/1-MIM 0% 1% 2,5% 5% 10% 

Onset (◦C)  148  120  111  98  92 
Peak T (◦C)  286  207  179  167  162 
Enthalpy (J/g)  − 107  − 153  − 137  − 185  − 188  

Fig. 6. FTIR spectra of the epoxy resin and the cured coating.  
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the disappearance of 826 cm− 1 band referring to the epoxy group [43]. 
The set of data presented confirms the structural formation of the 
polymer proposed in this work. 

3.4.2. Free film properties 
The gel content was measured in order to study the extent of curing 

of the e-CNSL/MIM5 coating. The gel content found was 95.4 ± 0.3%, 
confirming the almost complete crosslinking of coating. This probably 
indicates that it still contains non-crosslinked chains, such as non- 
functionalized or saturated cardanol chains, or open epoxy groups 
during the epoxidation reaction as can be seen by FTIR of pure epoxy 
resin, which can increase the soluble parts and consequently present 
below 100%. 

The thermal behavior of cured coating was analyzed by DSC and TGA 
techniques. The glass transition temperature (Tg) found for the polymer 
was 30 ◦C, which is very high when compared to our previous work 
using epoxy resin e-CNSL with other hardeners [27]. The use of imid
azole as a catalyst provides materials with a polymeric network with 
high rigidity according to Yang and collaborators [4]. This behavior is 
the result of a higher crosslinking density previously seen by the GC 
forming a more compact network that reduces the segmental and chain 
mobility of final structure of copolymer. 

The decomposition temperatures of the uncured resin and the 
coating were investigated by analyzing TGA under atmospheres of N2 
and Air. The resulting thermograms and their first derivative curves are 
shown in Fig. 7. The temperatures at 5% loss of mass, 30% loss of mass 
and the maximum rate of decomposition were calculated and denoted as 
Td5%, Td30% and Tdmax (◦C), are described in Table 3. The coating exhibits 
good thermal stability up to approximately 200 ◦C in both atmospheres, 
an increase of about 50 ◦C over uncured resin. The first minor degra
dation event corresponds to the elimination of water through the sec
ondary hydroxyl groups and the main degradation event corresponds to 
the breakage of the aliphatic chain of the polymer. 

3.4.3. Coating properties 
The e-CNSL/MIM5 epoxy coating was evaluated for adhesive, opti

cal, and wettability properties. All coated panels were completely cured, 
with no visible defects, such as holes, bubbles, phase separation, etc. The 
dry film thickness was measured on the PosiTector® 6000 equipment 
and observed in the range of 193 ± 68 μm. 

The gloss of coating was measured with a digital gloss meter at 60◦

and was observed in the range of 132–144 GU. The use of CNSL provided 
a higher gloss to coating when compared to commercial coating DGEBA 
(123–128 GU) and other bio-based blends with cardanol, reported in 
literature [44,45]. 

Regarding the hydrophobicity property, contact angle allows to 

evaluate the wetting behavior of surfaces. For the surface to be hydro
phobic, the WCA needs to be greater than 90◦ [46]. The WCA measured 
for coating was 78.9◦ ± 0.8. Although a more hydrophobic character 
was expected for CNSL-based coating due to the aliphatic chains of 
cardanol and cardol, the contact angle showed a hydrophilic character. 
This result can be attributed to the presence of secondary hydroxyl 
groups formed from the opening of epoxy rings that can interact with 
water through hydrogen bonding. On the other hand, when compared to 
our previous report [27], there was an increase in hydrophobicity when 
using aliphatic and cycloaliphatic amine-based curing agents. 

3.5. Corrosion resistance properties 

3.5.1. Immersion test 
Electrochemical impedance spectroscopy was used to investigate the 

electrochemical responses and anti-corrosion characteristics of CNSL- 
based epoxy coating. EIS measurements were performed periodically 
for 35 days after submitting the coated panels to a 3.5% NaCl solution. 
To achieve a stable environment, an open circuit potential (OCP) was 
obtained for 30 min before measurements. The results were displayed 
using Nyquist and Bode plots (Figs. 8 and 9). 

According to literature on EIS data analysis, the impedance module 
at low frequency (impedance at 0.01 Hz, |Z|0,01Hz) can be used to 
qualitatively evaluate the protective properties of organic coatings. 
Thus, as a parameter, coatings with ǀZǀ0.01Hz above 108 Ω.cm2 provide 
high protection properties, while those with ǀZǀ0.01Hz below 106 Ω.cm2 

provide low performance protection for carbon steel substrates [47–49]. 
Fig. 8 shows the degradation process of e-CNSL/MIM5 coating as a 

function of immersion time in a 3.5% NaCl solution. In the 0.5 h curve 
on the Nyquist graph, the coating presents a very capacitive arc and a 
value of ǀZǀ0.01Hz in Bode spectrum is 5.88 × 1010 Ω.cm2, exhibiting a 
high barrier property of coating for substrate. With immersion time up 
to 336 h, the spectra are characterized with a single capacitive arc in 
which the diameter gradually decreases due to water absorption. 

In the Bode graphs (Fig. 9), the ǀZǀ0.01Hz value decreased from 5.88 ×
1010 Ω.cm2 to 3.63 × 108 Ω.cm2 during 0.5–336 h, indicating that the 
barrier performance of coating was decreased. The phase angles also 

Fig. 7. TGA curves e-CNSL and e-CNSL/MIM5 under N2 and Air.  

Table 3 
Gel content and thermal properties of e-CNSL resin and e-CNSL/MIM5 coating.  

Sample Gel content 
(%) 

Tg 

(◦C) 
Td5% (◦C) Td30% (◦C) Tdmax (◦C) 

e-CNSL – – 284 (N2) 371 (N2) 443 (N2) 
e-CNSL/ 

MIM5 
95.4 ± 0.3 30 300 (N2)/ 

295 (Air) 
387 (N2)/ 
407 (Air) 

433 (N2)/ 
418 (Air)  
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gradually decreased showing only a time constant, indicating that only 
one process occurred during the analysis, which was the diffusion of the 
electrolyte through the coating. 

When the immersion time reaches 528 h, there is a slight increase in 
ǀZǀ0.01Hz reaching 7.54 × 108 Ω.cm2 and in subsequent immersion times. 
Nyquist graph (Fig. 8) shows that there is a tendency for formation of a 
second arc. This may have probably occurred due to the formation of 
corrosion products on steel surface and its blocking action on porosity of 
coating [47]. However, the phase angles do not show appearance of a 
new time constant. 

Another way to better assess the changes that occurred in coating 
during different immersion times is to use the breakpoint frequency, 
where it is defined as frequency at a phase angle of − 45◦ [9]. The in
crease in breakpoint frequency corresponds to increase in resistive area 
and, consequently, decrease in capacitive area of coating. 

In this way, with respect to area under Bode graph (impedance and 
phase angle as a function of frequency), coating can be classified into 
three classes: a high-resistance coating where the whole area under the 
Bode plot are recognized as capacitive regions, an intermediate coating 
that undergoes corrosion where there is a combination of capacitive and 
resistive regions, and coating failure for areas where only resistive 

regions are observed below the Bode plot [50]. 
Thus, based on EIS results, the coating developed under immersion 

as a function of time can be classified as an intermediate coating pre
senting an area under Bode chart with very capacitive regions at the 
beginning, but over a long period of exposure capacitive/resistive re
gions were predominant. 

3.5.2. Salt spray and adhesion test 
Salt spray test is an accelerated test that can simulate the deposition 

of moisture particles (and dissolved salts) in coastal atmospheric envi
ronments. Steel panels with e-CNSL/MIM5 epoxy coating were sub
jected to test for 33 days. The panels were removed every 5 or 7 days for 
EIS measurements in a 3.5% NaCl solution (Fig. 10). 

From the Bode modulus plot (Fig. 10) it is possible to observe that the 
ǀZǀ0.01Hz value of e-CNSL/MIM5 coating decreased to 1.26 × 109 Ω.cm2 

after 7 days and remained degrading more slowly reaching end of the 
test at 5.02 × 108 Ω.cm2. This occurs due to the penetration of the 
electrolyte in the coating and, consequently, the resistance decreases 
and the capacitance of coating increases. In short, the coating developed 
when subjected to both immersion test and salt spray test maintained its 
barrier properties without showing significant changes. 

Fig. 8. Nyquist plot as a function of immersed time.  

Fig. 9. Evaluation of degradation over time by Bode and Phase plot.  
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In Fig. 10 it is clearly seen that the coating showed an abrupt increase 
in breakpoint frequency between 0 and 7 days, which corresponds to a 
microscopic delamination under coating [1,51]. After this period, it is 
noted that there is no worsening of delamination, the breakpoint fre
quency decreases slowly. Thus, the coating remained with intermediate 
protection behavior. 

In fact, a high resistance or impedance does not always characterize 
the high performance of a coating. There are other properties that 
involve the performance of a coating against corrosion, for example, 
containment of corrosion in defective areas and adhesion [49]. 

Thus, linked to EIS monitoring, the developed coating also had its 
adhesive property evaluated by Pull-Off adhesion test during salt spray 
test and visual assessment of progress of corrosion in the risk. Fig. 11 
shows the adhesion test performed before, after 14 and 33 days of 
exposure. 

The test result is given by the applied force and nature of the failure 
that can be observed in ASTM 4541-17, being of two types: cohesive and 
adhesive. The substrate is coded as A, coating as B, adhesive glue as Y, 
and dolly as Z. Adhesive failure occurs when there is separation between 
two layers (A/B - metallic substrate/coating, B/Y - adhesive coating/ 
glue, Y/Z - adhesive glue/dolly). Failure of the A/B adhesive is unde
sirable as it indicates that there was not good adhesion between the 
coating and the metallic substrate. However, cohesive failure occurs 

when adhesion at the interface exceeds the cohesion of the coating layer. 
This type of failure indicates the existence of an optimal adhesion force 
[27,52]. 

Initially, coating presented a rupture stress value of 16 ± 0.7 MPa, 
presenting mostly cohesive failure. Epoxy coatings have a high rupture 
stress due to the presence of hydrogen bonding at metal/epoxy interface 
[53]. In epoxy resins, hydroxyl groups are responsible for this type of 
interaction [54]. The coating used has a high degree of curing which 
gives it a greater amount of hydroxyl groups formed and, consequently, 
greater adhesion strength. 

After 336 h, the adhesion value was 9 ± 0.8 MPa with predominantly 
cohesive or glue failure. With end of salt spray test, the last adhesion test 
was carried out with a result of 6 ± 1.2 MPa. The degradation of coating 
by exposure to salt spray significantly reduces the adhesion strength of 
coating to metallic substrate. This confirms the occurrence of delami
nation observed by increase in breakpoint frequency, although it still 
works perfectly as a barrier preventing corrosion from occurring under 
film, as can be seen in Fig. 11c, because it always presents failure of a 
cohesive nature. 

Fig. 12 shows the results of visual assessment in the risk region 
during the salt spraying of e-CNSL/MIM5 coating. The results showed 
that the coating had a high protection performance against the progress 
of corrosion with a behavior capable of withstanding the delamination 

Fig. 10. Impedance of e-CNSL/MIM5 coating applied to carbon steel. Results obtained after 0, 7, 12, 19, 26 and 33 days in salt spray test.  

Fig. 11. Results of the pull-off adherence test during 0, 14 and 33 days salt spray test exposure.  
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and the formation of rust in the areas close to risks. Its indicates that 
adhesive forces between coating and metallic substrate were very strong 
preventing the entry of electrolyte through coating/metal interface, thus 
preventing the spread of corrosion. In addition, this observation is in 
agreement with the results of the EIS, which confirms the stability of e- 
CNSL/MIM5 coating system throughout test period. 

3.5.3. Humidity exposure 
The samples exposed to the humidity chamber are shown in Fig. 13. 

Coatings were evaluated according to ASTM D714 - 02. After 19 days the 
e-CNSL/MIM5 coating begins to show a rough appearance. This 
roughness increases with long exposure period (37–44 days) and distorts 
the reflected image. The appearance of bubbles occurs at 27 days, and at 
44 days. The density of bubbles reaches half surface of coating and this 
profile is coded as M-8 according to ASTM D714 - 02, where the fre
quency of bubbles is average and size of the bubbles represents the 
smallest size easily seen with naked eye. For this coating, it was not 
possible to observe values of degree of rust due to your dark color. 

Organic coatings are permeable to oxygen and water due to the ac
tion of osmotic pressure which makes saturated humidity test more 
critical for bubble formation than the salt spray test [55]. The coating 
acquires the properties of a semipermeable membrane, leading to the 

destruction of its passive property. 
Another important point is to evaluate the effect of temperature on 

the properties of organic coating. When glass transition temperatures 
are exceeded, their properties are changed [49]. The Tg obtained by DSC 
for e-CNSL/MIM5 coating was 30 ◦C in dry conditions. As the test was 
carried out at 40 ◦C, that is, above the Tg of the coating, this may have 
increased water absorption and, as a consequence, the formation of 
bubbles. The literature reports that epoxy coatings when saturated with 
water can suffer a decrease of up to 20 ◦C in Tg, with that, coating suffers 
a plasticizing effect due to the absorption of water, decreasing its barrier 
property [56]. 

4. Conclusions 

This work is a direct contribution to the study and development of 
new sustainable materials, using cashew nutshell liquid, as a bio-based 
and eco-friendly raw material. CNSL had its efficiency proven as an 
alternative to petrochemical sources in the field of organic coatings 
produced from epoxy resins, showing good performance in controlling 
or mitigating the degradation of metallic substrates. 

The use of 1-methylimidazole, in catalytic amounts, was sufficient to 
promote the cure of the one-component epoxy-phenol system, as well to 

Fig. 12. Salt spray images of e-CNSL/MIM5 coating (a) on day 0 (b) in 19 days (c) in 26 days (d) in 33 days.  

Fig. 13. Humidity resistance of e-CNSL/MIM5 coating during 0, 19, 27, 37 and 44 days of exposure.  
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providing a low cure temperature. In this way, a CNSL-based material 
was obtained with good thermal stability, high crosslink density, and 
high glass transition temperature compared to the same epoxy resin 
cured with conventional amines in two-component systems produced in 
our previous work. The organic coating showed strong pull-off adhesion 
and a notable ability to protect against corrosion in highly aggressive 
environments, such as salt spray and saturated moisture. 
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