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Abstract

The objective of this paper is to study adherence and corrosion wear resistance of biobased polymers derived from
epoxidized linseed oil (ELO) deposited on galvanized iron sheets. The adhesion and anticorrosive properties of the
pure epoxy resin (ELO) were compared with those that contained bisphenol A (BFA) and carbon black (CB), which
were polymerized by oxirane ring opening catalyzed by aluminum triflate (ATf). Fourier Transform Infrared
Spectroscopy (FTIR) confirmed the formation of the different biobased polymers as coatings. To evaluate the
performance to the corrosion resistance each coating was tested to adhesion and accelerated weathering within a salt
spray chamber. The use of BFA provided greater adhesion than pure ELO coatings. Additionally, the addition of small
loads of CB improved the appearance, adhesion, and durability of the coating, thus decreasing the corrosion of the
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galvanized sheets. Finally, the interactions that occur at the interface between the different polymeric matrices and the
substrate surface, which allow improving the corrosion resistance were analyzed.

Keywords: Epoxidized linseed oil, Carbon black, Coatings, Adhesion, Corrosion.

Resumen

El objetivo de este trabajo es estudiar la adherencia y la resistencia al desgaste por corrosion de polimeros derivados
del aceite de linaza epoxidado (ELO), depositado sobre laminas de hierro galvanizado. Se compararon las propiedades
de adhesidn y anticorrosivas de la resina epoxi pura (ELO) con aquellas que contenian bisfenol A (BFA) y negro de
humo (CB), todas polimerizadas por apertura de anillo de oxirano catalizada por triflato de aluminio (ATf). La
espectroscopia infrarroja por transformada de Fourier (FTIR) confirmé la formacién de los diferentes polimeros de
base bioldgica como recubrimientos. Para determinar la resistencia a la corrosion, se evalué la adhesion de cada
revestimiento, asi como el intemperismo acelerado dentro de una camara de niebla salina. EI uso de BFA proporciond
una mayor adherencia que los recubrimientos ELO puros. Ademas, la adicién de pequefias cargas de CB mejor6 la
apariencia, adherencia y durabilidad del revestimiento, disminuyendo asi la corrosion de las laminas galvanizadas.
Finalmente, se analizaron las interacciones que ocurren en la interfaz entre las diferentes matrices poliméricas y la
superficie del sustrato, que permitieron mejorar la resistencia a la corrosion.

Palabras clave: Aceite de soya epoxidado, Negro de carbono, Recubrimiento, Adherencia, Corrosion.

1. Introduction properties than their petroleum-based
counterparts.  Furthermore, the chemical
In most industries, metal corrosion represents a modification of VO through different
problem because it affects the mechanical methodologies, such as amidation, carbonation,
properties of metals, causing detriment to and epoxidation, can be used to modify the
structures and consequently failures in their chemical nature of VO, providing the properties
function and thus having an impact on the required for specific application (2,6,8-15).

economic aspect (1-5).
Polymers from epoxy resins are often used as

It has been proposed that the use of polymeric coatings in various applications because of the
coatings as a protective barrier to mitigate oxirane ring that is highly reactive and can carry
corrosion is the most effective method to extend out crosslinking reactions with different agents.
the useful life of metals. Although the coatings These resins exhibit excellent corrosion
derived from petroleum sources show high resistance, are inert to many chemical agents, and
anticorrosive performance and higher chemical are resistant to weathering applications.
stability than other coatings (such as metallic Additionally, they possess good processability
coatings), most of them exhibit toxicity problems, and adherence to different substrates. Thus, epoxy
causing environmental contamination and health resins are widely used as adhesives and coatings
hazards (1, 3, 6, 7). in composite materials for the automotive,
. . . aerospace, naval, and electronic industries (1,16-
Thus, research is currently focusing on organic 18)
coatings derived from natural sources such as '
vegetable oils (VO) due to their lower toxicity, Several studies showed that VO epoxy resins have
biodegradability, renewability, low cost, and so been modified with various crosslinking agents,
on. Coatings from VO have good anticorrosive reinforcements, catalysts, or varying reaction
properties and are more environmentally friendly; parameters to obtain versatile materials with
however, they often have lower mechanical specific characteristics and a wide range of
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applications. The most common curing agents are
amines, amides, anhydrides, polyacids, metal
halides, esters, aromatics, aliphatic, polyols, and
so on (17-19). The most common epoxy resin is
based on the reaction between bisphenol A (BPA)
and epichlorohydrin, which accounts for almost
90% of world production. It is characterized by
good heat resistance, electrical insulation,
dimensional stability, and chemical resistance;
thus, it is used as an industrial material. (1, 17, 19,
20).

Using reinforcing materials is one of the ways to
improve the properties of the coatings. Carbon
black (CB) is widely used as a filler for polymeric
composites in the automotive, cement, pigments,
coatings, and so on because it has excellent
properties such as heat, chemical and weather
resistance, lightweight, electrical conductivity,
and low thermal expansion. Moreover, various
investigations have shown that the addition of CB
enhances the electrical, mechanical, thermal, and
tribological properties of epoxy resins (16, 21,
22).

During the polymerization process, epoxy resins
can present some drawbacks, such as the
formation of by-products when the reaction is
carried out at high temperatures and polymer
shrinkage if the curing is realized with amines or
amides. To mitigate these drawbacks, it has been
proposed to use cationic catalysts, which act as
Lewis acids because they allow carrying out the
o LSRRI o R
3 4
AICI; are sensitive to moisture and can be
deactivated or decomposed in the presence of
water (19).

Metal triflates are Lewis acids, which have
emerged as an alternative to the existing cationic
initiators in various organic reactions, specifically
in cationic polymerization. Compared to the
conventional ones, metal triflates can be used in
catalytic quantities and recycled without

significant loss in activity and are stable in water

or protic medium. Aluminum
trifluoromethanesulfonate (AI(OTH)3) or
aluminum triflate (ATf) is considered a

convenient Lewis acid because it has no corrosion
effect and allows curing reactions of VO epoxy
resins to be carried out at low temperatures
(23,24). However, there have been few studies on
the polymerization of oxirane rings from VO in
the presence of crosslinking and reinforcement
agents.

Therefore, this study aimed to study the
anticorrosive coating potential of a series of resins
derived from (a) pure epoxidized linseed oil
(ELO), (b) ELO + BFA as a curing agent that
could improve the rigidity and adhesion, (c) ELO
+ CB as a reinforcement filler, and (d) ELO +
BFA + CB; all of them were cured in the presence
of ATf as a cationic catalyst. To corroborate the
structural changes of materials, we used the
Fourier Transform Infrared Spectroscopy (FTIR)
technique. The coatings were evaluated by
adhesion tests on commercial galvanized steel
plates as well as corrosion protection tests through
accelerated weathering tests.

2. Methodology

ELO was synthesized based on the methodology
proposed by Dehonor-Méarquez et al. (25). The
molecular weight (1,007.3 g/mol) and the number
of epoxy groups (6.26 per triglyceride molecule)
were quantified by Proton Nuclear Magnetic
Resonance (*H-NMR) spectroscopy. The catalyst
ATf and the crosslinking agent BFA were
purchased from Sigma-Aldrich, Co. Vulcan
XC72 CB, obtained from Cabot Co., was used
without any previous treatment.

FTIR spectra were performed on a Shimadzu
FTIR Prestige-21 spectrometer, which has a
diamond crystal and a Horizontal Attenuated
Total Reflectance (HART) module. The infrared
spectra were obtained in absorbance mode, 64
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scans, and a resolution of 4 cm™ in the range of
5604000 cm™. Corresponding to the triglyceride
ester group’s carbonyl vibration, all FTIR spectra
were normalized to the signal at 1736 cm?, as
reported by Gonzalez-Martinez et al. (26).

2.1 Polymerization of ELO. The substrates (Fe-
Zn sheets) were washed with soap and water,
rinsed with acetone, and dried. In a container, 3 g
of ELO was added to 10 ml of a 0.01 M ATf
solution in acetone, previously prepared. Then,
the mixture was stirred and placed in a vacuum
desiccator for 3 h. Subsequently, the absence of
acetone in the monomer was corroborated by
FTIR. The substrates were uniformly coated with
the ELO-ATF mixture, and the polymerization
was performed by placing the sample in a
programmable oven at different temperatures
from 50 to 80°C for 30 min. By FTIR, the reaction
time (30 min) was established by following the
evolution (decreasing until disappearing) of the
signal associated with an epoxy ring at 823 cm™.

2.2. Polymerization of ELO with BFA. 3 g of
ELO was added to 19 ml of a 0.5 M BFA solution
in tetrahydrofuran, previously prepared, with a
stoichiometric ratio of 1:0.5. It was mixed
perfectly, and immediately, 5.85 ml of ATf
solution (0.01 M) was added. The mixture was
placed in a vacuum desiccator for 1.5 h.
Subsequently, the substrate was coated and placed
in the oven at the set temperature (50-80°C) for
30 min.

2.3. Polymerization of ELO with CB. 15 ml of
1% CB solution in acetone was prepared. Both
reagents were mixed. The dispersion was placed
in ultrasonic equipment for 1 h. Then, 3 g of ELO
and 5 ml of acetone were added to the previous
dispersion, and they were stirred for 30 min.
Immediately, 10 ml of 0.01 M ATT solution was
added, and it was stirred magnetically for 30 min
and left in a vacuum desiccator for 24 h. The
mixture was placed on the substrate and
subsequently in an oven at the set temperature

(50-80°C) for 30 min.

2.4. Adhesion test. The adhesion test of
crosslinked polymers on the galvanized steel
plates was performed according to ASTM D3359-
02, obtaining the adhesion level of each polymer.
Furthermore, the described Method A, also
known as the 3M test, was chosen. This method is
applicable to finished products, inspections
during production, and also inspections before
shipment.

2.5. Accelerated weathering tests. The
conditions were controlled within a salt spray
chamber for weathering tests following the
ASTM-B117 test. This procedure evaluates the
physical appearance of galvanized steel plates
coated with different polymers obtained to
provide corrosion resistance after 240 h of
exposure to extreme conditions within the salt
spray chamber (Table 1).

Table 1. Salt spray chamber operating conditions

Exposure time 240 h
Temperature inside the 35 °C
chamber
Ratio NaCl saline solution: 955
Distilled water type 4 '
Solution density 1.027212 g/cm®
Solution pH 7.1

Sample position 20° parallel to mist
piep flow direction
Sample cleaning method at the

end of the process Sand blast

Source: ASTM B117-02

3. Results

As a first step, the epoxidation reaction of linseed
oil (LO) was performed. The FTIR spectra were
obtained for both the raw material (LO) and the
corresponding epoxide (ELO), which were
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consistent with those reported by Gonzélez-
Martinez et al (26). The most representative
vibration signals of LO (Figure 1a) correspond to
the carbonyl group of ester at 1736 cm™ (C=0).
The double bonds (DB) signals are found at 3021
cm?® (=C-H), 1652 cm? (C=C), and 720 cm
(HC=CHgs). The other vibrational bands
correspond to the ester carbonyl (1736 and 1159
cm?), methyl (2922, 1456, and 1377 cm™), and
methylene (2852 and 719 cm™). In the infrared
spectrum of ELO (Figure 1b), the vibrational
signals of the epoxy ring are identified at 1250
and 823 cm™ (C-O-C), the latter being the most
representative. The FTIR technique allowed
qualitatively verifying the ELO formation from
LO, through the disappearance of DB signals and
in turns the appearance of bands corresponding to
epoxy rings as previously reported. [25-27].

A
. JLNA‘%
=C-‘H -0C=0 IC=C HC=CH

— YT 1—T1—7
4000 3600 3200 2800 2400 2000 1600 1200 800
Wavenumber (cm'1)

Figure 1. FTIR spectra of: a) Linseed Oil; b) Epoxidized
linseed.
Source: Own elaboration

Subsequently, for ELO polymerization reaction
was added ATF as a catalyst. The FTIR spectrum
of the polymerization product is shown in Figure
2a. The signals corresponding to the C-O ether
bonds formed due to the opening of the oxirane
ring is at 1150 cm™. However, the signals
corresponding to the oxirane groups are still
visible, indicating that, under these conditions, the
polymerization reaction is not complete. Asitisa
mass polymerization, the viscosity increases as
the reaction progresses, reducing the mobility of
the reactive agents.

The crosslinking product between ELO and BFA
was studied using FTIR spectroscopy, which is
shown in Figure 2c. The signals corresponding to
the oxirane ring (823 cm™) disappeared because
of the ring opening. Broadening of the 1000-1800
cm? indicates the new C-O ether bonds formed
during the curing reaction. Additionally, signals
at 1612, 1594, 1510, and 833 cm™ corresponding
to the aromatic ring from FBA are also evidenced.

CH
c=C._ C-O
1

1 g fing , fing

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

Wavenumber (cm™)

Figure 2. FTIR spectrum of: a) ELO resin; b) ELO-Carbon
black (CB) resin; c) ELO-Bisfenol A (BFA) resin.
Source: Own elaboration

As mentioned previously, CB is mainly used as
reinforcement particles in polymers because it
provides UV radiation protection at low cost. CB
is mostly composed of elemental carbon;
however, different oxygenated functional groups
such as phenols, carboxylics, and quinolics can be
found on the surface (28), and the possibility of
carbon bonds formed between CB and ELO in
presence of ATF was investigated. The sample
spectrum consists of ELO with CB (Figure 2Db).

With BFA, in the presence of CB, the main peaks
related to the epoxide groups were not observed,
indicating the epoxide ring opening. By adding
CB to the epoxy resin, a new band observed
around 3440 cm was attributed to the -OH group
from CB particles. Both the methylene groups
(2923 and 2850 cm™) and the esters carbonyl
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bonds (1740 cm?) of amorphous CB are
overlapped with the signals of ELO bonds. A new
sharp and high-intensity peak observed at 1064
cm? is related to the C-O bonds from the -OH
groups in phenols. Therefore, this suggests that a
potential chemical interaction occurred between
CB with the epoxy ring. Furthermore, it is
possible to consider that, in the curing reaction
with CB, functional groups present on the CB
surface which play an important role for the CB
particles are covalently bonded to the ELO matrix
(29).

As mentioned previously, introducing new eco-
friendly coatings is one of the main challenges;
hence the objective of polymerizing ELO with
crosslinking agents (BFA) and/or  with
reinforcements (CB) is to improve adhesion and
corrosion resistance of new organic coating on a
galvanized steel plate. Additionally, the
polymerization can be performed at low

temperature to decrease production costs by using
the cationic catalyst (ATF) (30). Following the
detachment adhesion measurement method,
adhesion tests were conducted. The adhesion
levels designated to the inspected material based
on adhesion failures are shown in Table 2.

Table 2. Classification of adhesion level, according to
ASTM D3359-02.

Classification Description
5A No peeling
4A Peel or remove traces along the
incisions
Irregular removal along incisions up to
3A
1.6 mm
Irregular removal along incisions up to
2A
3.2mm
1A Removing most of the X area under the
tape
0A Removal beyond the X area

Source: ASTM D3 359 - 02

According to the ASTM D3359-02 test, the
adhesion test of the crosslinked polymers on the
galvanized steel plates acquire an adherence level.
Method A described in the test, known as the 3M
test, applies to finished products, inspections
during production, and also inspections before
shipment. Table 3 shows the adhesion results
obtained for the different coatings. In all cases,
the curing conditions were for 30 min and
temperature range of 50-80°C.

Table 3. Coating adhesion results (Norm ASTM D3359-02)

Sample Result Observations
. Between resin and
ELO resin 2A substrate
ELO-BFA resin 5A No detachment
ELO-CB resin 5A No detachment
ELO-BFA-CB
resin 5A No detachment

Source: Own elaboration

For ELO polymer, the adhesion results showed
detachment failures between the first layer and the
substrate. This result suggests that the coating has
low adhesion as shown in Figure 3a. In Figure 3,
there are two regions framed with green and red
colors. The green color indicates the coating and
the red color indicates the fraction of the uncoated
plate. The polymeric coating (Figure 3a) has a
translucent, semiglossy appearance, and irregular
detachment was observed along the defined area
after adhesion tests. Therefore, the low adhesion
of ELO polymer makes it difficult to apply in
certain specific areas. This deficiency in the
adhesion capacity is because there are only
interactions at the interface between the phenoxy
oxygen atoms and the Zn atoms from the substrate
surface (Scheme 1). That is, only secondary bonds
that may include London dispersion forces as well
as Van der Waals forces of dipole-dipole type are
involved (1,31).
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Generally, the polymer absorption on the surface
of the galvanized steel plate is a function of both
the surface properties of the substrate and the
molecular charge of the polymer (32). Therefore,
options should be proposed to improve the epoxy
resin properties by incorporating substances that
allow obtaining pore-free or low-porosity
coatings, which form uniform surfaces with good
adherent properties. B4

Figure 3. Physical appearance of coated sheets after
adhesion test: a) ELO resin; b) ELO-BFA resin; ¢) ELO-CB
resin; d) ELO-BFA-CB resin.

Source: Own elaboration

Fe

Scheme 1. Adhesion between ELO and Zinc substrate
represented by secondary bonds.

Source: Own elaboration

'l:e Fe
|

o o)

|
Zn ;n
)—Fe :
H—O
s

Scheme 2. Adhesion between ELO and Zinc substrate by
hydrogen bonds.
Source: Own elaboration

Generally, the polymer absorption on the surface
of the galvanized steel plate is a function of both
the surface properties of the substrate and the
molecular charge of the polymer (32). Therefore,
options should be proposed to improve the epoxy
resin properties by incorporating substances that
allow obtaining pore-free or low-porosity
coatings, which form uniform surfaces with good
adherent properties. B4

The adherence results corresponding to ELO-
BFA coatings exhibit a high level corresponding
to level 5A. Therefore, the polymers did not show
a deficiency in the adhesion properties because
the addition of BFA allowed improving the
adhesion properties of the crosslinked polymers
on the galvanized steel plates. These coatings had
a rigid consistency to the touch, having a
translucent semigloss with a yellowish tone. The
adhesive capacity of ELO coating has been
observed to improve considerably when
crosslinked with BFA. The polar group
(hydroxyl) presence in the polymer chain
improved adhesion with the substrate due to
hydrogen bond formation (Scheme 2). Generally,
most organic coatings adhere to metals by
hydrogen and secondary bonds. The adhesion
strength of epoxy resins on metal substrate is a
function of the amount of hydroxyl group present
in the polymer chain (5, 18, 33).

Similar results were for ELO-CB and ELO-BFA-
CB coatings. The adhesion results of both
matrices showed a level equal to 5A because CB
acts as reinforcement, allowing improving the
surface properties and the adhesion of the
respective coatings. Furthermore, the ELO matrix
in CB presence produced C-O and C-H bonds as
observed in the FTIR spectrum (Figure 3b). These
chemical bonds can promote both hydrogen
bonds and Van der Waals forces, improving the
interaction at the interface between the polymeric
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matrix and the substrate surface (29, 34, 35). Both
systems exhibited stiff consistency to the touch,
semigloss black coloration corresponding to the
addition of CB. However, compared to the
coating with only CB, the ELO-BFA-CB matrix
showed more uniform distribution. Therefore, it
can be suggested that aromatic ring presence in
the polymeric matrix allows CB particles to
decrease the tendency to agglomerate.

The corrosion resistance performance of the
different coatings was evaluated by a qualitative
test inside a salt spray chamber. Under the norm
ASTM-B117, in a corrosive environment inside
the chamber (Table 1), the physical appearance of
the sheet was visually evaluated after 240 h of
exposure. The results of the salt spray chamber
test are in Table 4.

Table 4. Salt spray chamber results (Norm ASTM-B117)

Substrate Coating Results
Uncoated Signs of Whlt_e and
red corrosion
Signs of white
ELO resin corrosion and
delamination
Commercial
galvanized Small signs of
steel sheet ELO-BFA resin corrosion, no
delamination
ELO-CB resin No corrosion signs
ELO-BFA-CB

- No corrosion signs
resin

Source: Author observations according ASTM — B117 test

For comparison, Figure 4a illustrates the optical
image of the uncoated sheet after the corrosion
test. As expected, the generation of large amounts
of white and red corrosion over the completely
uncoated surface is evident. Figure 4b shows the
behavior of the substrate coated only with ELO.
The results demonstrated that there are signs of
white corrosion and strong delamination of the
sheet coating, as observed also by Moura, J. H. L.

et al. (1). Furthermore, there is damage to the
adhesive characteristics caused by water and ion
penetration at the interface between the coating
and sheet plate because poor adhesion properties
of ELO on the substrate were also obtained (36).
Previous studies have revealed that strong
adhesion of the coating on the substrate is
necessary for good anticorrosion properties of
coating. When metal is subjected to a corrosive
environment, it will corrode if the adhesion is
inadequate. Inadequate adhesion will promote
coating failure and corrosion problems if the
substrate is exposed to a corrosive environment
(5, 30, 37).

Figure 4. Physical appearance of the different substrates
after 240 h into a salt spray chamber: a) Uncoated; b)
Coated with ELO; c) Coated with ELO-BFA, d) Coated
with ELO-CB; e) Coated with ELO-BFA-CB.

Source: Own elaboration

The results of the ELO-BFA-coated sheet show
no signs of delamination as shown in Figure 4c.
Furthermore, there are some signs of corrosion,
although they are minor compared to those
exhibited by the ELO coating. This improvement
in both adhesive and anticorrosive properties is
because the coating is formed with a greater
degree of crosslinking due to the OH groups on
BFA and higher hydrophobic character conferred
by the aromatic rings. Higher crosslink density
means a more compact structure and therefore
better corrosion protection. As mentioned
previously, some signs of corrosion were
observed; this is possibly because the coating
obtained exhibited a certain porosity degree that
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is not effective in protecting the substrate from
corrosive agents (1, 31, 38, 39). Finally, with the
addition of CB to the coatings (Figure 4d and
Figure 4e), dark and denser semigloss coatings
are formed. For the ELO-BFA-CB system,
compared to ELO-CB coating, the surface
appears uniform. The functional groups of BFA
distribute the charge and reduce the tendency of
CB to agglomerate, allowing a uniform
distribution of the coating on the substrate and
improving the anticorrosive capacity of the
coating (19,31).

Additionally, for both systems, there is a
considerable improvement in corrosion resistance
properties. One possible explanation is that CB
particles increase the polymeric density of
coating, reducing the porosity of coating, and
since they are present on the surface of various
functional groups that could interact with chloride
ions; the coating could retain or prevent diffusion
towards the substrate, reducing the corrosion
phenomenon. Therefore, the coating’s ability to
protect the substrate from corrosion is also a
function of how accessible it is for ions to reach
the interface between the coating and substrate.
[40-42].

4. Conclusions

Using ATT as an acid catalyst, it was possible to
polymerize ELO, BFA, and CB on Fe-Zn sheets
in a temperature range of 50-80°C, catalyst
concentration of 0.01M, and 30 min of reaction.
The curing time was monitored by FTIR,
quantifying the area under the curve of the
oxirane bonds. It evidenced the ELO
polymerization due to the decrease in the signal
strength at 795 and 823 cm™, corresponding to the
vibrational bands of epoxide groups. As well as,
the signals of hydroxyl groups (3200-3500 cm™)
and C=C of the aromatic ring (1612, 1594, and
1510 cm™) in presence of BFA. While using CB,
the reaction with ELO was confirmed by
increasing the signal of C-O bonds (1160 cm™)
and also the -OH bonds.

Regarding the adhesion tests, although ATF
allows the ELO crosslinking on the Fe-Zn sheets,
it does not show good adhesion on the substrate
surface. The BFA incorporation showed the best
adherence results at 60—70°C because they did not
show coating detachment, while the CB
incorporation  provided good  adherence,
regardless the reaction temperature.
Additionally, the CB incorporation allows
obtaining a uniform coating, improving the
physical appearance. The improvement in resin
adhesion using crosslinking agents is probably
due to the hydroxyl groups generated during the
reaction. It is possible that the formation of
hydrogen bonds and Van der Waals forces
between the resin and Fe-Zn sheets is promoted.
In the resin polymerized only with ELO, the
adhesion is lower because the amount of the
hydroxyl group is minor (less polar character).

of

Preliminary weathering tests on the Fe-Zn sheets
without coating showed evidence of corrosion.
However, the substrates of ELO with the
crosslinking agent (BFA) and reinforcement (CB)
resisted a weathering test according to norm
ASTM-B117.

A biobased resin was polymerized at low
temperature on commercial galvanized sheets,
which impacts caring for the environment, by
using coatings from natural-renewable sources,
giving an alternative to substitute petroleum-
derived materials.
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