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A B S T R A C T

Epoxy resins are a versatile class of thermosetting precursors. The most commonly used compound in the
production of these resins has been bisphenol A (BPA). However, due to its proven toxicity, one of the biggest
challenges has been replacing BPA with renewable and non-toxic phenols. In this sense, novel epoxy coatings
were prepared from the direct valorization of the cashew nutshell liquid (CNSL) as alternatives anticorrosive
coatings for steel. The epoxy resin was obtained by epoxidation of double bonds in the aliphatic chain of car-
danol and cardol using in situ performic acid generated by a solvent-free methodology. The chemical structure of
the resin was evaluated by spectroscopic techniques such as FTIR and 1H and 13C NMR. For the coatings pre-
paration, epoxidized-CNSL (e-CNSL) resin was cured with different curing agents (DETA, IPDA and PFDA) and
the resultant thermosettings were analyzed regarding their chemical, thermal, mechanical and anticorrosive
properties using the DGEBA/IPDA coating as reference. The anticorrosive properties of the coatings were
evaluated by electrochemical impedance spectroscopy. The results showed that e-CNSL-based coatings have
great potential as bio-based coatings for corrosion protection, being an interesting alternative to replace the
current BPA-based materials.

1. Introduction

Many strategies to protect the metal against the corrosion process
include the application of corrosion inhibitors, coatings (organic or
inorganic) and the use of electrochemical protection (sacrificial anode,
cathodic protection, etc.). Among these methods, organic coatings are
widely used, acting as a physical barrier insulating metals from corro-
sive media, and can be applied as protection in the transport sectors in
automobiles, airplanes, ships, etc, and also in engineering works such as
pipes, bridges, buildings, etc. [1].

Epoxy resins are a very versatile class of thermosetting polymers
widely used in a wide range of segments, such as adhesives, composites,
building materials, laminates, insulation and especially coatings that
domitate the market [2,3]. These resins account for about 70 % of the
market for thermosetting materials [4] due to their adhesion properties,
high chemical resistance, corrosion and moisture, excellent thermal
stability, good mechanical properties and easy processability, which are
suitable features for industrial and technological applications that

require high performance [5].
In the development of anti-corrosive coatings, the epoxy resins can

be cured with a wide variety of hardeners, such as polyfunctional
amines, acids, anhydrides, phenols, alcohols and thiols to produce a
three-dimensional reticulated network structure which acts as a barrier
between the substrate and the environment to which it is exposed [6].
However, epoxy resins-based coatings are not perfect barriers, since
they can absorb water, oxygen and ions, besides having low tenacity
[7].

The synthesis of these resins involves a phenolic precursor derived
from petrochemical derivatives, as they are able to confer high thermal
and mechanical properties to the epoxy network [8]. Among these
compounds, bisphenol A (BPA) is an aromatic monomer widely used in
the manufacture of epoxy resins, such as the diglycidyl ether of bi-
sphenol A (DGEBA), the most known produced and used type of BPA-
based epoxy resin.

DGEBA has excellent thermal and mechanical performance prop-
erties as well as high chemical resistance, which are fundamental
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features for protective coatings. However, recent studies have shown
that BPA can cause extremely harmful effects on health and the en-
vironment by acting as an endocrine disruptor and a "carcinogenic,
mutagenic and reprotoxic agent" (CMR). In addition, epichlorohydrin, a
substance used in the production of DGEBA, is highly toxic and also a
substance classified as CMR [9].

In this context, non-toxic and renewable materials have been stu-
died as alternative that may reduce and/or replace the use of BPA and
that can provide coatings with hydrophobicity and flexibility, im-
proving the anticorrosive properties. Among promising and renewable
resources, cashew nutshell liquid (CNSL) stands out as a low-cost and
widely available agro-industrial waste.

CNSL is considered a versatile and valuable raw material for the
production of thermally stable polymeric coatings, since its structure
can be tailored through different chemical modifications to yield spe-
cific physicochemical properties. CNSL is composed of phenolic com-
pounds with long unsaturated alkyl chains, making it a versatile plat-
form for chemical modifications, representing a natural alternative to
petrochemical derivatives.

CNSL is obtained as a byprodutct from the cashew nutshell
(Anacardium occidentale L.) during its industrial processing. This
agroindustrial residue represents around 25 % of the cashew nut weight
and, after the industrial thermal treatment, its composition is basically
of cardanol (65–75 %) and cardol (10–20 %) being produced as a low-
added value agroindustrial byproduct [10,11].

The constituents of CNSL present in their structures three reactive
sites: phenolic hydroxyls, aromatic ring and a long unsaturated side-
chain [10]. The presence of the long side chain along with a phenolic
core gives CNSL interesting properties such as adhesion to various
substrates, chemical and thermal resistance, anticorrosive properties
and surfactant effect, making it a versatile platform for various che-
mical modifications according to the application needs.

The main component of the CNSL, cardanol, has been already stu-
died for applications in the synthesis of bio-based materials, as plasti-
cizer for PVC [12], polyurethanes coatings [13], curing agent for epoxy
resins [6], flame retardants [9], nanocomposite for corrosion protection
[14] and the partial or total substitution of phenol in thermosettings,
such as phenolic resins [15].

Based on the above, the direct use of CNSL, without prior separation
of its components, is an excellent alternative to petroleum-based
coating materials, which is still not well explored in the scientific lit-
erature. Therefore, the aim of this work was promote the direct valor-
ization of CNSL for epoxy resin production, totally replacing BPA, by
using eco-friendly methodology, for the subsequent evaluation of its

potential as anticorrosive protective coating for steel surfaces.

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 (Synth), Hydrogen peroxide (35 %, Synth), acetone
(Synth), ethyl acetate (Synth), formic acid (85 %, Dinâmica), diglycidyl
ether of bisphenol A (DGEBA) (Avipol), p-phenylenediamine (99 %,
Sigma), sodium sulfate (99 %, Sigma), isophorone diamine (IPDA) (99
%, Sigma), diethylenetriamine (99 %, Sigma), crystal violet (for mi-
croscopy, Sigma), 33 % wt. hydrobromic acid in acetic acid (Sigma),
and Celite® S (99 %, Sigma).

2.2. Epoxidation of CNSL

The epoxidation of double bonds of CNSL was performed according
to the methodology described by Moreira et al. [16] with some mod-
ifications (Fig. 1).

CNSL (10.00 g) and formic acid (3.60 g, 0.066 mol) were mixed in a
150 mL flask and stirred at room temperature. Then, 35 % v/v H2O2

(19.10 mL, 0.222 mol) was added dropwise over 30 min. At the end of
the addition, the mixture was held at 65 °C for 1 h under magnetic
stirring. After the reaction was completed, the crude product was pur-
ified by solvent extraction (100 mL of ethyl acetate) and neutralized
with saturated sodium bicarbonate solution (2 × 20 mL). The organic
phase was collected, dried using anhydrous sodium sulfate and con-
centrated under reduced pressure, obtaining 9.0 g of a reddish-brown
viscous liquid (yield: 90 % in relation to cardanol and cardol present in
the CNSL).

2.3. Preparation of test specimens

Preparation of test specimens was performed based on the epoxy
content (EC, mmol g−1) of e-CNSL and DGEBA and the amount of re-
active hydrogens in each amine (DETA, IPDA and PFDA). 3.0 g of resin
with the respective amine in a ratio of 5:1 or 4:1 (mol of epoxy/mol of
amine) were mixed. Thus, the calculated amount of curing agent and
epoxy resin were mixed with acetone and were poured into a Teflon
mold and subjected to a vacuum degassing for 10 min to remove the
remaining air bubbles. The specimens were allowed to dry for 18 h and
then subjected to a controlled temperature program: 60, 80, 100 °C for

Fig. 1. Solvent-free epoxidation reaction through the in situ performic acid generation.
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1 h and 130 °C for 2 h. The specimens were submitted to a post curing
process at 150 °C for 2 h.

2.4. Surface preparation

1010 steel panels (10 cm x 15 cm) had their surfaces treated by steel
shot blasting followed by cleaning with acetone prior to resin applica-
tion. The panels had roughness of 50 μm and were measured by
PosiTector®SPG equipment.

2.5. Application and curing of coatings

Coatings were prepared to evaluate the adhesive and anticorrosive
properties. Coating solutions with e-CNSL/DETA, e-CNSL/IPDA, e-
CNSL/PFDA and DGEBA/IPDA were prepared using methyl ethyl ke-
tone (MEK) as solvent to achieve the viscosity required for application.
These solutions were then applied to steel metal substrates by con-
ventional air spray gun. The coated substrates were allowed to dry for
18 h and then placed in an oven and subjected to the same temperature
controlled program as described in section 2.3. The coated panels were
conditioned at room temperature for 24 h prior to testing.

2.6. Characterization techniques and test methods

2.6.1. Characterization of CNSL and liquid epoxy resin
The iodine value was calculated according to ASTM D1959 with

modifications [17]. The epoxy equivalent weight (EEW) of the e-CNSL
and DGEBA resins were determined by the volumetric titration method.
The known weight of the sample was completely dissolved in 50 mL of
ethyl acetate. It was then titrated with 0.1 N HBr solution using crystal
violet (1 mg mL−1 in acetic acid) as colorimetric indicator. The de-
termination was performed in triplicate for each sample. The EEW of
the resin was calculated using Eq. (1):

=EEW g
eq

x
E

43 100
(1)

where 43 = molar weight of the epoxy ring.
Epoxide Content (EC) is calculated according to Eq. 2:

=EC mmol
g

VxN
M

( )
(2)

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

The CNSL and e-CNSL were characterized by the presence of func-
tional groups by Fourier Transform Infrared Spectroscopy (FTIR) per-
formed on a Perkin Elmer FT-IR/NIR FRONTIER using an attenuated
total reflectance (ATR) accessory with zinc selenide crystal (ZnSe). The
spectra were acquired with 32 scans between 4000 and 550 cm−1 with
4 cm−1 resolution.

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 and 75 MHz for the 1H and 13C nuclei, respectively, 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 and 77.3 ppm,
for 1H and 13C, respectively). The signals were assigned taking into
account previous descriptions of chemical changes as already men-
tioned in the literature [18].

2.6.2. Properties of the test specimens
The gel content (GC) of the cured films was determined by gravimetric

analysis according to ASTM D2765 with modifications [19]. Samples of
the cured films (Wi) were immersed in 3 mL of THF for 24 h to extract the
soluble contents. After this period, the samples were dried at room

temperature until a constant weight (Wf). The analysis was performed in
triplicate, and the GC of the samples were calculated by Eq. 3:

=GC Wf
Wi

x(%) 100 (3)

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

The contact angle measurement of the cured specimens was de-
termined using a WCA instrument (GBX Instrumentation
Scientification). The images were recorded using a camera (Nikon
PixeLINK) coupled to the WCA equipment for short periods of time. For
each polymer, three specimens were used for analysis.

2.6.3. Thermogravimetric analysis
The thermal behavior of the cured coatings was studied by ther-

mogravimetric analysis (TGA, Mettler-Toledo TGA/SDTA851e). For the
TGA analysis, 5 mg of sample were heated from 30 to 800 °C under N2

atmosphere and from 30 to 600 °C under synthetic air atmosphere (50
mL min−1) at a rate of 10 °C min−1.

2.6.4. Differential scanning calorimeter
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 the
evaluation of the glass transition temperature (Tg) of the polymers, 5
mg of sample were heated from 30 to 150 °C, cooled from 150 to -30 °C
and heated at -30 to 150 °C under a nitrogen atmosphere (50 mL min-
1) at a heating rate of 20 °C min−1.

2.6.5. Adhesive and anticorrosive properties of coatings
The thickness of the coatings were measured with PosiTector® 6000

equipment. The coatings were tested for pull-off adhesion properties using
the PosiTest AT-A test apparatus according to ASTM D4541-17 (Test
Method E) [20]. For the accomplishment of the test of adhesion an alu-
minum pin was glued on the surface of the cured coating with epoxy glue
with drying period of 24 h. The strength adhesion was recorded after the
detachment between the coating and the substrate. The adhesion tests were
performed three times to verify the repeatability of the measurements.

The corrosion resistance properties of the cured coatings were
evaluated using an electrochemical impedance spectroscopy (EIS) study
on the potentiostat AUTOLAB PGSTAT302 P. A conventional three-
electrode system was used, in which the silver/silver chloride electrode,
platinum electrode and the 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 % in m / v NaCl)
was 5.07 cm2 in all cases at a temperature of 22 °C. The frequency range
used was 1 × 105 - 6 × 10−3 Hz with an amplitude of 25 mV.

3. Results and discussion

3.1. Characterization of e-CNSL

3.1.1. Chemical characterization
The structure of e-CNSL resin was evaluated by chemical and

spectroscopic analyses. The chemical characterization includes the de-
termination of the iodine value and epoxy content in the resin and the
results are expressed in Table 1. As can be seen in Table 1, the iodine

Table 1
Chemical characterization of e-CNSL resin.

Sample Iodine value (g/100 g) Epoxy content (mmol/g) EEW (g/eq)

CNSL 169 – –
e-CNSL 64 2.13 469
DGEBA – 5.41 190
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value of e-CNSL resin decreased in relation to that of CNSL, confirming
the conversion of the double unsaturations in the aliphatic chains of
cardanol and cardol into oxirane groups by the epoxidation reaction.

The notorious differences between the epoxy content values of e-
CNSL and DGEBA, Table 1, can be explained by the different mechan-
isms involved in each resin synthesis. For DGEBA, the glycidylation
reaction occurs in both phenolic hydroxyls, while for e-CNSL the
epoxidation only occurs on the double bonds, which decrease the
number of oxirane groups per mass of resin.

3.1.2. Spectroscopic measurements
Through FTIR analysis it was possible to investigate structural

modifications occurred during the epoxidation reaction through the
disappearance and appearance of characteristic absorption bands re-
lated to the structure of CNSL and e-CNSL, as shown in Fig. 2.

In the CNSL spectrum, a broad band related to the phenolic hy-
droxyl group is observed at 3354 cm−1; C–H stretching for the un-
saturated side chain of the CNSL constituents at 3009 cm−1, as well as
C–H stretching for the methyl, methylene and methine groups at 2924,
2853 and 1456 cm−1; C]C stretching of the aromatic ring (1595
cm−1). In the e-CNSL spectrum, observed the symmetrical stretching
C–O (1200 cm−1), the appearance of the asymmetric stretching band of
the epoxy ring (826 cm−1) and the disappearance of the band at 3009
cm−1 (C–H stretching from the inner unsaturated side chain of the
CNSL constituents) completely after epoxidation due to the conversion
of double bonds to epoxy groups. Similar results were as also observed
by LIU and collaborators [18].

Figs. 3 and 4 show the 1H and 13C NMR spectra of CNSL and e-CNSL,
respectively, in which their main structural modifications can be
identified and used as evidences of the successful formation of the
oxirane rings [18,21].

The characteristic signals ranging from 6.0–7.5 ppm (aromatic
protons a, a’, c and b) are related to the protons of cardanol and cardol
aromatic ring.

Comparing the CNSL and e-CNSL spectra, the peaks in the range of
5.3–5.5 ppm (internal double bond protons m and n) relative to the
hydrogen of the internal double bonds of the C15 chain almost dis-
appeared. This indicates the conversion of the internal double bonds of
the side chain into epoxy groups during the epoxidation reaction.
Moreover, new signals appeared between 2.9 and 3.2 ppm (protons h),
which are assigned to the hydrogens of the oxirane ring, indicating the
successful formation of epoxy groups. In addition, the displacement of
the chemical shifts of the peaks in the range of 1.3–1.7 ppm (protons e
and f) also supports the formation of epoxy groups.

However, there were no significant changes in the peaks ranging
from 5.8 to 5.9 ppm and from 5.0–5.1 ppm, which are the protons re-
lated to the terminal double bonds of the chain. This shows that the
terminal double bonds were not epoxidized. As a matter of fact, since
the methodology used was the Prilezhaev reaction and as the synthesis
of e-CNSL was performed without solvent (heterogeneous system), the
high rate of formation and consumption of the performic acid makes it
possible only the epoxidation of more reactive alkenes (substituted),
less substituted alkenes present low reactivity for this type of epox-
idation, as is the case of the terminal unsaturations of the cardanol and
cardol chains [4].

In Fig. 4(a), the 13C NMR spectrum shows peaks in the range of
114.7 and 137.1 ppm, in which some of them have disappeared, as
shown in Fig. 4(b). Likewise, the epoxy groups differed between CNSL
and e-CNSL with the appearance of new peaks between 54.45 ppm and
57.61 ppm corresponding to the carbons present in the oxirane ring.

3.2. Study of polymerization of e-CNSL resin with cure agents

The thermal behavior of e-CNSL with amine hardeners (DETA, IPDA
and PFDA) was studied by differential scanning calorimetry (DSC) and
the DGEBA with IPDA commercial epoxy resin was compared. The
exothermic curves related to oxirane ring-opening polymerization are
shown in Fig. 5, while the initial polymerization temperature (Tonset)
and the maximum polymerization temperature (Tmax) are summarized
in Table 2.

The exothermic peak in neat e-CNSL thermogram can be attributed
to oxirane rings opening reactions by phenolic hydroxyl groups of
cardanol and cardol. In the e-CNSL/DETA, e-CNSL/IPDA and e-CNSL/
PFDA formulations, the exothermic event is caused by the oxirane ring
opening reaction through an SN2 mechanism involving a nucleophilic
attack of an amino group to one of the carbon atoms of the epoxide.

Compared to neat e-CNSL, the use of amine curing agents sig-
nificantly decreased the initial polymerization temperature (Tonset) in
all formulations. The order of nucleophilic reactivity of the amines in
the three formulations according to Tmax were e-CNSL/PFDA< e-
CNSL/IPDA<e-CNSL/DETA. As expected, aliphatic amines increased
the cure rate in the polymerization reactions, however, IPDA being a
branched amine with considerable steric hindrance, presented a broad
polymerization curve [22].

3.3. Characterization of the specimens

3.3.1. Spectroscopic measurements
The fully cured specimens were analysed by FTIR in order to assess

any functional group conversion, as shown in Fig. S1. It was observed
the occurrence of a C]C stretching of the aromatic ring of the p-phe-
nylenediamine in 1516 cm−1 in the spectrum e-CNSL / PFDA, and the
appearance at 822 cm−1 from C–H out-of-plane bending band in
spectra of aromatic 1,4-disubstituted ring [23–25]. In all spectra of
polymers is an average intensity and broad band at 1065 cm−1 due to a
C–N stretch. In the e-CNSL/DETA and e-CNSL/IPDA spectra are ob-
served the disappearance of the band at 826 cm−1 related to the oxi-
rane group, indicating the epoxy ring opening reaction by the amine
hardeners [26].

3.3.2. Gel content (GC)
The gel content of the cured specimens was measured in order to

assess the extent of curing of the four formulations. In Table 3 are
summarized the results obtained. The average gel content for all for-
mulations derived from e-CNSL was found to be in the range of 70–80
%, as shown in Table 3, indicating that the network contains un-
crosslinked chains, such as non-functionalized cardanol chains, or are
saturated, which can increase the soluble parts and consequently de-
crease the GC.

In fact, the use of different curing agents also makes it possible to

Fig. 2. FTIR spectra of CNSL and e-CNSL.
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obtain materials with different GC values at the same temperature. This
is caused by the chemical structure of these curing agents. DETA is the
most reactive because of its aliphatic and polyfunctional nature pro-
moting highly interconnected networks. In the case of PFDA, an aro-
matic and less nucleophilic amines, the curing reaction occured slower
than that of DETA and IPDA. For the case of IPDA, its lower reactivity
compared to DETA may be related to its steric hindrance caused, re-
sulting in a less crosslinked network.

3.3.3. Contact angle
Fig. 6 shows the test performed with water on coatings derived from

e-CNSL illustrating their hydrophobic properties. The contact angles of
the e-CNSL/IPDA, e-CNSL/DETA, e-CNSL/PFDA coatings are summar-
ized in Table 3. In general, the hydrophilic properties of the epoxy may
be due to the hydrophilic groups present in the polymer, mainly sec-
ondary amine groups formed during the epoxy opening reaction [27].
The highest contact angle value was observed in the e-CNSL / PFDA
formulation, where an aromatic amine was used, which provided the

Fig. 3. 1H NMR spectra of CNSL and e-CNSL.

Fig. 4. 13C NMR spectra of (a) CNSL and (b) e-CNSL.
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material with greater hydrophobicity, possibly due to the presence of
aromatic amine groups, which electrons pair is in resonance with the
benzene ring, making them less available for interaction with water
molecules through hydrogen bonds. The contact angle values changed
according to the curing agents used were: aliphatic<
cycloaliphatic< aromatic amines.

3.4. Thermal properties

3.4.1. Glass transition temperature
The glass transition temperatures (Tg) of all coatings were de-

termined by DSC analysis and are shown in Fig. S2 and the values in
Table 3. The glass transition temperature values of the e-CNSL derived
coatings can be attributed to the presence of the aliphatic chain of
cardanol and cardol which can impart a plasticizing effect to the
structure of the polymers [6]. In addition, it can be seen that the che-
mical structure of the curing agents used also affects the Tg of the
materials. Curing agents such as linear aliphatic amines favor the re-
duction of Tg, since they increase the distance between the polymer
chains, while cycloaliphatic and aromatic amines tend to increase the
Tg values giving the materials greater rigidity to their structure.

3.4.2. Thermogravimetric analysis
TGA analysis was performed for cured polymers to investigate the

thermal stability of materials under different atmospheric conditions
(inert and oxidative atmosphere) and the results are summarized in

Fig. 5. Polymerization of DGEBA resin with IPDA and e-CNSL epoxy resin with DETA, IPDA and PFDA amines.

Table 2
Tonset and Tmax temperatures of epoxy resins polymerization.

Samples Temperature (˚C)

Tonset Tmax

DGEBA 68 111
e-CNSL 123 239
e-CNSL/DETA 109 185
e-CNSL/IPDA 109 229
e-CNSL/PFDA 116 239

Table 3
Gel content, contact angle, thermal and mechanical properties of e-CNSL
coatings.

Sample Name e-CNSL/DETA e-CNSL/IPDA e-CNSL/PFDA

Gel content (%) 82 70 72
Contact angle (˚) 72,7 76,9 87,6
Tg (ºC) 12 15 18
Tonset (ºC) 292 (N2) / 277

(air)
297 (N2) / 281
(air)

282 (N2) / 276
(air)

Td30% (ºC) 393 (N2) / 406
(air)

367 (N2) / 399
(air)

397 (N2) / 412
(air)

Td50% (ºC) 428 (N2) / 435
(air)

418 (N2) / 433
(air)

434 (N2) / 443
(air)

Adhesion Pull Off (MPa) 10 10,2 9,8

Fig. 6. Contact angle of the specimens: a) e-CNSL/DETA; b) e-CNSL/IPDA and c) e-CNSL/PFDA.
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Table 3. All polymers derived from e-CNSL were similar under inert
atmosphere, showing initial degradation temperatures (Tonset) in the
range of 280−300 °C.

Under oxidative atmosphere the coatings also presented similar
Tonset around 280 °C. It is interesting to note that the aromatic ring of
the PFDA ensured the material a very good thermal resistance of 412 °C
in T30% and 443 °C in T50%.

3.5. Corrosion resistance property

3.5.1. Measurement of electrochemical impedance spectroscopy (EIS)
Electrochemical impedance spectroscopy (EIS) was performed to

evaluate the anticorrosive potential of the bio-based coatings on the
1010 steel surface (Fig. S3). For comparison purpose, a standard
coating, made from DGEBA and IPDA, was also prepared. The thick-
nesses of all coatings were measured in the range of 160−180 μm. As
the organic coatings act as a physical barrier between solution and
substrate, a perfect combination of factors, including the hydro-
phobicity of reagents used in the preparation of coatings and the high
crosslink density, is required to achieve a perfect barrier [28].

From the Bode module and phase angle plots (Fig. 7 and Fig. S4) it is
possible to obtain informations about the response of the impedance at
high frequency regions (on the electrolyte resistance) and low fre-
quency (relative to the coating resistance) during the immersion period
of the coatings in the solution. The high impedance modulus value at
low frequencies and the occurrence of a single half-circle on the Nyquist
plot (Fig. 8), indicating the presence of only one time constant, showing

that the coating acted as a barrier, promoting effective metal protection
[7].

The values of coating resistence (RC) at a given time brings in-
formation about the state of degradation of the paint, when this value is
grater than 106, the paint is viewed as being a good organic coating
[29]. This study revealed that all coatings presentend values of RC
higher than 106 (Table 4), showing that all of them can be considered as
being a good organic coating. The commercial coating (DGEBA/IPDA)
showed to be highly capacitive, acting as a perfect capacitor profile,
with high impedance values as showed in Fig. 8. The coatings cured
with different amine curing agents (aliphatic, cycloaliphatic and aro-
matic) provided different properties for corrosion resistance. In this
preliminary study, e-CNSL/PFDA was the most effective among the bio-
based coatings developed, providing the corrosion protection of the
steel under a NaCl solution environment. The elevated impedance value
can be associated to its high hydrophobicity, as previously observed by

Fig. 7. Bode plots of coatings cured with amines.

Fig. 8. Nyquist plot of coatings cured with amines.

Table 4
Corrosion parameter of coatings cured with DETA, IPDA and PFDA by
EIS measurement.

Coating Coating Resistance (ohm. cm2)

DGEBA/IPDA 6.2 × 1012

e-CNSL/DETA 1.1 × 1011

e-CNSL/IPDA 4.1 × 1010

e-CNSL/PFDA 1.0 × 1012

L.R.R. da Silva, et al. Progress in Organic Coatings 139 (2020) 105449
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contact angle analysis. However, the e-CNSL/IPDA coating presented
the lowest impedance modulus in low frequency regions, indicating a
higher penetration of the NaCl solution in this coating [30].

3.6. Adhesion test

The adherence of the developed coatings was analyzed by means of
the pull-off adhesion test. The result of this test is given by the applied
force and the type of failure that can be observed, being of two types:
cohesive and adhesive. The adhesion strength of the coatings results are
summarized in Table 3, while the failures test images are shown in
Fig. 9. The commercial coating (DGEBA/IPDA) showed the highest
adhesion value (12 MPa). Coatings derived from e-CNSL also showed
very good adhesion values (∼ 10 MPa). One of the main reasons for the
high adhesion resistance in epoxy coatings is the presence of hydrogen
bonds at the metal/epoxy interface [31].

In the epoxy resins, hydroxyl groups are responsible for this type of
interaction. The higher the degree of cure, the greater the amount of
hydroxyl groups formed and the greater the strength of adhesion.

In Fig. 9, it is possible to evaluate the type of failure caused by
pulling the glued pins from the coatings surface. In Fig. 9a, it was ob-
served that the glue adhered to the surface of the coating and there was
no peeling/coating, only pine/glue. The e-CNSL coatings presented the
two types of failure: cohesive and adhesive. The e-CNSL/DETA and e-
CNSL/IPDA coatings showed cohesive failure, while the e-CNSL/PFDA
and commercial (DGEBA/IPDA) coatings presented cohesive/adhesive
failure.

Adhesive failure indicates a definitive separation between the
coating and the metal substrate, while cohesive failure results when the
adhesion at the interface exceeds the cohesion of the paint layer. The
existence of this type of failure indicates the achievement of an optimal
adhesion force.

4. Conclusion

Highly bio-based epoxy coatings were successfully developed from
the agro-industrial waste CNSL, under simple and effective eco-friendly
methodology. The coatings e-CNSL/DETA, e-CNSL/IPDA and e-CNSL/

PFDA were evaluated as sustainable alternatives to replace/reduce the
use of BPA-based epoxy resins in the field of anticorrosive organic
coatings for the protection of steel surfaces. Due to the chemical com-
position of CNSL, combining a phenolic core with a lipidic side chain,
the bio-based coatings presented a very good balance between flex-
ibility and wettability properties along with excellent chemical re-
sistance, thermal stability and anti-corrosion performance, indicating
that these coatings can be considered promising sustainable antic-
orrosive solutions for the protection of metal substrates.
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